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ABSTRACT

EVALUATION OF THE FIT OF TOLPYRALATE FOR WEED MANAGEMENT IN FIELD
CORN (Zea mays L.) IN ONTARIO

Nicole M. Langdon

Advisor:

University of Guelph, 2020

Dr. P. H. Sikkema

Thirty-six experiments were conducted over two years (2018, 2019) to evaluate
tolpyralate, a benzoylpyrazole 4-hydroxyphenyl-pyruvate dioxygenase inhibitor, for weed
management in corn in Ontario. The importance of adjuvants (MSO and UAN) with tolpyralate
+ atrazine and the influence of Roundup Weathermax® was determined for control of nine
annual weed species, glyphosate-resistant (GR) Canada fleabane and GR waterhemp. Optimal
control was achieved with tolpyralate + atrazine + MSO and when tolpyralate + atrazine was coapplied with Roundup Weathermax®. Tolpyralate and tolpyralate + atrazine has residual activity
on GR Canada fleabane, comparable to current industry standards. Three weed species exhibited
a time-of-day effect to tolpyralate + atrazine, although, consistent control was achieved
regardless of application time. Corn injury was greatest from tolpyralate + atrazine when applied
at the 2X rate alone and/or co-applied with glyphosate at 1 WAA; there was no further increase
in corn injury when co-applied with glyphosate.
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1 Chapter 1: Literature Review
1.1 Weed Control in Corn
1.1.1

Corn Production
Globally, corn (Zea mays L.) is the most widely grown cereal grain crop with uses in the

food, feed and industrial sectors (FAO 2018). Originating in Mexico over 7000 years ago, corn
was transformed from a wild grass into a high yielding cereal grain. Corn, along with wheat and
rice, are the most consumed cereal crops (FAO 1992). Global production of corn exceeded 1
billion tonnes in 2013 and continues to increase (FAO 2018). In 2017, the top three producing
countries in the world were the United States of America, China and Brazil, which produced
approximately 370, 259 and 97 million tonnes of corn, respectively (FAO 2018). The high level
of global production of corn can be attributed to the availability of hybrids which can grow in
diverse environmental conditions, as well as and the functionality of corn for diverse array of end
uses (Shiferaw et al. 2011). In developing countries like Mexico and Guatemala, 60% of corn
produced is for human consumption and accounts for one third of calories for 4.5 billion people;
whereas, in developed regions of the world, corn is predominantly used for animal feed and
industrial uses (FAO 1992). In many developing countries, corn has become a staple crop for
smallholder farmers due to its adaptability to a wide range of environmental conditions. In
respect to industrial uses, corn is widely used in the bio-energy sector with blending of ethanol
with gasoline (Shiferaw et al. 2011).
Corn is the third most valuable crop, after canola and wheat, that is produced in Canada
(FAO 2018). Canada accounts for 1.2% of global corn production, producing over 11
million tonnes of corn in 2014 (FAO 2018). Greater than 90% of corn for grain is seeded in
Ontario and Quebec, approximately 60% and 30% respectively. The area seeded to corn has
1

doubled between 1971 and 2011 (Statistics Canada 2015). Within the province of Ontario in
2017, approximately 800,000 hectares of corn were harvested, producing 8.7 million tonnes, of
which 60% was used for animal feed and the remaining for industrial uses (OMAFRA 2018a). A
wide variety of corn is grown in Canada, ranging from sweet corn for human consumption,
silage corn for dairy and beef nutrition, and grain corn as a cash crop for livestock feed and
ethanol (OMAFRA 2018a). Similar to the trends of many agriculture commodities, in Canada,
corn is grown on fewer but larger farms.
1.1.2

Impact of Weed Interference
Corn is sensitive to weed interference. Weed interference can negatively affect grain

yield due to the low competitive ability of corn, especially during early crop growth (Swanton
and Weise 1991). Corn yield loss due to weed interference is greater than all other pests (animal,
pathogen) combined (Oerke 2006). In Canada and the United States, up to 50% of corn yield can
be lost when weeds are not controlled, leading to a potential loss of $26.7 billion (USD) annually
(Soltani et al. 2016). In a manuscript published by Soltani et al. (2016) based on research data,
the authors estimated that if farmers in eastern Canada did not employ any weed management
tactics there would be a corn yield loss of 51%, a decrease in production of 4 million tonnes, and
a monetary loss of $778 million annually. Swanton et al. (1993) estimated that weeds reduce
grain corn production by 7% or $44 million in eastern Canada after weed management programs
were implemented. In Ontario alone, weed interference after the implementation of weed
management programs has been estimated to reduce grain corn yields by 5%, or 389
million tonnes valued at $27.8 million (CAD) between 1985 and 1989 (Swanton et al. 1993). On
a global scale, Oerke (2006) estimated that actual corn yield losses due to weeds is greater than
10% and potential losses exceed 40%.
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The presence of weeds creates an undesirable environment that may impact both resource
dependent and resource independent processes within the crop (Page et al. 2010). Resource
dependent variables include water, nutrients or sunlight, all of which the weed and crop are in
direct competition for. Alternatively, changes in light quality, and accumulation of organic
compounds are considered resource independent variables that result in physiological changes in
the plant (Page et al. 2010). Shade avoidance expressed by corn in the presence of weeds reduces
plant fitness and increases plant-to-plant variability at reproductive stages (Page et al.
2010). Corn plants in a weed-free environment silked 1.2 days before plants in weedy
environment, and corn in the presence of weeds has been reported to reduce leaf and ear biomass
by 6% and 29%, respectively (Page et al. 2010). Increased corn stress during early stages of corn
development can lead to a decrease in plant dry matter and grain yield, due to a decline in kernel
number and weight (Cerrudo et al. 2012). Rajcan and Swanton (2001) suggested that the change
in light quality explains the effect of early weed competition in corn, highlighting the importance
of early weed management in corn.
Relative time of crop and weed emergence has a large impact on yield loss due to
weed interference. In a study by Knezevic et al. (1994), corn yield losses due to redroot pigweed
(Amaranthus retroflexus L.) interference depended on the time of pigweed emergence. Corn
grain yield was reduced by 5-34% when redroot pigweed emerged between the 4 and 7 leaf-tip
stage of corn; however, when redroot pigweed emerged after the 7 leaf-tip stage of corn, there
was no yield loss (Knezevic et al. 1994). Similarly, Bosnic and Swanton (1997) found that corn
yield was reduced by 26-35% when barnyardgrass (Echinochloa crus-galli L.) emerged during
the 1-2 leaf-tip stage of corn; however, yield loss was reduced only 6%
when barnyardgrass emerged at the same density after the 4 leaf-tip stage of corn. The onset of
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the critical weed free period (CWFP) in corn depends on weed species composition, weed
density, relative time of crop and weed emergence, soil nutrient status, and weather. The CWFP
in Ontario is estimated to be from the 3 to 14 leaf-tip stage (Hall et al. 1992). While weed control
within the CWFP is necessary to prevent unacceptable yield loss, the presence of weeds prior to
the onset and after the end of the CWFP will have little to no effect on crop yield.
1.1.3

Methods of Weed Control
There are a variety of weed control methods that farmers employ for weed management

in corn. The use of cultural, mechanical, biological, and chemical weed control is most effective
when combined in an integrated weed management system (Swanton and Weise 1991). An
integrated weed management approach considers a variety of factors such as crop rotation, cover
crops, crop row width, seeding rate, tillage and herbicides to control weeds, maintain crop yields
and increase net returns (Swanton and Weise 1991).
1.1.3.1 Chemical Weed Control
Since their development in the mid-20th century, the use of herbicides has become the
most widely used method of weed control. After the discovery of 2,4-dichlorophenoxy acetic
acid (2,4-D), chemical weed control has become the weed control method of choice for crop
producers in developed countries, leading to the development of approximately 120 herbicides
by 1969 (Timmons 1970). The development of herbicides allowed farmers to manage weeds
more efficiently in terms of cost, labour, time investment and energy consumption (Kraehmer et
al. 2014). Herbicides can be applied preplant (PP), preplant incorporated (PPI), preemergence
(PRE), and/or postemergence (POST) and multiple herbicide applications may be required to
achieve season-long weed control (Jhala et al. 2014a). In 2008, corn received 39% of total
pesticides used in the United States, mainly in the form of herbicides, and more herbicide has
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been applied to corn than any other crop since 1972 (Fernandez-Cornejo et al. 2014). In 2016, a
survey by the National Agricultural Statistics Service found that herbicides were applied to 97%
of corn acres in the United States (OMAFRA 2018). The most widely used herbicides in corn
were glyphosate, atrazine, acetochlor and metolachlor; glyphosate dominated the market after the
introduction of glyphosate-resistant (GR) crops (Fernandez-Cornejo et al. 2014). The use of
herbicides for weed control is an effective and important tool to minimize corn yield losses due
to weed interference.
1.1.3.1.1 Herbicide Resistant Crops
The introduction of genetically engineered crops created advanced weed management
strategies for farmers. In 1995, the first transgenic herbicide-resistant (HR) crops were
introduced: bromoxynil-resistant cotton and glufosinate resistant-canola (Duke 2005). The
development of HR crop hybrids/cultivars provided growers with a flexible weed management
strategy in which broad-spectrum, non-selective herbicides could be applied without killing the
crop. Rapid adoption of HR crops followed the development of glyphosateresistant (GR) soybean released in 1996 under the brand Roundup Ready. By 2008, most of the
other HR crops were either removed from the market or planted on fewer acres, resulting in an
over reliance on glyphosate for weed management (Benbrook 2012). In 2013 in the United
States, HR crops accounted for 93%, 85% and 82% of all soybean, corn and cotton acres,
respectively, which was a far greater use increase than insect-resistant crops (USDA 2018). Prior
to the development of glyphosate-resistant crops, the worldwide use of glyphosate was estimated
to be on 52 million hectares in 1994 and two years later increasing to an estimated 70 million
hectares in 1996 (Woodburn 2000). Following the introduction of Roundup Ready soybean and
canola in 1996, rapid adoption of this technology occurred, especially in soybean production in
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the United States, accounting for 80% of planted soybean acres in 2003 (USDA 2018). In 2013,
glyphosate accounted for 54% of pesticides applied in Ontario, mainly on GR corn and soybean,
resulting in reduced reliance on older, high-use-rate herbicides (FFC 2015). The over reliance on
glyphosate for weed management has contributed to the evolution of GR weed biotypes which
created a new weed management challenge for farmers.
1.1.3.2 Cultural and Biological Weed Control
There are a variety of cultural and biological weed management techniques that can be
used in combination with other methods for the control of weeds. Cover crops, crop rotation and
planting pattern are some examples of cultural weed management. The establishment of a cover
crop can suppress weed populations by reducing the opportunity for weeds to grow. Cover crops
create a mulch layer and can impact soil characteristics (moisture, temperature) and light
transmittance to the soil which can, in turn, reduce or delay germination and emergence of weeds
(Teasdale and Mohler 1993). Although shading from cover crops can inhibit germination and
emergence of annual weeds, herbicides are often still required for the control of perennial weeds
(Moyer et al. 1994). Putnam et al. (1983) reported that rye, wheat and barley residues can reduce
weed densities by 90%. Johnson et al. (1993) found that ground cover by hairy vetch
(Vicia villosa Roth.) and mowed rye (Secale cereale L.) suppress weeds greater than soybean
stubble in no-till systems; however, there can be negative implications in respect to crop
emergence, growth and grain yield. In addition to providing weed control, cover crops provide
other soil health benefits including reduced erosion, improved nutrient cycling and retention,
improved soil structure and increased water utilization (OMAFRA 2018).
Crop rotation is a commonly adopted method of cultural weed control; the greatest weed
control benefits are realized from a long, diverse rotation. Diversity in terms of tillage practices,
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planting time, harvest time, crop growth habit, crop life cycle, and crop row width all contribute
to weed management due to the changes in environment and weed communities (Liebman and
Ohno 1998). Systems that incorporate cereal and legume crops, such as a corn-soybean-wheat
rotation, are more effective for weed suppression and can increase crop yields (Simic et al.
2016). Davis et al. (2009) found that even a two-crop rotation (corn-soybean) reduced densities
of Canada fleabane compared to continuous soybean. Utilizing a crop rotation of three or more
crops can result in 15-17% higher crop yields than monocultures and may also reduce the
amount pesticides required for pest management (Crookston et al. 1991). Weed species that have
similar growth pattern to the crop are much more difficult to control, for example, winter annual
weeds in over-wintering crops such as winter wheat, and summer annual weeds in summer
annual crops such as corn or soybean because they have similar life cycles (Moyer et al.
1994). Implementation of a crop rotation prevents domination of a particular weed species in a
population that may occur in repeated planting of a single crop. Crop rotations can have various
benefits to an agricultural system.
While planting the crop, there are ways to increase the competitiveness of the crop. In
Ontario, corn is typically planted in 76 cm rows; however, wider and narrower row spacings are
used by some producers (OMAFRA 2017). Murphy et al. (1996) found
that interspecific competition of the crop against weeds may be increased when corn is seeded in
narrower rows (50 cm) compared to wider rows (75 cm). In the same study, they found that
when plant population is altered, the interaction between corn plants, intraspecific competition,
will prevent a yield benefit (Murphy et al. 1996). Teasdale (1998) found that velvetleaf
(Abutilon theophrasti Medik.) seed production was reduced by 99% when corn is planted at
double the standard population rate of 64 000 plant ha-1. It is important to plant corn at
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population densities that will maximize use of resources and crop yield. For example, in Ontario,
corn is planted at 50,000 to 90,000 plants per hectare (OMAFRA 2017) depending on the length
of the growing season, productivity of the soil and corn hybrid.
There is classical and inundative biological weed control. Classical biological weed
control is using exotic natural enemies that are host-specific for management of an exotic
troublesome weed (Wapshere et al. 1989). Inundative biological weed control is the production
and release of large numbers of native natural enemies to control a native weed population
(Wapshere et al. 1989). In many situations, the contribution of biological weed control is
overlooked such as insect predation of weed seeds, or the activity of bacteria and fungi which
breakdown weed seeds in the soil. The specificity of inundative biological weed control has
limited its application in corn production in Ontario since there are a suite of different weed
species in most fields.
1.1.3.3 Mechanical Weed Control
Mechanical weed control can be an effective weed management strategy, which is
utilized in many production systems around the world. Cultivation is used in agricultural systems
for a variety of reasons such as weed control, incorporation of crop residues and fertilizers, and
seedbed preparation (OMAFRA 2017). After the development of herbicides for weed control, the
need of tillage for weed control has decreased, making reduced/conservation tillage practices
possible (OMAFRA 2017). The goal of conservation tillage is to maintain at least 30% residue
cover on the soil throughout the entire year (OMAFRA 2017). Conservation tillage can be
accomplished with a variety of practices such as no-till, zone tillage, strip tillage, vertical tillage,
disc and chisel plow (OMAFRA 2017). Intensive tillage systems, such as the use of a moldboard
plow, are undesirable because the disruption of soil breaks apart soil aggregates, and results in
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reduced soil structure, reduced soil organic matter, and increased potential for wind and water
erosion (OMAFRA 2017).
Tillage influences weed seed burial depth, weed emergence and weed species
composition. In a study by Perron et al. (2001), mechanical tillage did not effectively control
weed populations compared to the use of herbicides. In contrast, Bates (2012) reported that in
combination with residual herbicides, one pass of shallow tillage and one or two passes of a
residue cultivator can provide consistent control similar to a predominately chemical weed
control program. Tillage prior to corn planting mechanically removes weeds that have emerged
and as a result, reduces early season competition. However, the tillage prior to corn planting may
also bring weed seeds to the soil surface and expose them to increased moisture and temperature,
which can simulate additional weed flushes (Perron et al. 2001). As a result of weed seed being
exposed to ideal conditions, emergence of weeds like redroot pigweed and giant foxtail
(Setaria faberi Herrm.) can increase in disturbed soils (Mulugeta et al. 1997). Summer tillage
may affect the pattern of emergence for some weed species; for example, the emergence of
common ragweed (Ambrosia artemisiifolia L.) and yellow foxtail (Setaria pumila Poir.) was
delayed by two weeks with tillage (Myers et al. 2005). Type of tillage also influences weed
species composition and density; Buhler (1992) found that redroot pigweed and foxtail species
were more difficult to control under chisel plow and no-till practices and as a result may require
increased herbicide use with those practices. In contrast, tillage practices had no influence on the
density and control of common lambsquarters (Chenopodium album L.) (Buhler 1992). Research
by Buhler and Daniel (1988) explained that as tillage was reduced, the control of giant foxtail
became more difficult, while the control of velvetleaf was improved. Buhler and Daniel (1988)
concluded that control of annual grasses may need special consideration when transitioning from
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conventional tillage to no-till systems. Tillage reduced seedling emergence for some species
however it varied over site and year (Myers et al. 2005). Although tillage is not a stand-alone
solution for controlling weeds, it may play a role in control of weeds in combination with other
weed control methods. Implementation of an integrated weed management program that includes
chemical, cultural, biological, and mechanical methods will likely lead to improved weed
management, as well as more efficient crop production system.

1.2 Group 27 Herbicides
1.2.1

Mode of Action
Hydroxyphenylpyruvate dioxygenase-inhibiting herbicides – WSSA Group 27 herbicides

– inhibit the 4-hydroxyphenylpyruvate dioxygenase enzyme (HPPD) in treated plants, causing
susceptible species to turn white (Pallett et al. 1998). The Group 27 herbicides initially were
thought to be phytoene desaturase inhibitors; further research found that the site of action is at
the HPPD enzyme (Schulz et al. 1993; Secor 1994; Pallet et al. 1998). The HPPD enzyme
occurs naturally in aerobic organisms and plays an important role in the tyrosine degradation
pathway; the enzyme is responsible for the oxidative decarboxylation and hydroxylation of 4hydroxyphenylpyruvic acid (HPPA) to yield homogentisic acid (HGA) (Lindblad et al. 1970;
Hawkes 2012; Kakidani and Hirai 2003). HGA is an important precursor for the biosynthesis of
plastoquinone (PQ) and tocopherols (Schulz et al. 1993; Matsumoto et al. 2002; Tsegaye et al.
2002). PQ is essential in photosynthesis as an electron acceptor in the electron transport chain,
and in the biosynthesis of carotenoid pigments (Ahrens et al. 2013). Tocopherols have
antioxidant properties and assist in mitigating stress and promoting plant growth (Ahrens et al.
2013). Both PQ and tocopherol are pigments that protect the plant from reactive oxygen species
(ROS) damage induced by excessive exposure to sunlight (Ahrens et al. 2013). Through
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competitive inhibition of the HPPD enzyme, the subsequent pigments are not synthesized, and
carotenoid pigments are depleted, further leading to destruction of proteins, lipids and the
photosynthetic complex and the release of triplet chlorophyll that would otherwise be quenched
by carotenoids (Kakidani and Hirai 2003; Hawkes 2012). The photodestruction by the triplet
chlorophyll causes further damage to leaf pigments causing treated plant tissue to turn
white/bleached, a characteristic of HPPD-inhibiting herbicides (Hawkes 2012). Applications of
HPPD-inhibiting herbicides cause plant death due to depletion and degradation of protective
pigments and destruction of chlorophyll in continued sunlight exposure (Schulz et al. 1993;
Witschel 2009).
1.2.2

Discovery and Classification
There are three chemical families that make up the HPPD-inhibiting class of herbicides:

triketones, isoxazoles (diketone derivatives) and pyrazolones (benzoylpyrazoles). Discovery of
triketones began in 1977 when scientists at Stauffer Chemical observed herbicidal properties of a
compound excreted from the roots of bottlebrush (Callistemon citrinus Stapf.) plants, called
leptospermone (Mitchell et al. 2001). Scientists modified leptospermone to eventually develop
the first HPPD-inhibiting herbicides, sulcotrione and mesotrione, that were registered in 1993
and 2001, respectively, for the control of broadleaf and some grass species in corn (Edmunds and
Morris 2012, Mitchell et al. 2001). A second triketone herbicide, tembotrione, was registered in
2007. Around the turn of century, isoxaflutole was commercialized, which was the first
preemergence HPPD-inhibiting herbicide for control of both broadleaf and grass species.
Isoxaflutole differed in chemical structure from sulcotrione and mesotrione, so it was placed in a
new class of HPPD-inhibitors – isoxazoles (Ahrens et al. 2013). Isoxaflutole is a pro-herbicide
that is not herbicidally-active until it is taken up in the plant, water or soil and degraded to a
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diketonitrile derivative (Pallet et al. 1998). Commercialization of topramezone in 2006 and
tolpyralate in 2018, resulted in identification of a third chemical class of HPPD-inhibiting
herbicides, the pyrazolones (Ahrens et al. 2013). There are several HPPD-inhibiting herbicides
used for weed control; they are classified into triketones, isoxazoles or pyrazolones based on
their structural orientations.
1.2.3

Uptake and Translocation
Differences in absorption and translocation among HPPD-inhibiting herbicides exist. The

HPPD-inhibiting herbicides mesotrione, isoxaflutole and sulcotrione can be applied PRE and
POST, absorbed through roots or shoots and translocated in the xylem and phloem (Young and
Hart 2000). In contrast, topramezone is only registered for POST applications, absorbed through
leaves, shoots and roots; it is transported systemically, reaching the growing point of emerged
weeds (Grossman and Ehrhardt 2007). The difference in herbicide structures among the HPPDinhibitor herbicides may be responsible for variation in herbicide uptake and translocation in
plants (Ahrens et al. 2013). Lee et al. (1998) found that substituents on the aromatic rings of
triketones affected the acidity of the molecule, further influencing binding affinity to the HPPD
enzyme, which may allow them to move more readily in the phloem of the plant. The addition of
substituents to some HPPD-inhibitors may be beneficial in increasing herbicidal activity by
blocking the sites of metabolism by plants, preventing the detoxification of the molecule
(Edmunds and Morris 2012). The differences in herbicide structure among the HPPD-inhibiting
herbicides may modify how the herbicide behaves in the plant.
Hydroxyphenylpyruvate dioxygenase-inhibiting herbicides have flexible application
timings (PP, PRE, POST) due to the absorption and translocation of the herbicides within treated
plants. Following application, absorption takes place through the roots and foliage and is
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influenced by moisture conditions, relative humidity, temperature, and the addition of adjuvants
(Johnson and Young 2002; Goddard et al. 2010; Zhang et al. 2013). Grossman and Ehrhardt
(2007) noted that approximately 80% of applied topramezone was absorbed within 24 hours and
up to 25% of the absorbed herbicide was translocated to the apical and basal shoots in several
plant species. Initial topramezone injury symptoms in sensitive plants occurred at the apical
meristems and intercalary meristematic areas of the internodes and leaves, and include bleaching
followed by tissue necrosis and finally growth inhibition (Grossman and Ehrhardt 2007). Armel
et al. (2005) found that 9-20% of the mesotrione was translocated throughout the foliage of
Canada thistle (Cirsium arvense (L.) Scop.), while 2% moved to the roots within 3 days of a
foliar application. The rate of HPPD-inhibitor absorption can vary among weed species and may
be influenced by adjuvants. For example, the addition of methylated seed oil (MSO) to
topramezone increased absorption in velevetleaf and giant foxtail by 46 and 69%%, respectively,
over topramezone applied alone (Zhang et al. 2013). Similarly, foliar absorption in four weed
species increased from less than 5% with topramezone alone to 72-85% by adding a
surfactant/solvent blend to topramezone (Grossman and Ehrhardt 2007). Growth stage of plants
at application can also affect absorption and translocation of HPPD-inhibiting herbicides. For
example, Armel et al. (2005) reported greater mesotrione uptake and movement in Canada thistle
at the rosette compared to bolting stage. Similarly, Yu and McCullough (2016) report that the
efficacy of mesotrione is reduced on both Kentucky bluegrass (Poa pratensis L.) and annual
bluegrass (P. annua L.) with delayed herbicide application. In both species, they found that pretiller plants translocated 41% of the absorbed radioactive mesotrione, compared to tillered plants
that translocated 24% to the shoots and roots (Yu and McCullough 2016). Pre-tiller plants
showed greater injury from mesotrione than tillered plants due to the greater translocation after a
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foliar application (Yu and McCollough 2016). Environmental conditions, adjuvants and stage of
plant growth influence the absorption and translocation of HPPD-herbicides, which influences
control.
1.2.4

Selectivity
The ability of corn crops to tolerate HPPD-inhibiting herbicides such as isoxaflutole,

topramezone and mesotrione is due to selective metabolism (Pallet et al. 1998; Grossman and
Erhardt 2007; Mitchell et al. 2007). Immediately after application, isoxaflutole is converted to an
active diketonitrile derivative, which is then rapidly degraded in tolerant crops (Pallet et al.
1998). In the case of mesotrione, herbicide uptake is much slower in corn and metabolism occurs
rapidly, reducing the amount of active form translocated throughout the plant (Mitchell et al.
2001). The greater control of broadleaf weeds with mesotrione is in part due to a greater potency
of mesotrione to broadleaf-derived HPPD than grass-derived HPPD, up to a 100-fold difference
(Hawkes 2012). Topramezone selectivity is not influence by foliar uptake or translocation of the
herbicide, instead selective metabolism and reduced sensitivity of the HPPD enzyme in corn
plants provides good crop tolerance (Grossman and Erhardt 2007). Although HPPD-inhibiting
herbicides have relatively good crop safety, under some conditions crop injury can occur,
however combining safeners to increase detoxification of the herbicide in the crop, can protect
the crop from herbicidal injury (Ahrens et al. 2013). The ability of corn crops to tolerate HPPDinhibiting herbicides is primarily due to selective metabolism.
1.2.5

Metabolism and Crop Safety
Following absorption and translocation within a tolerant plant, HPPD-inhibiting

herbicides are metabolized into non-phytotoxic compounds. For example, mesotrione undergoes
hydroxylation, forming the metabolites 2-methylsulfonyl-2-nitrobenzoic acid (MNBA) and 2-

14

amino-4-methylsulfonylbenzoic acid (AMBA), both of which have little to no herbicidal activity
(Armel et al. 2005; Du et al. 2017). Likewise, topramezone undergoes desmethylation at the
pyrazole ring, yielding the metabolite topramezone-desmethyl (Grossman and Ehrhardt 2007).
When this metabolite is foliar applied to giant foxtail and black nightshade (Solanum nigrum L.)
plants, it has approximately 50 times less activity than the parent herbicide molecule. Although
rare, injury to the crop in the form of bleaching, necrosis or stunting can occur after application
of an HPPD-inhibiting herbicide. Metzger et al. (2018a) reported less than 10% crop injury with
tolpyralate. Likewise, Armel et al. (2003) reported PRE and POST applications of mesotrione
caused less than 10% injury, and corn grew out of it by 14-21 DAA. Crop sensitivity can be
influenced by hybrid and the by HPPD-inhibitor as reported by Bollman et al. (2008) in which
mesotrione, topramezone and tembotrione injury varied depending on herbicide rate and sweet
corn hybrid. Overall, HPPD-inhibitors have a wide margin of crop safety on registered crops and
provide broad-spectrum broadleaf weed control.
1.2.6

Interaction with Photosystem II Inhibitors

1.2.6.1 Synergy
Photosystem II-(PSII) inhibitors are commonly tank-mixed with HPPD-inhibitors due to
the complementary nature of the two modes-of-action, often referred to as synergy. Two
herbicides are synergistic when the combined activity of the herbicides is greater than the
additive effect of both herbicides applied individually. To quantify synergy, Colby’s equation is
used (Colby 1967). Photosystem II inhibitors, such as atrazine and metribuzin, are Group 5
herbicides. Group 5 herbicides like atrazine and metribuzin, impede photosynthesis by
occupying the QB binding site on the D1 protein, which prevents PQ binding (Hess 2000). When
PQ is unable to bind in treated plants, the flow of electrons to PSII is blocked and causes an
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accumulation of reactive oxidizing energy that the carotenoid system cannot accommodate.
HPPD-and PSII inhibitors have complementary activity because the HPPD-inhibitors reduce PQ
production and the PSII-inhibitors displace PQ, potentially accentuating herbicidal activity
(Armel et al. 2005).
The increase of herbicidal activity from the co-application of HPPD- and PSII-inhibitors
can result in improved broadleaf weed control. Armel et al. (2005) found Canada thistle control
was increased 27% when mesotrione was co-applied with atrazine compared to mesotrione
applied alone at the same rate. The addition of atrazine increased the rate of bleaching and
phytotoxic symptoms on Canada thistle compared to mesotrione used alone (Armel et al. 2005).
Abendroth et al. (2006) observed a synergistic increase in leaf necrosis of Palmer amaranth
(Amaranthus palmeri S. Watson), velvetleaf and cultivated sunflowers (Helianthus annuus L.) 6
days after application (DAA) when mesotrione was co-applied with a PSII inhibitor compared to
mesotrione alone. In the same study by Abendroth et al. (2006), the synergistic response at 6
DAA decreased to an additive response by 12 DAA. Jhala et al. (2014b) reported unacceptable
control of triazine and HPPD-resistant Palmer amaranth when atrazine and HPPD-inhibiting
herbicides were applied alone, but control increased to between 87 and 98% when the two
MOAs were applied as a tankmix. Synergism was also observed by Sutton et al. (2002)
following applications of mesotrione plus atrazine for the control of redroot pigweed, and by
Walsh et al. (2012) for the control of resistant and susceptible populations of wild radish
(Raphanus raphanistrum L.). The complementary activity of the PSII and HPPD-inhibiting
herbicides results in a synergistic increase in broadleaf weed control (Armel et al. 2005;
Abendroth et al. 2006; Hugie et al. 2008).
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The rate of the PSII- and HPPD-inhibiting herbicides can influence synergy, especially
when making applications to herbicide-resistant biotypes. Control of broadleaf weeds is
increased with the addition of HPPD-inhibitors to PSII-inhibitors, with the greatest synergistic
activity at the highest rates of each herbicide, such as mesotrione 105 g/ha and atrazine 560 g/ha
(Woodyard et al. 2009). The increase in control 30 DAA may be due to greater residual activity
from higher rates of mesotrione (Woodyard et al. 2009). The synergism between PSII- and
HPPD-inhibitors can be useful in managing triazine-resistant (TR) redroot pigweed. Hugie et al.
(2008) found synergistic activity between mesotrione and atrazine in TR redroot pigweed at
mesotrione rates as low as 10 g ha-1, and synergism increased with increasing rates of
mesotrione. In TR biotypes, this synergism appears to allow for reactivation of atrazine, allowing
it to bind to the D1 protein, a phenomenon that does not occur without the joint activity of
HPPD- and PSII-inhibitors.
1.2.6.2 Antagonism
Antagonism occurs when the combined activity of the herbicides is less than the additive
effect of both herbicides applied individually. A combination of an acetolactate synthase
inhibitor herbicide (ALS-inhibitor) and a HPPD-inhibitor herbicide has been observed to exhibit
antagonistic effects (Schuster et al. 2007; Kaastra et al. 2008). Schuster et al. (2007) found when
sulfonylurea herbicides, such as nicosulfuron, were co-applied with a HPPD-inhibitor, there was
reduced control of green foxtail (Setaria viridis (L.) P. Beauv.) and yellow foxtail. This reduction
in efficacy was due to a reduction in absorption and translocation of the herbicides in the grass
species. Kaastra et al. (2008) also reported antagonism between ALS- and HPPD-inhibitors for
the control of barnyardgrass, green foxtail, and giant foxtail. At 28 DAA, the control of
barnyardgrass was reduced from 96% with nicosulfuron alone to 72% when topramezone was
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applied in a tank mixture with nicosulfuron. The occurrence of herbicide antagonism is more
prevalent when the target is a monocot weed species compared to dicot species (Zhang et al.
1995). Choosing an appropriate tank mix partner with the HPPD-inhibitors is essential to
maximize weed control efficacy.

1.3 Tolpyralate
1.3.1

Discovery and Development
Tolpyralate is a new HPPD-inhibiting herbicide for weed control in corn. Tolpyralate was

discovered in 2008 by Ishihara Sangyo Kaisha Ltd. in Japan and classified as a Group 27
herbicide by the WSSA (Kikugawa et al. 2015). Tolpyralate belongs to the benzoylpyrazole
herbicide family because it has both a pyrazole and benzoyl group in its chemical structure
(Kikugawa et al. 2015). Tolpyralate inhibits carotenoid biosynthesis through the inhibition of
HPPD, causing bleaching of new plant growth (Tonks et al. 2015). In tolpyralate, the phytotoxic
molecule is the first metabolite, thus classifying tolpyralate as a pro-herbicide (Jeanmart et al.
2016). Development of tolpyralate in the United States began in 2009 with a variety of in-house
and university trials to gain knowledge of corn tolerance, rate requirements and performance,
tank mix partners and carry over/re-cropping restrictions (Tonks et al. 2015). In Canada,
registration of tolpyralate applied POST for weed control in field corn, sweet corn and popcorn
was granted in 2017 by the Pest Management Regulatory Agency (Health Canada 2017).
Tolpyralate (30-40 g ai ha-1) is always recommended to be co-applied with atrazine (560-1120 g
ai ha-1). The active ingredient tolpyralate is sold under the trade name Shieldex and is formulated
as a 400 g ai L-1 suspension concentrate (Tonks et al. 2015). Tolpyralate is the second
benzoylpyrazole herbicide within the HPPD-inhibiting herbicide class.
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1.3.2

Application timing, activity and control spectrum
Corn tolerance and weed control efficacy of tolpyralate is influenced by crop and weed

stage at the time of application and adjuvant selection. For adequate weed coverage and crop
safety, tolpyralate should be applied to corn up to the 6-leaf collar stage (V6) or before it reaches
50 cm in height (Anonymous 2019b). Weeds are ideally targeted when actively growing and less
than 12 cm tall or prior to tillering in grasses. Tolpyralate performance is improved when coapplied with atrazine and with the addition of an adjuvant such as methylated seed oil (MSO),
urea ammonium nitrate (UAN; 28-0-0) and ammonium sulphate (AMS) (Tonks et al. 2015).
Methylated seed oil is the recommended adjuvant with Shieldex according to the label; crop oil
concentrate or a nonionic surfactant are also listed on the label but they are less effective than
MSO (Anonymous 2019b). The addition of UAN is also recommended and can improve weed
control under dry conditions, although it should not be relied on as the total carrier solution
(Anonymous 2019b).
Tolpyralate plus atrazine, applied POST, is efficacious on many annual broadleaf and
grass species. There are 13 broadleaf weeds and 5 grass weeds listed on the Canadian Shieldex
label (Anonymous 2019b; Metzger et al. 2018a). Metzger et al. (2018a) reported that velvetleaf,
common lambsquarters, common ragweed, redroot pigweed and green foxtail were sensitive to
tolpyralate (90% control at 8 WAA) when applied alone at ≤15.5 g ha-1. In the same study, the
addition of atrazine was required for 90% control of wild mustard (Sinapis arvensis L.),
barnyardgrass and ladysthumb (Persicaria maculosa Gray); however, the effective dose of
tolpyralate + atrazine for all weed species in the study was ≤13.1 + 436 g ha-1. The addition of
atrazine (560-1120 g ai ha-1) to tolpyralate (30 or 40 g ai ha-1) increased control of most species
evaluated by Tonks et al. (2015); the addition of atrazine provided a greater benefit for broadleaf

19

weeds than grasses. Smooth crabgrass (Digitaria ischaemum (Schreb.) Schreb. ex Muhl.) control
was improved up to 20% with the addition of atrazine compared to tolpyralate alone, while large
crabgrass (Digitaria sanguinalis (L.) Scop.) control was not influenced by the addition of
atrazine. In contrast, the addition of atrazine to tolpyralate (30 or 40 g ai ha-1) increased broadleaf
weed control by 5-50% compared to tolpyralate alone (Tonks et al. 2015). Ivyleaf morningglory
(Ipomoea hederacea Jacq.) control was increased from 29% with tolpyralate (40 g ai ha-1) alone
to 88% when atrazine was added (Tonks et al. 2015). The addition of either glyphosate or
glufosinate to tolpyralate + atrazine both provided greater than 90% control of the susceptible
broadleaf weed species evaluated and improved control of ivyleaf morningglory by 23% over
tolpyralate + atrazine alone (Tonks et al. 2015). Tolpyralate has potential for managing
herbicide-resistant weeds, such as multiple-resistant (MR) Palmer amaranth and tall waterhemp
(Amaranthus tuberculatus (Moq.) var. rudis), giant ragweed and Canada fleabane. Kohrt and
Sprague (2017) evaluated various Group 27 herbicides with and without atrazine for MR Palmer
amaranth control and found that tolpyralate +/- atrazine provided ≥ 95% control. However, in
some resistant populations, it is possible that a grower could be applying only one effective
mode-of-action (MOA), therefore, additional effective MOA’s should be included. Tolpyralate
(30 g ai ha-1) controlled glyphosate-resistant (GR) tall waterhemp, giant ragweed and Canada
fleabane 99, 96, and 98%, respectively, with tembotrione providing similar control (Kikugawa et
al. 2015). Topramezone and mesotrione were less effective than tolpyralate for GR tall
waterhemp, providing 55 and 65% control, respectively. Tolpyralate controls a broad spectrum
of weeds and can be an additional tool in managing herbicide-resistant weeds.
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1.3.3

Crop Tolerance and Re-Cropping Standards
Tolpyralate, like other commercially available HPPD-inhibiting herbicides, has

demonstrated excellent selectivity and crop safety. Corn metabolizes tolpryalate into inactive
compounds, preventing injury from occurring (Tonks et al. 2015). Tolpyralate was tested on
more than 120 individual corn hybrids from 23 different companies for crop tolerance;
tolpyralate cased less than 1% injury in 90% of the hybrids; there was >10% injury in 0.5% of
the hybrids tested (n=214) (Tonks et al. 2015). Metzger et al. (2018a) observed minimal crop
injury (less than 10% leaf speckling, necrosis or chlorosis on leaves emerged at application)
when tolpyralate plus atrazine was applied at rates of up to 120 + 2000 g ai ha-1, respectively.
Kohrt and Sprague (2017) detected less than 3% corn injury from tolpyralate, tembotrione,
mesotrione, topramezone, applied alone, and in combination with atrazine applied POST. Under
certain conditions and high application rates, sensitive corn hybrids may express crop injury to
isoxaflutole and temobotrione, which is why a safener is commonly used with those herbicides
(Ahrens et al. 2013). There is a wide margin of crop safety in corn to tolpyralate applied POST.
The re-cropping interval of tolpyralate must also be considered to prevent deleterious
effects on the succeeding crops within a diverse cropping system. Due to its selectivity, field
corn, sweet corn and popcorn exhibit good tolerance to tolpyralate resulting in no rotational
restrictions (Anonymous 2019b). Re-cropping intervals are relatively short for other field and
horticultural crops, ranging from 3 months for winter wheat (Triticum aestivum L.) and rye
(Secale cereale L.) to 9 months for many vegetable crops, up to a maximum interval of 18
months for sugarbeet (Beta vulgaris L.) (Anonymous 2019b). Fortunately, these re-cropping
intervals are less restrictive for the use of tolpyralate relative to many herbicides used for weed
management in corn in Ontario. The common usage of tolpyralate will be in a tank mix with
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atrazine, potentially resulting in longer re-cropping intervals. For example, canola, sugar beet,
sunflowers and most horticulture crops are sensitive requiring a 22-month interval (OMAFRA
2018). The current literature suggests that tolpyralate is safe to use in a diverse crop rotation.
1.3.4

Comparisons to Other Group 27 Herbicides
Comparative research has demonstrated that there are some differences in grass and

broadleaf weed control between tolpyralate and other Group 27 herbicides including
tembotrione, topramezone and mesotrione. Tonks et al. (2015) evaluated the relative control of
the Group 27 herbicides in combination with atrazine for eight different weed species. Among
the Group 27 herbicides, tolpyralate had the greatest activity on several grass species, providing
87-100% control of large crabgrass, giant foxtail, green foxtail and yellow foxtail. Topramezone
provided 83-98% control for the four grasses, which was similar to tolpyralate. Mesotrione and
tembotrione controlled large crabgrass 88 and 92%, respectively, but control of foxtail species
was lower compared to tolpyralate, ranging from 56-75% control (Tonks et al. 2015). Similarly,
research by Metzger et al. (2018b) found that topramezone + atrazine provided control
equivalent to tolpyralate + atrazine for the species evaluated. However, tolpyralate plus atrazine
provided better control of common ragweed, green foxtail and barnyardgrass than mesotrione
plus atrazine. Our current understanding is that tolpyralate is equal, or superior, to other Group
27 herbicides for annual grass and broadleaf weed control in corn.

1.4 Time of Day
1.4.1

Various Herbicides
Herbicide efficacy can be influenced by the time of day (TOD) of application. Research

has shown that for a variety of herbicides and weed species, the best weed control is achieved
with midday applications (Stewart et al. 2009; Miller et al. 2003; Montgomery et al. 2017;
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Martinson et al. 2002). Stewart et al. (2009) examined the TOD response on a variety of weeds
with six herbicides: atrazine, bromoxynil, dicamba/diflufenzopyr, glufosinate, glyphosate and
nicosulfuron and found the greatest control was achieved with applications close to midday,
particularly at 15:00 h, and the poorest control at 06:00, 21:00 and 24:00 h. Diurnal leaf
movements for some weed species, such as velvetleaf, hemp sesbania (Sesbania herbacea (Mill.)
McVaugh) and sicklepod (Senna obtusifolia (L.) H. S. Irwin & Barneby), cause leaves to be
more horizontal at noon, allowing for greater spray interception (Norsworthy et al. 1999; Sellers
et al. 2003b). In addition to increased herbicide activity, midday herbicide applications may
influence crop injury. Fomesafen caused greater common bean injury from applications made at
11:00 and 16:00 h (Cieslik et al. 2014). Not all herbicides follow the trend of maximum weed
control efficacy with midday applications. Paraquat applications at sunset provide greater control
of GR Canada fleabane and corn than those at midday, potentially due to the relationship
between the herbicide and sunlight; a late evening application allows greater herbicide
translocation throughout the plant before necrosis of plant tissue is triggered by sunlight
(Norsworthy et al. 1999, 2009). Grass control with fluazifop was correlated with weed leaf angle,
exhibiting greatest control at 02:00 and 06:00 h than 11:00 and 16:00 h (Cieslik et al. 2017).
Weed control and crop response as influenced by TOD is herbicide and weed species specific.
There is extensive research on TOD effects for herbicides such as glyphosate and
glufosinate. Control of some annual broadleaves like hemp sesbania, sicklepod, prickly sida
(Sida spinosa L.), pitted morning glory (Ipomoea lacunose L.), velvetleaf and common ragweed
with glyphosate is greater with midday applications (Norsworthy et al. 1999; Martinson et al.
2002; Waltz et al. 2004; Mohr et al. 2007; Stopps et al. 2013). Budd et al. (2017) found that
control of GR Canada fleabane with glyphosate plus saflufenacil was poorest at 06:00, 21:00 and
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24:00 h. In three out of four trials conducted by Mohr et al. (2007) there was a minimum 5-fold
increase in broadleaf weed biomass when glyphosate was applied at 06:00 h versus 18:00 h,
further emphasizing reduced control with early morning applications. Velvetleaf control with
glyphosate was 89% at 12:00 h and decreased by up to 53% when applications were made at
06:00 or 21:00 h (Stopps et al. 2013). Similarly, glufosinate efficacy is generally greatest when
applied around midday (Montgomery et al. 2017; Mohr et al. 2007). However, Stewart et al.
(2009) found that the TOD response with glufosinate differs among weed species: an effect was
observed for velvetleaf, redroot pigweed and lambsquarters but not barnyardgrass and common
ragweed. Applications of glufosinate within two hours of sundown do not provide good control
of velvetleaf, resulting in an 11-fold increase in weed biomass and up to 53% decrease in grain
yield compared to applications made six and two hours prior to sundown (Sellers et al. 2003a).
The weed control efficacy of glyphosate and glufosinate, two widely used herbicides, is affected
by TOD with glufosinate having a greater TOD affect than glyphosate.
1.4.2

HPPD- and PS-II Inhibiting Herbicides
Time of day studies provide information that can be used by weed management

practitioners to optimize herbicides efficacy; however, there is a lack of research for some
herbicides such as HPPD-inhibiting or Group 27 herbicides. Photosystem (PS) II inhibiting
herbicides are commonly tank-mixed with HPPD-inhibiting herbicides and there is information
regarding the TOD effect on PS II inhibiting herbicides such as atrazine, bromoxynil and
bentazon. Similar to glyphosate and glufosinate, the greatest weed control is typically achieved
when PS II inhibiting herbicides are applied at midday and the poorest control occurs with early
morning, late evening and night applications (Stewart et al. 2009; Doran and Andersen 1976).
Stewart et al. (2009) found that atrazine provided the greatest level of control when applied at
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15:00 h; interestingly, velvetleaf and common ragweed expressed a TOD response with atrazine
but redroot pigweed and common lambsquarters did not. When a TOD effect is observed with
glufosinate applications, the addition of atrazine was found to mitigate the reduction in control
with early morning and late evening applications (Sellers et al. 2003a). Reduced control of
common cocklebur (Xanthium strumarium L.) with early morning applications of bentazon has
been attributed to the presence of heavy dew, whereas leaf orientation is a greater contributing
factor to the TOD effect for velvetleaf control with the same herbicide (Doran and Andersen
1976). A similar response is observed with bromoxynil with a 45% reduction in velvetleaf
control when the herbicide is applied at 24:00 h compared to 12:00 h (Stewart et al. 2009). In the
same study, common ragweed and lambsquarters control with bromoxynil peaked between 12:00
and 18:00 h, with the exception of one site year for lambsquarters which showed no TOD effect.
The addition of PS II inhibiting herbicides to paraquat improves the control of failed corn stands
when applications are made in close proximity to sunset, emphasizing the TOD effect on
herbicide activity (Norsworthy et al. 2011). Research into how TOD affects various Group 27
herbicides could provide useful information for farmers to optimize the use of herbicides as
shown with PS II inhibiting herbicides.
1.4.3

Factors Affecting TOD Response
Across the TOD studies carried out with various herbicides, there is no single factor to

explain the variability in responses to TOD, but rather a combination of factors. Air temperature,
relative humidity (RH), presence of dew, leaf orientation and photosynthetic rate can change
throughout the day and give rise to variation in weed control (Stewart et al. 2009). These factors
can also be interconnected. Cieslik et al. (2017) observed that air temperature, RH and

25

photosynthetically active radiation correlated to weed leaf angle, which was correlated with
herbicide performance.
1.4.3.1 Temperature and Relative Humidity
Temperature and RH fluctuate throughout the day which can affect herbicide efficacy
depending on time of application. Temperature alters plant processes, cuticle permeability, water
uptake and herbicide absorption (Anderson et al. 1993). Increased temperature can result in
improved weed control due to the softening of the leaf cuticle structure, which allows increased
herbicide movement into the plant, as well as increased diffusion, enzyme activity and metabolic
processes (Willingham and Graham 1988; Hess and Falk 1990). Temperature variations over the
24 h period after application have a major influence on herbicide efficacy and after weed height,
temperature is the most predictive factor of weed control (Miller et al. 2003). Stewart et al.
(2009) found that elevated temperatures, occurring between 12:00 to 18:00 h, corresponded with
the greatest weed control for most herbicides evaluated except glyphosate and
dicamba/diflufenzopyr. Similarly, control of morningglory, common cocklebur and velvetleaf
with acifluorfen is improved with a rise in temperature from 27 C to 35 C (Lee and Oliver 1982).
In contrast, fluazifop-P-butyl performance improves with mild morning temperatures and high
RH compared to warmer mid-day temperatures (Cieslik et al. 2017). The RH influences
herbicide activity by altering various physiological processes, promoting absorption and
translocation of the herbicide and extending the drying period of herbicide droplets (Pallas 1960;
Hammerton 1967; Prasad et al. 1967). Improved absorption and translocation are correlated with
the higher degree of stomatal opening at high RH, allowing more herbicide to enter the plant
tissue (Prasad et al. 1967; Pallas 1959). In an experiment by Clor et al. (1962) with steam ringed
cotton seedlings, after seedlings received a foliar application of 2,4-D and urea, there was greater
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translocation under high humidity conditions and the herbicide began moving away from the
treated tissues through the xylem toward shoot and root apices. Temperature and RH affect
herbicide efficacy similarly, at higher values control is improved.
1.4.3.2 Dew presence
The presence of dew has been explored as a potential contributing factor to reduced
herbicide efficacy. Dew is mainly present for applications prior to sunrise (6:00 h) or after sunset
(21:00 or 24:00 h) and variable control of weed species has been observed when dew was present
at the time of application (Martinson et al. 2002, 2005; Stewart et al. 2009). Specifically, when
dew is present on weeds that have trichomes on the leaf surface, such as velvetleaf, it can act as a
barrier and reduce contact of the herbicide on the leaf surface (Sanyal et al. 2006). Fausey and
Renner (2001) noted a decrease in control of lambsquarters and redroot pigweed during early
morning herbicide applications of fluthiacet-methyl and flumiclorac when dew was present.
Doran and Andersen (1976) suggested that the presence of dew may have contributed to the
TOD effect of bentazon applied to common cocklebur, in which control at 6:00 h was reduced
with heavy dew. In contrast, other studies reported that the presence of dew did not have as large
an impact on herbicide efficacy as other environmental factors (Martinson et al. 2002, 2005;
Stewart et al. 2009).
1.4.3.3 Leaf orientation
The leaf orientation of weed species can change throughout the day in response to
environmental variables (Hess and Falk 1990). Leaf movements in velvetleaf have been studied
extensively, changing from nearly horizontal at midday to nearly vertical when approaching
sunset (Doran and Andersen 1976; Sellers et al. 2003b). Weed species like lambsquarters,
redroot pigweed and velvetleaf will alter their leaf positions depending on light availability
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(Andersen and Koukkari 1979). Andersen and Koukkari (1978) found velvetleaf leaves moved
rhythmically and as leaves became more vertical, the level of control decreased. Leaf angle of
velvetleaf decreases by up to 70% between 16:00 h and 20:00 h, resulting in up to a 50%
reduction in spray interception (Sellers et al. 2003b). Stewart et al. (2009) observed an increase
in herbicide efficacy between 9:00 and 18:00 h, attributing it potentially to an increase in
photosynthetic photon flux density (PPFD) through changes in leaf angle. Waltz et al. (2004)
found that velvetleaf response to glyphosate was correlated with PPFD, which is directly related
to photosynthetic rate, and since glyphosate is translocated, could result in greater herbicide
movement throughout the plant. Leaf orientation varies depending on TOD and environmental
conditions, a horizontal position resulting in greater spray interception and herbicide efficacy.

1.5 Adjuvants
1.5.1

Barriers to herbicide entry in plants
For herbicides to effectively penetrate plant leaves and exert their action on target plant

species, they must pass through several barriers for effective uptake into the plant. Successful
penetration of herbicides into plant leaves begins with the application solution, which contains
the herbicide, making contact with the leaf cuticle. The cuticle, or cuticular membrane, is the
outer layer of the plant leaf which allows for transpiration and gas exchange to be regulated by
the stomata, while also providing a barrier against excessive transpiration loss (Yeats and Rose
2013). Once the herbicide has made contact with the cuticle, it can then begin to cross the
cuticular membrane, followed by the underlying cell walls, before finally being absorbed by cells
in the leaf surface (Penner 2000). The structure and composition of the cuticle can differ between
plant species, can differ between two populations of a single plant species, and also changes as
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plants develop from one growth stage to another. In addition, environmental conditions can vary
cuticle permeability (Schönherr and Baur 1994; Mayeux et al. 1981). Overall, the cuticle is the
first major barrier for herbicide entry and depending on the structure and composition of the
cuticle, it can directly interfere with the penetration of an herbicide. Pereira et al. (1971)
demonstrated that differences in susceptibility of cabbage (Brassica oleracea L. var. capitata)
cultivars to nitrogen injury was dependent on the amount of cuticular wax present at the time of
application. Likewise, Taylor et al. (1981) found that the epicuticular wax of lambsquarters
leaves, in addition to the high surface tension of the herbicide solution, strongly impeded
penetration of bentazon into the leaves. However, this effect was reduced with the addition of an
adjuvant to the spray tank; Actipron, an oil adjuvant, combated the water-repellent characteristics
of lambsquarters leaves and provided good herbicide solution coverage of the leaf surface.
Adjuvants can improve herbicide activity by assisting herbicides in crossing the cuticular
membrane barrier.
1.5.2

What is an adjuvant?
According to the Weed Science Society of America (2019), an adjuvant is any substance

added to the spray tank or present in an herbicide formulation that enhances herbicidal activity or
application characteristics. Derived from the Latin word adiuvare meaning “to aid”, adjuvants
are used with pesticides to improve a variety of performance aspects such as efficacy, mixing
and handling, improved spread and retention of the herbicide droplet on the target plant, and
reduction in drift (Curran et al. 1999). With increased research on the activity of adjuvants alone
and in formulation with herbicides, the adjuvant industry has grown (Zhang et al. 2013). Both
formulation and spray adjuvants are used with agricultural herbicides. Formulation adjuvants are
included in the herbicide formulation by the manufacturer prior to sale and spray adjuvants are
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added to the spray tank prior to application (Penner 2000; Curran et al. 1999). The various
chemical additives used as spray adjuvants are commonly grouped based on their function as
either a special purpose adjuvant or activator adjuvant. Adjuvant selection should be based on
herbicide label recommendations; an improper choice of adjuvant may result in reduced
herbicide performance and/or increased injury to the crop (Curran et al. 1999).
1.5.3

Special Purpose Adjuvants
Without directly influencing herbicide activity, special purpose adjuvants or utility

adjuvants, improve the application characteristics of the spray solution (McMullan 2000). These
adjuvants are added to the spray tank to improve the ease and timeliness of applications, and
lower the risks associated with application and off-target movement of herbicides. Utility agents
can be divided into primary and secondary adjuvants. Primary adjuvants include compatibility
agents, defoaming agents, drift control agents, deposition agents and water conditioning agents;
acidifying agents, buffering agents and colorant agents are secondary utility adjuvants. Each
component is not essential for herbicide efficacy, but they do improve the properties of the spray
mixture and play an important role in a weed management system. Whereas utility agents
indirectly improve herbicide efficacy, other classes of adjuvants such as activator adjuvants are
used to directly improve weed control.
1.5.4

Activator Adjuvants
The functions of adjuvants are important to consider when adding to the spray mixture.

Activator adjuvants alter both physical and chemical properties of the herbicide solution, with
the goals of increasing the spectrum of weeds controlled and decreasing the use rate of the
herbicide (Penner 2000). The effectiveness of an adjuvant is dependent on factors including the
herbicide, target weed species and environmental conditions, and the adjuvant itself. Selection of
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appropriate adjuvants at proper concentrations can result in more uniform coverage on both
waxy and hairy leaf surfaces (Xu et al. 2011). Although leaf surfaces can vary among plant
species, adjuvants can significantly decrease surface tension and contact angle (angle between
the leaf surface and the spray droplet), as well as influence wetted area and evaporation time, and
play a role in the residual deposition patterns on leaf surfaces (Xu et al. 2010). Activator
adjuvants are used with postemergence herbicide applications and include products such as
surfactants, crop oil concentrates, nitrogen fertilizers, spreader-stickers, wetting agents and
penetrants (Curran et al. 1999).
1.5.4.1 Surfactants
The most commonly used activator adjuvants are surfactants (Curran et al. 1999).
Surfactants, or “surface active agents”, improve the wetting and spreading ability of the
herbicide droplet by reducing the contact angle of the droplet on the plant leaf, allowing it to
spread and cover a larger surface area (Hazen 2000). Additionally, surfactants improve solubility
of herbicides into leaves by creating a bridge between chemicals with opposite charges, such as
water and oil (Curran et al. 1999). The improved solubility is possible because the structure of a
surfactant molecule is amphipathic, consisting of a long chain hydrocarbon with lipophilic tail
and a hydrophilic head. A hydrophilic-lipophilic balance (HLB) measures the relative
proportions of the compounds and when a surfactant’s HLB and herbicide’s HLB are closely
matched, there is increased spread of the herbicide solution, typically resulting in improve
absorption into the leaf (Leaper and Holloway 2000). Depending on the ability of surfactants to
ionize an aqueous solution, they are categorized as nonionic, cationic or anionic (Pacanoski
2015). Nonionic surfactants (NIS) are compatible with most pesticides due to the absence of a
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charge. Ionic surfactants are used with acids or salts, and anionic surfactants are specialized,
often used as dispersants (Curran et al. 1999).
1.5.4.2 Oil Adjuvants
By influencing the properties of the spray droplet, oil adjuvants can be effective in
increasing herbicidal activity for a variety of herbicides. Surface tension and contact angle of
spray droplets are reduced with the addition of oil adjuvants, promoting penetration of the
herbicide through the waxy cuticle (Zhang et al. 2013). There are three types of oil-based
adjuvants: crop oils, crop oil concentrates (COCs) and seed (vegetable) oil concentrates. The
different sources of oil concentrates exhibit varying degrees of effectiveness. Xu et al. (2010)
found that adding a modified seed oil reduced the contact angle of droplets more than a COC and
increased droplet spread on waxy leaves. In the same study, both oil-based adjuvants resulted in
a more uniform residual deposition pattern after evaporation than the other surfactants,
potentially increasing herbicide efficacy. Absorption of topramezone in giant foxtail and
velvetleaf was increased with the addition of methylated seed oil (MSO) by 69 and 46%,
respectively (Zhang et al. 2013). An additional attractive characteristic of oil-based adjuvants is
their ability to biodegrade, posing no known environmental hazard with their use (Cornish et al.
1993). Oil–based adjuvants include a surfactant emulsifier at a concentration of 15-20%, which
is required to mix oil and water (Wang and Liu 2007). Response to an oil adjuvant varies with
herbicide. For example, herbicides with low water solubility, such as atrazine, are generally
enhanced with oil adjuvants (GRDC 2012). In contrast, glyphosate has a higher solubility in
water and may have reduced activity when mixed with oil adjuvants (GRDC 2012). Herbicide
families such as aryloxyphenoxy propionates, cyclohexanediones, imidazolinones, sulfonylureas,
phenoxy carboxylic acids, triazines, benzothiadiazoles, benzoylpyrazoles and triketones, have
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shown enhanced efficacy when co-applied with the proper oil-based adjuvant (Guarvit and
Cabanne 1993; Foy 1993; Zhang et al. 2013; Bunting et al. 2004a). Oil-based adjuvants allow for
greater spread and penetration of the herbicide on target leaves leading to greater herbicide
efficacy.
1.5.4.3 Nitrogen Fertilizers
The active component of nitrogen (N) fertilizers, ammonium (NH4) salts, have adjuvant
properties and can increase absorption of foliar-applied herbicides. Ammonium sulphate (AMS)
is a widely used NH4 salt; however, 28% urea ammonium nitrate (UAN) possesses similar
characteristics. N fertilizers can be used with a variety of herbicides; those benefiting the most
from N fertilizers are polar, weak acid herbicides like the sulfonylureas, imidazolinones,
benzothiadiazoles and organophosphorus herbicide families (Kapusta et al. 1994; Nalewaja et al.
1998; Kirkwood 1993; Curran et al. 1999). Antagonistic effects between the herbicide and
carrier water can be reduced with the addition of N fertilizers as adjuvants leading to movement
of herbicides into the leaves. Thelen et al. (1995) found that AMS prevents negative associations
of calcium ions (Ca2+) with glyphosate, because NH4 will bind with glyphosate instead of Ca2+,
resulting in a readily absorbed glyphosate salt. Despite the source of water, increased control of
velvetleaf was achieved with the addition of AMS to both glyphosate and glufosinate (Pratt et al.
2003). Likewise, additional salts in source water reduce 2-4-D efficacy by lowering the pH of the
solution and causing the herbicide to form precipitates; however, this can be overcome with the
addition of NH4 salts (Kirkwood 1993). NH4 salts are commonly combined with other
surfactants and oil adjuvants for improved weed control. The addition of UAN to COC or NIS
with foramsulfuron improved control of giant foxtail by 65% compared to either adjuvant alone
(Bunting et al. 2004). In less than optimal growing conditions, giant foxtail control was
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improved with UAN plus additional surfactants and oil adjuvants (Kapusta et al. 1994). NH4
salts can improve control of some weed species by preventing ions in the carrier water binding to
herbicide molecules, and favourably combining with other adjuvants.
1.5.5

Combining Adjuvants
Mixing adjuvants like surfactants, oils and N fertilizers can improve efficacy of some

herbicides. Giant foxtail control with foramsulfuron is influenced by adjuvant selection; only
20% control was achieved with either NIS or COC compared to 85 and 90% control when UAN
was included with each adjuvant, respectively (Bunting et al. 2004a). Enhancement of large
crabgrass and yellow foxtail control with nicosulfuron plus UAN was dependent on additional
oil-based adjuvants or surfactants in the tank mix (Nalewaja et al. 1998). The differences among
adjuvant mixtures with various fertilizer salts on herbicide efficacy may reflect how they interact
physically and chemically with nicosulfuron regarding movement of herbicide through the plant
cuticle. Bunting et al. (2004) found that control of giant foxtail with foramsulfuron plus MSO did
not benefit from the addition of UAN because 90% control was achieved with MSO alone;
however, UAN can be advantageous when growing conditions are less than optimum (Kupusta et
al. 1994). When UAN or an NH4 salt was added to formasulfuron plus MSO, control of
velvetleaf was significantly enhanced and provided the highest level of control for all species in
the study (Bunting et al. 2004b). Herbicides may require one or more adjuvants depending on
weed species, weed size and environmental conditions.
1.5.6

Adjuvants and crop safety
The level of crop injury observed following herbicide applications can be influenced by

adjuvant selection, rate and environment. Low levels of corn injury, ranging from 2-11%, has
been observed following applications of formasulfuron plus various combinations of adjuvants,
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such as NIS, COC, MSO plus AMS, or MSO plus UAN (Bunting et al. 2004b). Although MSO
may enhance weed control efficacy of herbicides, crop injury was greatest with its use compared
to other adjuvants. Greater injury may be induced under warm conditions with rimsulfuron plus
metribuzin when using COC or MSO compared to using NIS or applying under cooler conditions
in potatoes (Hutchinson et al. 2004). Adjuvants enhance uptake of herbicide into the crop, which
can be accelerated in stressed environments from extreme temperatures or in plants with thin
cuticles often resulting in greater crop injury in stressed environments from extreme
temperatures (Bell et al. 2019). A similar result has been observed in cooler conditions as well.
Crop injury from herbicides can be minimized by adjusting adjuvant selection and rate based on
crop growth stage and environmental conditions at the time of application.
1.5.7

Adjuvants used with Group 27 herbicides
Adjuvant use varies among herbicide groups and ideally, selection should be made based

on herbicide active ingredient. The Group 27 herbicides registered for use in Canada are
isoxaflutole, mesotrione, tembotrione, topramezone, and most recently, tolpyralate - all of which
have different adjuvant recommendations. The mesotrione label requires a non-ionic surfactant,
Agral 90®, that assists with the wetting and spreading of the herbicide (Anonymous 2018b). The
topramezone label provides two adjuvant choices, either Merge® or Assist® plus UAN
(Anonymous 2018a). Merge® and Assist® are both oil concentrates, consisting of either
petroleum hydrocarbons or paraffin base mineral oil, respectively, and a blend of surfactant
emulsifiers (Anonymous 2010, 2018d). Merge® can be used with a variety of herbicides at
various rates as listed on product labels; however, exceeding the recommended rate can cause
herbicide losses due to run-off (Anonymous 2018d). The addition of UAN is required when
Assist® is used with topramezone; tembotrione has a similar requirement when used with
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Hasten™ Spray Adjuvant, an esterified vegetable oil (Anonymous 2008, 2015, 2018a).
Likewise, the tolpyralate label recommends MSO in addition to an ammonium nitrogen fertilizer
such as UAN or AMS for improved control (Anonymous 2019b). In contrast, isoxaflutole does
not require the addition of an adjuvant (Anonymous 2018c).

1.6 Glyphosate Resistant Weeds
1.6.1

Glyphosate

1.6.1.1 Discovery and Development
Glyphosate, N-(phosphonomethylglycine) was first invented in 1950 by a Swiss chemist,
intended for use in pharmaceuticals; however, it had no application in the pharmaceutical
industry and was subsequently sold to other companies (Dill et al. 2010; Franz et al. 1997). The
herbicidal properties of glyphosate were realized in 1970 by a Monsanto chemist, Dr. John
Franz, and the product was commercialized in 1974 under the tradename Roundup® (Duke and
Powles 2008; Franz et al. 1997). As a white, crystalline amino acid derivative, glyphosate has a
relatively low water solubility and is therefore formulated as water-soluble monoanionic salts
like isopropylamine, trimethylsulfonium or potassium. Glyphosate is usually formulated with a
surfactant to facilitate plant uptake (Dill et al. 2010; Giesy et al. 2000; Franz et al. 1997).
Glyphosate’s favourable environmental properties, such as low volatility and low risk of
evaporating from treated areas, are due to its strong intermolecular bonds and high density (Dill
et al. 2010). Glyphosate binds to the soil, virtually eliminating root uptake, therefore applications
must be post-emergence to ensure foliar contact with target plants (Giesy et al. 2000). Following
extensive research, the herbicidal properties of glyphosate were realized.
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1.6.1.2 Glyphosate: Mode of Action
Glyphosate is an effective herbicide with a unique mode of action. Glyphosate interrupts
the shikimate pathway and subsequent metabolic processes (Herrmann and Weaver 1999). The
mode of action of glyphosate is competitive inhibition of the enzyme 5-enolpyruvylshikimate-3phosphate synthase (EPSPS) (Amrhein et al. 1980; Herrmann and Weaver 1999). This enzyme is
responsible for catalyzing the synthesis of 5-enolpyruvylshikimate-3-phosphate from
phosphoenolpyruvate and shikimate-3-phosphate, an important step in the production of
chorismate (Herrmann and Weaver 1999). Chorismate is required for the synthesis of essential
aromatic amino acids tryptophan, tyrosine and phenylalanine. The mechanism of inhibition of
EPSPS is unique to glyphosate and effective on only plants, fungi and bacteria that have a
shikimate pathway (Dill et al. 2010). Classified as an aromatic amino acid synthesis inhibitor,
glyphosate’s wide range of efficacy is attributable to its distinct mode of action.
1.6.1.3 Glyphosate: Application, Uptake and Selectivity
The favourable properties of glyphosate resulted in widespread use of the herbicide.
Glyphosate is a broad spectrum, post-emergent herbicide that controls over 300 annual, biennial,
and perennial grass and broadleaf species (Dill et al. 2010; Franz et al. 1997). Glyphosate is a
systemic herbicide that is translocated to growing tissue, both above and below ground, such as
meristems, rhizomes and corms, thus preventing underground vegetative structures from
regenerating when above ground biomass is killed (Dill et al. 2010). Initial use of glyphosate was
limited in agricultural settings because it is non-selective and would kill the crop, but as
conservation tillage practices increased, it allowed farmers to use chemical control instead of
tillage for pre-plant weed control. The introduction of glyphosate-resistant (GR) crops in 1996
rapidly expanded the use of glyphosate because crops were able to survive direct applications of
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glyphosate. In addition, glyphosate could be substituted for more expensive herbicides that often
had a narrower spectrum of weed control, as well as reducing the need for tillage which greatly
simplified crop and weed management systems (Green 2012; Green and Castle 2010; Duke and
Powles 2009). Over 90% of all GR weed species evolved in GR cropping systems due to a heavy
reliance on glyphosate for weed management over an extended period of time, resulting in weed
species shifts and the evolution of resistant biotypes (Johnson et al. 2009; Heap and Duke 2018).
Glyphosate is efficacious on a wide range of weeds, although the evolution of resistant biotypes
is troublesome for producers globally.
1.6.2

Herbicide Resistance
Herbicide-resistant weeds are an issue worldwide. Herbicide resistance is defined by the

Weed Science Society of America as “the inherited ability of a plant to survive and reproduce
following exposure to a dose of herbicide normally lethal to the wild type” (WSSA 1998).
Herbicide-resistant weed biotypes evolve from natural genetic variability within a population
followed by extreme selection pressure induced by repeated use of herbicides with the same
mode of action which selects for the resistant biotypes (Dinelli et al. 2006; Délye et al. 2013).
The mechanisms by which plants develop resistance to herbicides are classified as target site
(TS) or non-target site (NTS) resistance. Target site resistance can occur due to target site
alteration that prevents the herbicide from binding to the target site, or gene amplification
whereby the target site is over-expressed (Nandula 2010; Powles and Yu 2010). Non-target site
resistance is a result of a non-lethal dose of the herbicide reaching the target site and occurs
through one or a combination of the following: reduced absorption, reduced translocation,
vacuole sequestration, and enhanced metabolism of the herbicide (Preston 2004). Resistant
mechanisms can vary for mode of action, plant species and even within species; multiple
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resistance mechanisms may be present which may be a combination of TS and NTS resistance
mechanisms.
1.6.2.1 Glyphosate Resistant Weeds
Due to the repeated use of glyphosate, there was intense selection pressure for the
evolution of GR weed biotypes. The development of GR crops allowed farmers to apply
glyphosate repeatedly for weed management, leading to an increase in glyphosate use, reduction
of tillage, and tighter crop rotations. The presence of resistant weeds greatly influences cost of
production, requiring alternative chemistries to control resistant biotypes to protect crop yields
and eliminate weed interference (Benbrook 2012). According to the International Survey of
Herbicide Resistant Weeds, there are 47 GR species worldwide (Heap 2019). Within Canada,
there are six species with biotypes that are resistant to glyphosate, four of which are found in
Ontario: giant ragweed (Ambrosia trifida L.), Canada fleabane (Conyza canadensis (L.) Cronq),
common ragweed and waterhemp (Amaranthus tuberculatus (Moq.) J.D. Sauer) (Heap 2019).
Although HR crops have made a significant contribution to weed management, it is important to
implement diverse integrated weed management programs to ensure long-term sustainable weed
management programs.
Resistance to glyphosate is conferred through both TS and NTS resistance mechanisms.
Glyphosate resistance due to an altered target site was first discovered in goosegrass (Eleusine
indica L.) where an amino acid substitution, Pro-Ser, existed at position 106 of the EPSPS
enzyme (Baerson et al. 2002; Huffman et al. 2016). In addition, a Pro-Thr substitution at position
106 confers resistance to glyphosate (Wakelin and Preston 2006). Providing a moderate level of
glyphosate resistance, the prevalence of mutations resulting in altered target sites can be
enhanced under intense herbicide selection pressure (Powles and Preston 2006). Conferring a
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much higher level of glyphosate resistance, the identification of a double amino acid substitution
(T102I + P106S [TIPS]) in goosegrass (Eleusine indica (L.) Gaertn.) populations in Australia by
Yu et al. (2015) found that they are more than 180-fold more resistant to glyphosate than the
wild type. The evolution of the highly resistant TIPS EPSPS is predicted to be from the selection
of mutations in sequential events, selection of P106S followed by T102I, and illustrates how
plants adapt to high levels of herbicide selection (Yu et al. 2015). The second target site
resistance mechanism, over expression of the EPSPS enzyme, was first reported in populations
of Palmer amaranth where resistance was found to be correlated with a high EPSPS gene copy
number (Gaines et al. 2010). In this mechanism, resistant plants produce an increased number of
the target enzyme, ensuring that a portion of the enzymes are not inhibited by the herbicide as
they would be in susceptible plants, thus resulting in resistance to glyphosate (Pline-Srnic 2006).
Non-target site resistance to glyphosate can result from a reduction in herbicide uptake and/or
translocation, or sequestration of the herbicide that prevents it from reaching the target site at a
lethal dose. Populations of GR johnsongrass (Sorghum halepense (L.) Pers.) in Arkansas had a
reduction in glyphosate translocation by 28% to above and below ground tissue compared to
susceptible biotypes (Riar et al. 2011). Similarly, the primary mechanism of GR resistance in
populations of johnsongrass in Argentina is reduced translocation, specifically to meristems, as
there is an 18 and 17% reduction in glyphosate translocation to the roots and stem, respectively
(Vila-Aiub et al. 2012). Restricted entry of the herbicide on a cellular level gives way to
glyphosate resistance and was reported as a mechanism of resistance in GR Palmer amaranth and
tall waterhemp (Sammons and Gaines 2014). Sequestration of the herbicide in the plant vacuole
is a major mechanism of glyphosate resistance in populations of GR Canada fleabane, allowing
resistant plants to carry out normal metabolic processes while susceptible plants succumb to the
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lethal effects of glyphosate (Ge et al. 2010). Wakelin et al. (2004) observed resistant biotypes of
rigid ryegrass (Lolium rigidum Gaudin) translocated significantly more glyphosate to the tips of
the treated leaves than susceptible plants, in which it is translocated to the meristematic portion
of the plant and has lethal effects. Simultaneous occurrence of TS and NTS resistance
mechanisms confer high levels of glyphosate resistance in species such as rigid ryegrass
populations in Australia, making them difficult to manage with herbicides (Powles and Yu
2010). Mechanisms of glyphosate resistance varies among and within resistant species and
consist of one or a combination of TS and NTS resistant mechanisms.
1.6.3

Glyphosate-Resistant Canada Fleabane

1.6.3.1 Biology
Canada fleabane is widely distributed. Also known as marestail and horseweed, Canada
fleabane is a summer or winter annual that belongs to the Asteraceae family. Native to North
America, it has few climatic limitations, allowing for a broad geographical distribution, with
populations in all Canadian provinces except Newfoundland (Weaver 2001). Canada fleabane is
commonly found in areas with minimal soil disturbance such as orchards, vineyards, roadsides or
where tillage has been reduced in agricultural fields. Germination of Canada fleabane primarily
occurs from late August through October, the rosettes develop and overwinter, resuming growth
in the spring and completing their life cycle. However, a fraction of the population will
germinate in the spring, these biotypes, germinate, emerge, develop and reproduce in the same
season. Emergence of Canada fleabane can be variable and is not strongly linked to
environmental factors like soil temperature, air temperature or rainfall (Main et al. 2006). The
overwintering ability of fall-emerged rosettes provides a competitive advantage in the spring
because Canada fleabane is able to establish more quickly and grow without competition from
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other summer annual weeds (Buhler and Owen 1997). This self-pollinating species typically
flowers beginning mid-July, reaching seed maturity by late August to mid-September (Weaver
2001). Canada fleabane can produce a vast number of seeds, seed production is proportional to
plant height; a 1.5 m tall plant can produce up to 230,000 seeds per plant (Regehr and Bazzaz
1979; Weaver 2001). The seeds of Canada fleabane are approximately 1 mm in length, wind
dispersed and can travel long distances because of a pappus attached to each seed (Weaver
2001). Canada fleabane seeds have been collected in the Planetary Boundary Layer, travelling
greater than 500 km from the mother plant after a single dispersal event (Shields et al. 2006).
Seeds will readily germinate on, or near, the soil surface at depths up to 0.5 cm; seeds at greater
depths fail to emerge (Nandula et al. 2006). Effective reproductive and dispersal characteristics,
coupled with extended emergence patterns, make Canada fleabane a widespread and problematic
agronomic weed.
1.6.3.2 Agronomic Implications
Canada fleabane is successful in no-till systems because seeds remain on, or near, the soil
surface where they readily germinate and emerge (Nandula et al. 2006). Widespread use of GR
crops allowed farmers to adopt no-till production systems that relied heavily on glyphosate for
weed control as it could be applied multiple times throughout the growing season. The first
documented population of GR Canada fleabane was in Delaware in 2001 in a no-till GR soybean
field that used only glyphosate for weed control for three consecutive years (VanGessel 2001). In
2010, the first populations of GR Canada fleabane in Ontario were reported in Essex county and
by 2015, resistant populations were found in Glengarry county adjacent to the Quebec border;
800 km from the initial finding in Essex county (Byker et al. 2013; Budd et al. 2018).
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Canada fleabane is a troublesome agronomic weed that can cause great yield reductions.
Research in Ontario by Ford et al. (2014) reported corn grain yield loss of 69% when no control
measures were in place. Likewise, Ontario soybean yield loss has been recorded at 93% when
not controlled (Byker et al. 2013). A widely adopted strategy to manage GR Canada fleabane is
using herbicides with alternative modes of action (Scott and VanGessel 2007). There are several
effective (>90%) soil-applied herbicides for control of GR Canada fleabane in corn (Ford et al.
2014; Brown et al. 2016); however, postemergence corn herbicide options are limited to
dicamba/atrazine and bromoxynil + atrazine (Mahoney et al. 2017). Farmers have been reported
to incur an increased cost of $5-17 ha-1 for the management of GR Canada fleabane in soybean
production (Scott and VanGessel 2007). Incorporating tillage in a cropping system can be a
strategy in controlling GR Canada fleabane (Nandula et al. 2006; Steckel et al. 2010). In
contrast, the presence of crop residues have been found to reduce Canada fleabane emergence by
79% compared to no ground cover, as a result of shading and limited seed to soil contact (Main
et al. 2006). Integrating multiple weed control strategies is an effective way to manage GR
Canada fleabane and prevent further spread of resistant biotypes.
1.6.3.3 Resistance Mechanisms
Glyphosate resistance in Canada fleabane is primarily caused by non-target site resistance
mechanisms. The main mechanism of resistance in GR Canada fleabane is vacuolar
sequestration, in which glyphosate is not translocated in the phloem and/or is released at
sublethal rates (Ge et al. 2010). When glyphosate was applied to a resistant biotype, 85% of the
glyphosate was found in the vacuoles compared to the 15% found in vacuoles for susceptible
biotypes. Additionally, GR populations have been identified that exhibit enhanced metabolism of
glyphosate, rapidly converting glyphosate to non-toxic metabolites (Pan et al. 2019). In 2018,
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Page et al. (2018) identified GR Canada fleabane populations in Ontario that have developed
resistance through target site alteration, a proline to serine substitution at position 106, in
addition to non-target site resistance. This target site mutation may be responsible for enhanced
levels of resistance in Ontario Canada fleabane populations. Resistance to herbicides adds
complexity to the management of Canada fleabane.
1.6.4

Glyphosate-Resistant Waterhemp

1.6.4.1 Biology
Waterhemp is dioecious plant that belongs to the genus Amaranthus. Worldwide, there
are over 70 known Amaranthus species of which 40 exist in North America as native plants,
weeds, cultivated ornamentals or pseudocereals (Costea et al. 2005). In Ontario, both tall
waterhemp (Amaranthus tuberculatus (Moq.) Sauer var. tuberculatus) and common waterhemp
(A. rudis) exist; the former is native to undisturbed habitats while the latter is non-native and
thought to be introduced through contaminated farm equipment from Illinois (Costea et al.
2005). Waterhemp is a highly variable and was classified as a single species, Amaranthus
tuberculatus (Moq.) J.D. Sauer), in 2018 by WSSA (2018). Waterhemp can be distinguished
from other Amaranthus species such as Palmer amaranth, redroot pigweed and smooth pigweed
by its more egg-shaped cotyledons, longer and more lanced shaped first true leaves and
completely hairless stems (Nordby et al. 2007). Waterhemp is a dioecious plant, meaning that
male and female reproductive organs are on separate plants and cross-pollination must take place
to produce the small black seeds (Norbdy et al. 2007). When released from the male anther,
pollen grains can remain viable for 5 days and travel long distances on the wind, up to 800 m
from original source (Liu et al. 2012). Following pollination, seeds reach maturity in 9-14 days
(Horak and Loughin 2000). A female waterhemp plant produces 300,000 seeds on average,
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although under ideal growing conditions a single plant can produce up to 1.2 million seeds
(Hartzler et al. 2004). Sellers et al. (2003) found that waterhemp produces at least 1.4 times as
many seeds per gram of dry weight as other Amaranthus species. Seeds can remain viable in the
soil for several years. Buhler and Hartzler (2001) found that 12% of waterhemp seeds survived in
the soil after 4 years whereas Steckel et al. (2007) observed 10% survival after 3 years and less
than 1% after 4 years. Emergence of waterhemp in Ontario ranges May through October and as
late as November with flowering and seed set continuing until the first frost, typically occurring
late October/early November (Costea et al. 2005). The extended emergence of waterhemp
increases its competitiveness by emerging before other summer annuals early in the season as
well the inability to control waterhemp with soil-applied residual herbicides (Soltani et al. 2009).
Waterhemp’s reproductive and emergence characteristics make it a challenging agricultural weed
to manage.
1.6.4.2 Agronomic Implications
Across much of the Midwest US and more recently in Ontario, waterhemp has become an
issue in agriculture, resulting in substantial corn and soybean yield losses. Movement of the nonnative common waterhemp to Ontario is thought to have occurred in the late 1990’s from
contaminated farm equipment (Costea et al. 2005). Viable seeds can be transported on
machinery, through human activities, via waterways and migratory waterfowl. Seed transported
by migratory waterfowl could travel distances of up to 2964 km (Farmer et al. 2017). Crop
competition with waterhemp greatly influences survival of the weed, emphasizing the need for
early season control. Waterhemp that emerges at V6-V8 corn has 90% mortality relative to those
that emerge prior to V4 corn; waterhemp plants emerging at V10 corn or later do not survive
(Steckel and Sprague 2004). To minimize yield loss, the critical waterhemp-free period in corn is
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from emergence to the V6 stage, but any surviving waterhemp plants will contribute seed to the
soil seedbank. Yield reduction is greatest when waterhemp emerges with the crop and is left
uncontrolled, reaching losses up to 73% in soybean and 74% in corn (Steckel and Sprague 2004;
Vyn et al. 2007). Cordes et al. (2004) found a negative correlation between late-emerging
waterhemp density and corn yield: corn yield loss was 8% at waterhemp densities of fewer than
82 plants m-2, compared to a yield loss of 36% at waterhemp densities greater than 369 plants
m-2. In addition to the extended emergence pattern and high fecundity, waterhemp possesses an
aggressive growth habit and there can be wide genetic variation among biotypes within a
population (Costea et al. 2005). Waterhemp is a competitive weed that has the potential to
significantly reduce crop yields due to its superior genetic recombination potential compared to
other monecious amaranthus species and therefore higher genetic and phenotypic variability,
high growth rate and competitiveness, long distance pollen and seed dispersal, large number of
viable seeds, persistent seed bank, and extended emergence patterns.
1.6.4.3 Resistance Mechanisms
Already a competitive and troublesome weed, waterhemp has evolved resistance to many
herbicide modes of action. Compared to other monecious amaranthus species, waterhemp has
remarkable genetic recombination potential resulting in greater genetic and phenotypic
variability (Costea et al. 2005). The ability of waterhemp to rapidly evolve herbicide resistance
increases the frequency and severity of waterhemp infestations (Costea et al. 2005). Around the
world, there are waterhemp biotypes with resistance to seven herbicide modes of action:
acetolactate synthase inhibitors, synthetic auxins, photosystem II inhibitors, EPSPS-inhibitors,
protoporphyrinogen IX oxidase inhibitors, very long chain fatty acid inhibitors and 4hydroxyphenylpyruvate dioxygenase inhibitors, belonging to WSSA Herbicide Groups 2, 4, 5, 9,

46

14, 15 and 27, respectively (Heap 2019). Within Ontario, there are waterhemp biotypes that are
resistant to Group 2, 5, 9 and 14 herbicides (Heap 2019). A survey conducted by Schryver et al.
(2017) found that 61% of those Ontario populations had three-way resistance to imazethapyr,
atrazine and glyphosate. The first confirmed GR waterhemp in Ontario was found in 2014 in
Lambton County (Schryver et al. 2017). Glyphosate resistance in waterhemp can be due to nontarget or target site mechanisms. Reduced translocation, EPSPS gene amplification and an amino
acid substitution (Pro-Ser) at position 106 have been identified to confer resistance to glyphosate
(Nandula et al. 2013; Chatham et al. 2015). The dioecious biology of waterhemp and its obligate
requirement for cross pollination results in rapid transfer of herbicide resistance genes across
biotypes (Lui et al. 2012).
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1.7 Hypothesis and Objectives
1.7.1

Hypotheses

1. Additional adjuvants will not be required for adequate weed control when glyphosate is
added to tolpyralate + atrazine.
2. Time-of-day of application will influence tolpyralate plus atrazine efficacy on common
annual weeds.
3. Tolpyralate plus atrazine will provide season-long residual control of GR Canada
fleabane.
4. The addition of glyphosate to tolpyralate + atrazine will cause <10% crop injury.
1.7.2

Objectives

1. To determine if additional adjuvants are required when glyphosate is added to tolpyralate
plus atrazine for control of common annual weeds, GR Canada fleabane and GR
waterhemp.
2. To determine if there is a time-of-day of application effect on tolpyralate plus atrazine
efficacy on common annual weeds.
3. To determine if tolpyralate plus atrazine provides season-long residual control of GR
Canada fleabane.
4. To determine the effect of the addition of glyphosate and hybrid selection on the
tolerance of corn to tolpyralate plus atrazine.
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2 Chapter 2: Residual activity and influence of adjuvants on the
control of glyphosate-resistant Canada fleabane and waterhemp
in corn with tolpyralate
2.1 Abstract
Tolpyralate is a new benzoylpyrazole, 4-hydroxyphenyl-pyruvate dioxygenase inhibitor,
herbicide registered for use in corn. Tolpyralate is recommended to be applied as a tankmix with
atrazine along with the adjuvants methylated seed oil (MSO) concentrate plus an ammonium
nitrogen fertilizer such as UAN. Two field studies were conducted on glyphosate-resistant (GR)
Canada fleabane and waterhemp to determine if an additional adjuvant is still required when
tolpyralate plus atrazine are tankmixed with Roundup Weathermax® in corn. A third field study
was completed to determine if tolpyralate plus atrazine provides full-season residual control of
GR Canada fleabane in corn. All studies were conducted over a two-year period (2018-19) on
farms in southwestern Ontario with confirmed multiple-herbicide-resistant populations. In the
presence of Roundup Weathermax®, the addition of MSO to tolpyralate + atrazine increased
control of GR waterhemp 9%; however, no increase was observed with the addition of adjuvants
for GR Canada fleabane control. At 8 WAA, all treatments provided >91% control of GR
waterhemp and >84% control of GR Canada fleabane. In the residual study, tolpyralate (40 g ha1

), tolpyralate (30 g ha-1) + atrazine and tolpyralate (40 g ha-1) + atrazine, applied PRE, provided

88-97% control. In conclusion, the two field studies found that adjuvants improved early season
weed control and the addition of Roundup Weathermax® increases the efficacy of tolpyralate
plus atrazine for the control of GR waterhemp and Canada fleabane. In addition, tolpyralate plus
atrazine, applied PRE, provides similar residual control of GR Canada fleabane as current
industry standards.
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2.2 Introduction
Glyphosate-resistant (GR) waterhemp and Canada fleabane are prevalent across parts of
southern Ontario and negatively affect net returns for affected farmers. Waterhemp is a
dioecious, competitive, troublesome weed that emergences from early spring until October
(Schryver et al. 2017). Early emerging waterhemp has a competitive advantage over later
emerging summer annual weeds, and the extended emergence pattern necessitates season-long
residual for control of late emerging cohorts (Hartzler et al. 1999; Soltani et al. 2009). Following
pollination, female waterhemp plants can produce up to 4.8 million small, black seeds per plant
in ideal conditions (Hartzler et al. 2004). Seeds can remain viable in the soil for up to two
decades; however, most seeds will germinate within the first three years (Buhler and Hartzler
2001; Steckel et al. 2007). Waterhemp seeds can be transported by human activity, equipment,
via waterways and by migratory waterfowl. As a dioecious plant, waterhemp requires cross
pollination, resulting in genetic and phenotypic variability, accelerated spread of resistance
genes, and the ability to adapt to diverse environmental conditions (Costea et al. 2005). Globally,
there are waterhemp biotypes with resistance to seven herbicide modes of action: acetolactate
synthase inhibitors, synthetic auxins, photosystem II inhibitors, EPSPS inhibitors,
protoporphyrinogen IX oxidase inhibitors, long chain fatty acid elongases inhibitors, and 4hydroxyphenyl-pyruvate dioxygenase inhibitors, belonging to WSSA Herbicide Groups 2, 4, 5,
9, 14, 15 and 27, respectively (Heap 2019). The first GR waterhemp population in Ontario was
confirmed from seed collected in 2014 in Lambton county (Schryver et al. 2017). Sine the initial
discovery, GR waterhemp is now present in 11 Ontario counties (Benoit et al. 2020; Schryver et
al. 2017). Waterhemp biotypes in Ontario have confirmed resistance to Groups 2, 5, 9, and 14
herbicides (Heap 2019). Of the waterhemp populations in Ontario, it was estimated that 61%
have 3-way multiple resistance to imazethapyr, atrazine and glyphosate (Schryver et al. 2017).
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Glyphosate resistance in waterhemp can be due to target or non-target site mechanisms. EPSPS
gene amplification, an amino acid substitution (Pro-Ser) at position 106, and reduced
translocation are herbicide resistance mechanisms that have been identified to confer resistance
to glyphosate (Chatham et al. 2015; Nandula et al. 2013). Compared to other Amaranthus
species, waterhemp is not as competitive as Palmer amaranth (A. palmeri S. Wats); however, it is
more competitive and causes greater yield reductions than redroot pigweed (A. retroflexus L.)
(Bensch et al. 2003).
Canada fleabane is a widely adapted winter or summer annual that is native to North
America (Weaver 2001). The ability for Canada fleabane seeds to germinate in the fall and overwinter as rosettes allows plants to establish and grow without competition from neighbouring
summer annual weeds (Weaver et al. 2001). Seedlings that emerge in the spring will bypass the
rosette stage and begin stem elongation soon after emergence (Buhler and Owen 1997). In
Ontario, Canada fleabane seed can germinate throughout the year if temperatures exceed the base
germination temperature range of 8.0-9.5°C; the extended emergence pattern requires residual
herbicides for full-season weed control (Tozzi et al. 2014). Canada fleabane is a self-pollinating
species that begins flowering in mid-July and matures by mid-September (Weaver 2001).
Canada fleabane is a prolific seed producer, with seed production per plant proportional to plant
height; a 1.5 m tall plant can produce up to 230,000 seeds (Regehr and Bazzaz 1979; Weaver
2001). Canada fleabane seeds have a small attached pappus that aids in wind dispersal; seeds can
travel long distances of up to 500 km (Shields et al. 2006). Canada fleabane seeds germinate on
or near the soil surface, at depths up to 0.5 cm, making this species well-adapted to no-till
systems (Nandula et al. 2006). Multiple applications of glyphosate are often used for control of
Canada fleabane in no-till GR cropping systems; this may have contributed to the evolution of
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GR Canada fleabane biotypes (Nandula et al. 2006). The first confirmed population of GR
Canada fleabane was discovered in 2001 in a GR soybean field near Delaware, USA, that
received glyphosate applications for three consecutive years (VanGessel 2001). In 2010, the first
population of GR Canada fleabane was discovered in Ontario in Essex County, and by 2015, GR
populations were found in 30 counties across southern Ontario from Michigan to the Quebec
border (Budd et al. 2018). Resistance in GR Canada fleabane is primarily caused by non-target
site resistance mechanisms: vacuolar sequestration and enhanced metabolism where the
herbicide does not reach the target site at a lethal dose (Ge et al. 2010; Gonzalez-Torralva et al.
2012). More recently, a proline to serine amino acid substitution at position 106 was identified
that confers resistance to glyphosate by altering the target site for herbicide binding (Page et al.
2018). Resistance to herbicides adds complexity to the management of Canada fleabane.
Corn is sensitive to weed interference, especially during early stages of crop growth
(Swanton and Weise 1991). Weed interference includes competition for water, nutrients, and
sunlight and indirectly through changes in light quality that may lead to phenological changes in
the plant (Page et al. 2010). In early stages of corn development, the presence of weeds can lead
to a decrease in corn dry matter and grain yield (Cerrudo et al. 2012). Left uncontrolled, it has
been reported that waterhemp and Canada fleabane cause corn grain yield losses of up to 74 and
69%, respectively (Ford et al. 2014; Steckel and Sprague 2004). The critical weed-free period
(CWFP) for corn in Ontario is estimated to be from the 3 to 14 leaf-tip stage (Hall et al. 1992).
Control of weeds during this time is essential to prevent unacceptable yield loss due to weed
interference (Swanton et al. 1999).
Tolpyralate is a new Group 27, HPPD-inhibiting herbicide for weed management in corn.
Tolpyralate is the second benzoylpyrazole herbicide used for weed control in corn, providing
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equivalent or improved control compared to other group 27 herbicides (Metzger et al. 2018b).
Atrazine is the recommended tankmix partner for enhanced efficacy to broaden the spectrum of
weeds controlled and increase speed of control (Anonymous 2017, 2019b; Metzger et al. 2018a).
Tolpyralate plus atrazine, applied POST, provides control of annual grass and broadleaf weed
species including Canada fleabane and waterhemp (Metzger et al. 2018a; Metzger et al. 2019b;
Benoit et al. 2019). On the Canadian and US labels, tolpyralate plus atrazine provides “control”
of both common (A. rudis) and tall (A. tuberculatus) waterhemp; however, only the US label lists
“partial control” of Canada fleabane (Anonymous 2017, 2019b).
The recommended adjuvants with tolpyralate are MSO Concentrate (1% v/v) and a nitrogen
source such as UAN or AMS (2.5% v/v) to improve herbicide efficacy of tolpyralate
(Anonymous 2019b). Defined by the Weed Science Society of America (2019), an adjuvant is
any substance added to the spray tank, or present in an herbicide formulation that enhances
herbicidal activity or application characteristics. Selection of an appropriate adjuvant at the
proper concentration can improve herbicide coverage on various leaf surfaces (Xu et al. 2011).
Adjuvants can decrease surface tension and contact angle (angle between the leaf surface and the
spray droplet), as well as influence wetted area and evaporation time, and play a role in the
deposition patterns on leaf surfaces (Xu et al. 2010). Various herbicides require the addition of
an adjuvant for optimal performance. Topramezone, another group 27 herbicide, has enhanced
efficacy with the addition of MSO due to increased absorption and translocation of the herbicide
in the plant (Zhang et al. 2013). Quinclorac efficacy is enhanced with the addition of MSO and a
nitrogen fertilizer that combats antagonistic salts present in carrier water (Woznica et al. 2003).
Adjuvants can also be already present in the herbicide formulation. For example, all
glyphosate products are formulated with an adjuvant system. In particular, Roundup
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WeatherMAX® contains proprietary surfactants to assist with penetration of the herbicide into
the plant tissue (Anonymous 2019a; Bayer 2019). In a tankmix, glyphosate formulations have
been found to influence crop injury (Soltani et al. 2018), weed control (Deen et al. 2006; Eubank
et al. 2013) or absorption and translocation of the tank mix partners (Starke and Oliver 1998).
Adjuvants add an additional cost to weed control strategies. In Ontario, adjuvants can cost up to
$10.00 ha-1 (Agris Co-operative, personal communication) and require the handling of multiple
herbicide containers.
Based on previous research, it is evident that there is an interaction between glyphosate and
various herbicides that may be a result of the aggressive adjuvant system in the formulation.
Roundup Ready® hybrids account for 96% of corn acreage in Eastern Canada (M. Reidy,
Stratus, personal communication), thus the common use pattern for tolpyralate + atrazine will be
tankmixed with glyphosate. It is unknown whether the adjuvant in Roundup WeatherMAX® is
sufficient for maximum herbicide efficacy with tolpyralate plus atrazine, or if additional
adjuvants are still required (Bayer 2019). Therefore, the first objective of this study was to
determine if additional adjuvants (MSO and UAN) are required when tolpyralate + atrazine is
tankmixed with Roundup WeatherMAX® for the control of GR waterhemp and GR Canada
fleabane. The second objective was to determine if tolpyralate + atrazine provides full-season
residual control of GR Canada fleabane.

2.3 Materials and Methods
2.3.1

Experimental Methods
This manuscript summarizes three distinct studies: Study 1- Impact of adjuvants on

tolpyralate + atrazine efficacy for the control of GR waterhemp, Study 2- Impact of adjuvants on
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tolpyralate + atrazine efficacy for the control of GR Canada fleabane, and Study 3- Residual
activity of tolpyralate + atrazine for the control of GR Canada fleabane (Tables 1-7).
2.3.1.1 Study 1
A total of six trials were conducted over a two-year period (2018, 2019) at sites with
confirmed glyphosate-resistant waterhemp on Walpole Island and near Cottam, ON (Schryver et
al. 2017). The seedbed was prepared with two passes of a cultivator with rolling basket harrows.
All sites were fertilized according to soil test results and crop requirements; the fertilizer was
applied prior to seeding and incorporated into the soil. DKC45-65 RIB corn (Bayer Inc., St.
Louis, MO) was seeded at approximately 83000 seeds ha-1 to a depth of 4 cm in rows spaced 76
cm apart. The experimental design was a two-way, 2 by 5 factorial: factor one was with or
without glyphosate, and factor two was five tolpyralate + atrazine treatments including: weedy
control, tolpyralate + atrazine, tolpyralate + atrazine + MSO, tolpyralate + atrazine + UAN, and
tolpyralate + atrazine + MSO + UAN. Methylated seed oil (MSO Concentrate ®, Loveland
Products Inc., Loveland CO) and 28% UAN were added according to label directions. Trials
were organized as a randomized complete block with 4 replicates. Plots were 2.25 m wide (3
corn rows spaced 76 cm apart) and 8 m long. To remove susceptible waterhemp biotypes and
non-target weed species, glyphosate (450 g ae ha-1) was applied after crop emergence using a
tractor mounted sprayer. Table 2.1 lists waterhemp sites, planting and herbicide application
dates.
Herbicide treatments were applied with a CO2 pressurized backpack sprayer calibrated to
deliver 200 L ha-1 at 240 kPa equipped with a 1.5 m handheld boom. The boom was equipped
with four ULD12002 nozzles (Pentair, New Brighton, MN, USA) spaced 50 cm apart producing
a spray width of 2 m. Herbicides were applied when GR waterhemp averaged 10 cm in height.
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Corn injury at 1, 2 and 4 WAA, and weed control at 2, 4, 8 and 12 WAA was assessed
visually on a percent scale where 0 indicates no corn injury/weed control and 100 complete plant
death. Waterhemp density and dry biomass were determined by counting and cutting waterhemp
at the soil surface from two 0.25 m2 quadrats per plot, placing them in paper bag, drying the
biomass to a constant mass at 60 C, and then weighing. Corn was harvested from two rows in
each plot at maturity with a small plot combine; grain weight and moisture content were
recorded. Corn grain yield is expressed as tonnes ha-1 and was adjusted to 15.5% moisture
before statistical analysis.
2.3.1.2 Study 2
Materials and methods are similar to Study 1, with the exception that the weed species
evaluated GR Canada fleabane was evaluated at different sites located near Dresden,
Thamesville, Harrow, Ridegtown and Zone Centre; all sites were managed no-till. Table 2.4 lists
GR Canada fleabane sites, planting and herbicide application dates.
2.3.1.3 Study 3
Materials and methods were similar to Study 2; however, the objective changed,
therefore, the treatments changed and are presented in in Table 2.8. Following planting, the
entire experimental area was sprayed with glufosinate (2000 g ai ha-1) to remove all emerged
Canada fleabane. Herbicides were applied preemergence (PRE) 1-3 days after planting. The
weed-free control (WFC) was sprayed with saflufenacil/dimethenamid-p (735 g ha-1) and was
maintained weed-free throughout the season by hand-weeding when necessary. Treatments
consisted of tolpyralate applied at 30 g and 40 g ai ha-1, atrazine (560 g ai ha-1) and tolpyralate +
atrazine at each rate and compared to three current industry standards for GR Canada fleabane
control in corn: saflufenacil/dimethenamid-p (735 g ai ha-1); mesotrione + atrazine (140 g ai ha-1
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+ 1500 g ai ha-1); and dicamba/atrazine (1800 g ai ha-1) (Brown et al. 2016). Sites, planting and
herbicide application dates are presented in Table 2.7.
2.3.2

Statistical Analysis

2.3.2.1 Studies 1 and 2
For studies 1 and 2, data were analyzed as a 2 by 5 factorial; variance analysis was
performed using the PROC GLIMMIX procedure in SAS v. 9.4 (SAS Institute, Cary, NC). Data
were pooled across years and locations for analysis. Each location-year indicates an environment
for a total of 6 environments in study 1, and 5 environments in study 2. Variances were
partitioned into random and fixed effects. The random effects were environment, replication
within environment, environment and its interaction with each fixed effect. Fixed effects were
Factor One, Factor Two and the interaction between Factor One and Two. The significance of
fixed effects was tested using F-tests and random effects were tested using Z-tests with α
assigned as 0.05. The assumptions of variance analyses (residuals have mean of zero, are
homogeneous, and normally distributed) were tested using a Shapiro-Wilk test of normality and
scatterplot of studentized residuals. An appropriate distribution and link were assigned to each
parameter to meet those assumptions. Weed control data were transformed using arcsine square
root; weed density and biomass data were log-transformed. Treatment comparisons for main
effects were performed only when the interaction was not statistically significant. Simple effects
were analyzed when interaction was statistically significant. Treatment comparisons were made
based on least-square means using Tukey-Kramer’s multiple range test and letter codes were
assigned to illustrate statistically significant differences. The means of transformed data were
converted back to the original scale for presentation of results.
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2.3.2.2 Study 3
Data were analyzed in SAS 9.4 (SAS Institute, Cary, NC) as an RCBD using PROC
GLIMMIX. The fixed effect was herbicide treatment and the random effects were environment,
replication within environment and the interaction between environment and herbicide treatment.
Significance of fixed and random effects were determined using an F-test and Z-test,
respectively. The Type 1 error rate was set at 0.05. The weedy control and weed-free control
were removed prior to analysis. All means were compared independently to zero to determine
treatment differences to the weedy control. The appropriate distribution and link were assigned
to each dependent variable to meet the assumptions of analyses that residuals have a mean of
zero, are homogeneous and normally distributed. Inspection of the Shapiro-Wilk test and the
scatterplots of studentized residuals determined the use of the arcsine square root transformation
for weed control and lognormal transformation for density and biomass. Least-square means for
all dependent variables were compared across treatments using a Tukey-Kramer test. Statistically
significant differences were denoted by letter codes.

2.4 Results and Discussion
2.4.1

Study 1 Results
Data analysis indicated that the Roundup WeatherMAX® by tolpyralate + atrazine

interaction was not significant for GR waterhemp density and biomass and corn yield (P>0.3225)
(Table 2.2). Averaged across all tolpyralate + atrazine treatments, the addition of Roundup
WeatherMAX® was not significant for GR waterhemp density and biomass and corn yield
(Table 2.2). Averaged across 0 and 900 g ae ha-1 of Roundup WeatherMAX®, tolpyralate +
atrazine reduced GR waterhemp density, the decrease in density was greater with the addition of
MSO compared to UAN. Tolpyralate + atrazine reduced GR waterhemp biomass, the decrease
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in biomass was greater with the addition of MSO or MSO + UAN compared to UAN. There was
no effect of Roundup WeatherMAX® or tolpyralate + atrazine treatment on corn yield (Table
2.2). There was a significant Roundup WeatherMAX® by tolpyralate + atrazine interaction for
weed control at 2, 4, 8 and 12 WAA (P<0.0001) (Table 2.2).
Crop Injury
Corn injury was less than 10% in all treatments (data not presented).
Weed Control
At 2 WAA, tolpyralate + atrazine controlled GR waterhemp 76%, control was increased 11
to 19% with the addition of the adjuvants MSO, UAN or MSO + UAN (Table 2.3). Roundup
WeatherMAX® applied alone controlled waterhemp 10%. Glyphosate + tolpyralate + atrazine
controlled GR waterhemp 82%, there was no further increase in control with the addition of
MSO, UAN or MSO + UAN. The addition of Roundup WeatherMAX® to tolpyralate + atrazine
improved GR waterhemp control 6%. In contrast, when tolpyralate + atrazine was applied with
either MSO, UAN or MSO + UAN there was no further increase in GR waterhemp control when
co-applied with Roundup WeatherMAX®.
At 4 WAA, tolpyralate + atrazine controlled GR waterhemp 79%, and the addition of MSO
or MSO + UAN provided excellent control of GR waterhemp at control 96 and 97%,
respectively (Table 2.3). When MSO was the adjuvant, there was no further increase in GR
waterhemp control with the addition of UAN. Benoit et al. (2019) observed similar control
(96%) of GR waterhemp with tolpyralate + atrazine at 4 WAA. Roundup WeatherMAX® and
Roundup WeatherMAX® + tolpyralate + atrazine controlled waterhemp 8 and 89%,
respectively. The addition of MSO to Roundup WeatherMAX® + tolpyralate + atrazine
increased GR waterhemp control 9%; there was no improvement in GR waterhemp control when
UAN or MSO + UAN was added to Roundup WeatherMAX® + tolpyralate + atrazine. Similar
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to 2 WAA, the addition of Roundup WeatherMAX® to tolpyralate + atrazine improved GR
waterhemp control 10%, however there was no increase in GR waterhemp control when
Roundup WeatherMAX® was added to tolpyralate + atrazine when applied with MSO, UAN or
MSO + UAN.
At 8 and 12 WAA, tolpyralate + atrazine controlled GR waterhemp 89%, there was no
increase in GR waterhemp control with the addition of MSO, UAN or MSO + UAN (Table 2.3).
At 8 and 12 WAA, Roundup WeatherMAX® + tolpyralate + atrazine controlled GR waterhemp
91 and 93%, respectively; there was no increase in GR waterhemp control with the addition of
MSO, UAN or MSO + UAN. Research by Benoit et al. (2019) observed that tolpyralate +
atrazine with recommended adjuvants was among the most effective HPPD-inhibiting herbicides
tested in the study for control of GR waterhemp. Consistent control, particularly at 2 and 4 WAA
was achieved when MSO was the adjuvant, reiterating the importance of the proper adjuvant
with tolpyralate.
2.4.2

Study 2 Results

According to the data analysis, the Roundup WeatherMAX® by tolpyralate + atrazine
interaction was not significant for GR Canada fleabane density or biomass (P>0.4563) (Table
2.5). Averaged over all tolpyralate + atrazine treatments, Roundup WeatherMAX® had no effect
on GR Canada fleabane biomass or density (Table 2.5). Averaged over 0 and 900 g ae ha-1 of
Roundup WeatherMAX®, tolpyralate + atrazine reduced GR Canada fleabane density and
biomass; there was no further decrease in density with the addition of MSO, UAN or MSO +
UAN. There was a significant Roundup WeatherMAX® by tolpyralate + atrazine treatment
interaction for weed control at 2, 4 and 8 WAA (P<0.0045) and corn yield (P=0.0003) (Table
2.5).
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Crop Injury
Crop injury was less than 10% in all treatments (data not presented).
Weed Control
Tolpyralate + atrazine controlled GR Canada fleabane 58% at 2 WAA; there was no
improvement in control with the addition of UAN (Table 2.6). The addition of MSO or MSO +
UAN to tolpyralate + atrazine improved GR Canada fleabane control by 36 and 34%,
respectively. Roundup WeatherMAX® applied alone controlled GR Canada fleabane 15%.
Roundup WeatherMAX® + tolpyralate + atrazine controlled GR Canada fleabane 78% and the
addition of MSO improved GR Canada fleabane control 18%; there was no improvement in GR
Canada fleabane control with the addition of UAN or MSO + UAN. When MSO was the
adjuvant, there was no further increase in GR Canada fleabane control with the addition of UAN.
The addition of Roundup WeatherMAX® to tolpyralate + atrazine improved control of GR
Canada fleabane 20%. In contrast, when tolpyralate + atrazine was applied with either MSO,
UAN or MSO + UAN there was no further increase in GR Canada fleabane control with the
addition of glyphosate. Metzger et al. (2019b) reported excellent control (98%) of GR Canada
fleabane with tolpyralate + atrazine at 2 WAA.
At 4 WAA, tolpyralate + atrazine controlled GR Canada fleabane 68%. The addition of
MSO or MSO + UAN improved control to 96 and 92%, respectively. Similarly, Metzger et al.
(2019b) observed 99% control with tolpyralate + atrazine + MSO + UAN. There was no increase
in GR Canada fleabane control with the addition of UAN to MSO. Roundup WeatherMAX®
alone provided poor control. Roundup WeatherMAX® + tolpyralate + atrazine controlled GR
Canada fleabane 86%; there was no further increase in control when MSO, UAN or MSO +
UAN were added. The addition of Roundup WeatherMAX® to tolpyralate + atrazine improved
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GR Canada fleabane control 18%; however there was no increase in GR Canada fleabane control
when Roundup WeatherMAX® was added to tolpyralate + atrazine when applied with MSO,
UAN or MSO + UAN.
At 8 WAA, tolpyralate + atrazine controlled GR Canada fleabane 80% and there was no
increase in GR Canada fleabane control with the addition of MSO, UAN or MSO + UAN (Table
6). Tolpyralate + atrazine + MSO + UAN controlled GR Canada fleabane 94% which is similar
to results by Metzger et al. (2019b) who reported 98% control with the same tankmix. Research
by Metzger et al. (2019b) found tolpyralate provided comparable control of GR Canada fleabane
as current industry standards (dicamba/atrazine and bromoxynil + atrazine). Similar to results of
this study, consistent control of GR Canada fleabane was achieved with tolpyralate + atrazine
plus recommended adjuvants in research by Metzger et al. (2019b). Roundup WeatherMAX® +
tolpyralate + atrazine controlled GR Canada fleabane 91%, respectively, there was no increase in
control with the addition of MSO, UAN or MSO + UAN. The addition of Roundup
WeatherMAX® to any tolpyralate + atrazine treatment did not further increase the level of
control achieved.
Yield
GR Canada fleabane interference reduced corn yield up to 50%. This is similar to research by
Ford et al. (2014) who observed a 69% yield loss due to GR Canada fleabane interference in
corn. Reduced GR Canada fleabane interference with tolpyralate + atrazine, without and with
adjuvants, increased corn yield 84 to 101% relative to the control. Similarly, Metzger et al.
(2019b) observed grain corn yield from tolpyralate + atrazine was comparable to the weed free
control.

62

2.4.2.1 Study 1 and 2 Discussion
POST-applied herbicides must contact the leaf surface of the target species and cross the
cuticle and enter the living portion of the plant to be effective. Adjuvants improve herbicide
performance by altering application characteristics, physical and/or chemical properties of
herbicides (Curran et al. 1999). The adjuvant system in Roundup WeatherMAX® may have
enhanced the herbicidal activity of tolpyralate + atrazine for the control of GR waterhemp and
Canada fleabane at 2 and 4 WAA, in the absence of MSO, UAN or MSO + UAN. At 2 and 4
WAA, the addition of Roundup WeatherMAX® to tolpyralate + atrazine increased GR
waterhemp control by 6 and 10%, and increased GR Canada fleabane control by 20 and 18%,
respectively. Soltani et al. (2018) report an interaction between glyphosate and 2,4-D where corn
injury is enhanced with the addition of glyphosate, speculated to be caused by the aggressive
adjuvants in the glyphosate formulation. In contrast to results from Soltani et al. (2018), crop
injury was not accentuated with the addition of glyphosate to tolpyralate + atrazine, however
there was an influence on weed control. Glyphosate tank mixtures are reported to be
complementary for herbicides like saflufenacil, chlorimuron and imazethapyr, exhibiting an
additive effect (Eubank et al. 2013; Starke and Oliver 1998). In contrast, addition of glyphosate
to fomesafen and sulfentrazone was antagonistic and reduced absorption and translocation within
various weed species (Starke and Oliver 1998). Research by Deen et al. (2006) found that
quizalofop-p-ethyl (high rate) plus glyphosate and quizalofop-p-ethyl plus the recommended
adjuvant provided similar control of GR volunteer corn, suggesting that the adjuvant in the
glyphosate formulation could replace the recommended adjuvant. At lower rates of quizalofop-pethyl, greatest control was achieved when the recommended adjuvant was used (Deen et al.
2006).
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Removing unnecessary adjuvants from herbicide applications allows farmers to spend less
money on their weed control program while still achieving a high level of weed control. In
Ontario, adjuvants can cost between $1.00 to 10.00 ha-1. In this specific example, using both
UAN and MSO with tolpyralate would require the farmer to spend over $10.00 ha-1 on the
adjuvant system (Agris Co-operative Ltd., personal communication). Results of this research,
irrespective of Roundup WeatherMAX® presence, show the greatest control of both species at 2
and 4 WAA was achieved when MSO was added to tolpyralate + atrazine, and there was no
increase in weed control with the addition of UAN. The data shows that there was no increase in
control when both MSO and UAN were included, therefore UAN is not necessary to add to the
tank. In Ontario, this may allow the farmer to save up to $2.50/ha; becoming substantial over a
large number of hectares. Tolpyralate + atrazine in a tankmix with glyphosate will be a common
use pattern on the large number of Roundup Ready corn acres providing broad spectrum weed
control, including GR Canada fleabane and GR waterhemp.
In the absence of Roundup WeatherMAX®, control of GR waterhemp and Canada fleabane
was affected by adjuvant selection. Without the addition of an adjuvant, tolpyralate + atrazine
provided less than 70% control of Canada fleabane (Table 6) and less than 80% control of
waterhemp (Table 4) at 2 and 4 WAA. Previous research by Dayan et al. (1996) found that in the
absence of adjuvants, sulfentrazone absorption and phototoxic effects on weeds was reduced,
although when included, adjuvants overcame barriers to herbicide absorption in plant leaves. As
an activator adjuvant, MSO is an oil adjuvant made from soybean and influences various
properties of an herbicide spray droplet leading to improved efficacy (Penner 2000). Tolpyralate
+ atrazine + MSO provided the greatest control of GR Canada fleabane at 2 and 4 WAA, and
waterhemp at 4 WAA. The increased herbicidal activity observed with the addition of MSO may
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be attributed to the greater absorption and retention of the herbicide on the plant leaf as a result
of various physical and chemical changes to the herbicide solution (Young and Hart 1998; Zhang
et al. 2013). Reduced surface tension and contact angle of spray droplets promote the penetration
of herbicides through the leaf cuticle (Zhang et al. 2013). Herbicidal activity of topramezone and
isoxaflutole, two other Group 27 herbicides, is also improved with the addition of MSO (Young
and Hart 1998; Zhang et al. 2013). Hutchinson et al. (2004) found that MSO enhanced activity
of metribuzin, resulting in greater control of lambsquarters, hairy nightshade, redroot pigweed
and kochia when compared to nonionic surfactants. The addition of UAN to tolpyralate +
atrazine with MSO did not increase the control of GR waterhemp and Canada fleabane (Tables 3
and 6). This study concludes that the addition of MSO to tolpyralate + atrazine improves the
control of GR waterhemp and GR Canada fleabane, but there is no improvement in weed control
when UAN is added to tolpyralate + atrazine. This is consistent with research conducted by
Idziak et al. (2013) and Young and Hart (2000) where no increase in weed control was observed
with the addition of UAN to MSO. In contrast, Gronwald et al. (1993) reported an increase in
herbicidal activity with the addition of a nitrogen fertilizer due to the influence of ammonium
ions on herbicide absorption into the plant. There was no improvement in GR waterhemp and
GR Canada fleabane with the addition of an adjuvant at 8 and 12 WAA. This study found that
the addition of MSO to tolpyralate + atrazine increases the speed of GR waterhemp and GR
Canada fleabane control, but end-of-season weed control is similar. The current tolpyralate label
in the US claims partial control of GR Canada fleabane; GR Canada fleabane does not appear on
the Canadian label. Results from this study indicate that tolpyralate + atrazine controls GR
Canada fleabane (Anonymous 2019b, 2017). Metzger et al. (2019b) also found GR Canada
fleabane control with tolpyralate + atrazine provided, equivalent to bromoxynil + atrazine and
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dicamba/atrazine, the current industry standards for control of GR Canada fleabane in corn in
Canada. In addition, results of this study are similar to Benoit et al. (2019) who reported that
POST-applied tolpyralate + atrazine controlled GR waterhemp in corn. Osipitan et al. (2019)
found that tolpyralate + atrazine controlled waterhemp at lower than the label rate at 60 days
after application.
Corn is susceptible to herbicide injury when plants are young and rapidly growing,
possessing a thin cuticle that allows for rapid uptake of the herbicide (Currier and Dybing 1959).
White bleaching is characteristic of HPPD-inhibiting herbicides (Abendroth et al. 2006). Corn
injury across all experiments was less than 10% (data not shown); however, injury symptoms
appeared as gray, water-soaked lesions, likely a result of the adjuvants used (Metzger et al.
2019a). The addition of MSO to mesotrione increased herbicide uptake in sorghum resulting in
increased levels of crop injury that plants were able to outgrow and yield was not impacted
(Idziak et al. 2013). Metzger et al. (2019a) found tolpyralate + atrazine + MSO + UAN to have a
wide margin of crop safety on some commonly used corn hybrids in Ontario when used
according to label recommendations, although environmental variables may affect corn injury
levels. In contrast to research by Soltani et al. (2018) that reported increased crop injury when
glyphosate was added to 2,4-D, the addition of glyphosate to tolpyralate + atrazine did not
enhance crop injury. Any visible crop injury symptoms in these studies did not affect corn yield.
Yield reduction due to GR Canada fleabane interference in this study was similar to Ford et al.
(2014).
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2.4.3

Study 3

Corn injury was less than 10% in all treatments (data not presented). There were also no
apparent treatment differences for corn yield (Table 2.8). Assessments at 4 WAA found
tolpyralate (30 g ai ha-1), tolpyralate (40 g ai ha-1), and atrazine (560 g ai ha-1) controlled GR
Canada fleabane 64, 78 and 72%, respectively (Table 2.8). The addition of atrazine to tolpyralate
at both rates improved GR Canada fleabane control to 94%. This is similar to Metzger et al.
(2019b) that found that the addition of atrazine to tolpyralate, applied both PRE or POST,
enhanced GR Canada fleabane control. In contrast to tolpyralate, Ford et al. (2014) evaluated
isoxaflutole (52.5 g ai ha-1) in a tank mix with glyphosate (900 g ae ha-1) + atrazine (500 g ai ha1

) applied pre-plant for control of GR Canada fleabane and reported variable control, ranging

from 42-99% depending on site-year. Saflufenacil/dimethenamid-p, mesotrione + atrazine, and
dicamba/atrazine controlled GR Canada fleabane 99, 95 and 92%, respectively. This is similar to
research by Davis et al. (2010) that reported excellent control of GR Canada fleabane from
spring applications of saflufenacil. Ford et al. (2014) also reported that
saflufenacil/dimethenamid-p applied pre-plant provided excellent control similar to the weedfree control.
At 8 WAA, tolpyralate (30 g ai ha-1) and atrazine (560 g ai ha-1) provided less than 90%
control of GR Canada fleabane (Table 2.7). Brown et al. (2016) reported poor control (< 50%) of
GR Canada fleabane with atrazine, applied PRE, in corn. Tolpyralate (40 g ai ha-1), tolpyralate
(30 g ai ha-1) + atrazine, tolpyralate (40 g ai ha-1) + atrazine, saflufenacil/dimethenamid-p,
mesotrione + atrazine and dicamba/atrazine all provided comparable control of 88 to 99% of GR
Canada fleabane. Brown et al. (2016) found dicamba/atrazine, mesotrione + atrazine and
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saflufenacil/dimethenamid-p, applied PRE controlled GR Canada fleabane 99, 97 and 97%
control, respectively which were the most efficacious herbicides in that study.
Density and biomass generally reflected control evaluations at 8 WAA. Density of GR
Canada fleabane with tolpyralate (30 g ai ha-1) or atrazine (560 g ai ha-1) was similar to the
weedy control. Tolpyralate (40 g ai ha-1), tolpyralate (30 g ai ha-1) + atrazine and
dicamba/atrazine reduced density 81-88%. Tolpyralate (40 g ai ha-1) + atrazine,
saflufenacil/dimethenamid-p and mesotrione + atrazine reduced density 92-96% which was
similar to the weed-free control. Biomass of Canada fleabane was reduced 83-91% by tolpyralate
(30 g ai ha-1) + atrazine, tolpyralate (40 g ai ha-1) + atrazine, salfufenacil/dimethenamid-p,
mesotrione + atrazine and dicamba/atrazine, similar to the weed-free control. Similarly, Davis et
al. (2010) reported that saflufenacil reduced GR Canada fleabane densities by 90%. Tolpyralate
(30 g ai ha-1) and atrazine alone did not reduce GR Canada fleabane biomass and was similar to
the weedy control. The results of this study are similar to Brown et al. (2016) that found
dicamba/atrazine, mesotrione + atrazine and saflufenacil/dimethenamid-p to significantly
reduced biomass and density.
2.4.4

Conclusion

In conclusion, the results of Studies 1 and 2 indicate that the addition of Roundup
WeatherMAX® enhances herbicidal activity of tolpyralate + atrazine; however, the addition of
MSO is still required to enhance the speed of activity. The inclusion of glyphosate in the
tankmix will increase the spectrum of weeds controlled and an additional mode of action will
reduce the selection intensity for Group 27 resistant weeds. The adjuvant system in Roundup
WeatherMAX® may also enhance activity on difficult to control weeds. When Roundup
WeatherMAX® is absent, the control of GR waterhemp and GR Canada fleabane was influenced
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by the adjuvant at 2 and 4 WAA. By 8 WAA, all treatments provided good to excellent control
of both species. According to this research, there is no benefit of UAN added to MSO for control
of GR waterhemp or GR Canada fleabane. This may allow growers to reduce costs and still
achieve excellent control of these species with tolpyralate + atrazine. However, there has been
resistance to HPPD-inhibiting herbicides reported in Amaranthus species in the United States
(Hausman et al. 2010; Jhala et al. 2014; Kohrt and Sprague 2017). Incorporating multiple
effective modes of action, in addition to a diverse crop and herbicide rotation will enhance the
long-term effectiveness of this herbicide mode-of-action.
Based on the results of the residual activity of tolpyralate for the control of GR Canada
fleabane study, tolpyralate + atrazine, applied PRE, provides similar GR Canada fleabane control
as the current industry standards (Brown et al. 2016). Glyphosate resistance and the extended GR
Canada fleabane emergence pattern pose a challenge to corn producers. Davis et al. (2009)
reported that spring-applied residual herbicides that have activity on seedlings provide the most
consistent control of GR Canada fleabane. Results from this study conclude that tolpyralate +
atrazine provides residual control of GR Canada fleabane in corn through the critical weed-free
period (Hall et al. 1992). HPPD-inhibiting herbicides, like tolpyralate, are one useful component
in a diversified, integrated weed management program for the control of herbicide-resistant
weeds.
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Table 2.1 Year, location, planting and herbicide application dates for six trials on control of glyphosate-resistant waterhemp with

Roundup WeatherMAX® plus tolpyralate plus atrazine plus adjuvants, applied postemergence, in Ontario in 2018 and 2019.
Species

Year

Nearest Town

Planting Date

GR Waterhemp

2018

Cottam

June 2

Herbicide Application
Date
June 21

2018

Walpole Island

June 1

June 29

2018

Walpole Island

June 11

July 9

2019

Cottam

June 19

July 10

2019

Walpole Island

June 25

July 16

2019

Walpole Island

June 25

July 18
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Table 2.2 Significance of main effects and interactions for glyphosate-resistant waterhemp control, density, and biomass and corn yield

with Roundup WeatherMAX® plus tolpyralate plus atrazine from six trials conducted in Ontario in 2018 and 2019.
a

Visible Weed Control (%)
4 WAA
8 WAA
12 WAA

Densityf
(no. m-2)

Biomass f
(g m-2)

Yield
(t ha-1)

76
83
2
0.0113

161a
156a
11
0.9804

58a
25a
4
0.1193

12.4a
12.7a
0.2
0.5018

2
90
98
93
98
2
<0.0001

3
91
97
92
97
2
<0.0001

199a
112bc
19c
169b
13c
11
<0.0001

132a
28b
2c
24b
1c
4
<0.0001

11.9a
12.9 a
12.5 a
13.0 a
12.5 a
0.2
0.1353

0.0216

0.0085

0.6348

0.9906

0.3225

Main effects

2 WAA

Roundup WeatherMAX® (g ae ha-1)
0
900
SEb
Roundup WeatherMAX® P-value

70
78
2
0.0060

74
81
2
0.0025

77
83
2
0.0068

Tolpyralate + atrazine treatmentsc
No tank mix partner
Tolpyralate + Atrazine
Tolpyralate + Atrazine + MSOd
Tolpyralate + Atrazine + UANe
Tolpyralate + Atrazine + MSO + UAN
SEb
Tolpyralate + atrazine P-value

3
79
95
88
96
2
<0.0001

2
83
97
90
97
2
<0.0001

<0.0001

0.0001

Interaction
Roundup WeatherMAX®*tolpyralate + atrazine
P-value
a

WAA, weeks after treatment application.
Standard error of the mean.
c
Tolpyralate applied at 30 g ai ha-1; atrazine applied at 560 g ai ha-1.
d
MSO, 0.50% v/v.
e
UAN, 2.50% v/v.
f
Density and biomass collected 8 WAA.
Means within column followed by the same lowercase letter are not statistically different according to Tukey Kramer’s LSD (P=0.05).
b
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Table 2.3 Glyphosate-resistant waterhemp control 2, 4, 8 and 12 WAA with Roundup

WeatherMAX® plus tolpyralate plus atrazine from six trials conducted in Ontario in 2018 and
2019.
Roundup WeatherMAX® (g ae ha-1)
0
900

SE

a

Visible Weed Control 2 WAA (%)
No tank mix partner
Tolpyralate + Atrazineb
Tolpyralate + Atrazine + MSOc
Tolpyralate + Atrazine + UANd
Tolpyralate + Atrazine + MSO + UAN
SEe

0c Y
76b Y
95a Z
87a Z
95a Z
3

10b Z
82a Z
95 a Z
90 a Z
96 a Z
3

1
3
1
3
1

Visible Weed Control 4 WAA (%)
No tank mix partner
Tolpyralate + Atrazine
Tolpyralate + Atrazine + MSO
Tolpyralate + Atrazine + UAN
Tolpyralate + Atrazine + MSO + UAN
SE

0c Y
79b Y
96a Z
88ab Z
97a Z
3

8c Z
89b Z
98a Z
92 ab Z
97 ab Z
3

1
3
1
2
1

Visible Weed Control 8 WAA (%)
No tank mix partner
Tolpyralate + Atrazine
Tolpyralate + Atrazine + MSO
Tolpyralate + Atrazine + UAN
Tolpyralate + Atrazine + MSO + UAN
SE

0c Y
89a Z
97a Z
92a Z
98a Z
3

9b Z
91a Z
98 a Z
93 a Z
98 a Z
3

2
3
1
2
1

Visible Weed Control 12 WAA (%)
No tank mix partner
Tolpyralate + Atrazine
Tolpyralate + Atrazine + MSO
Tolpyralate + Atrazine + UAN
Tolpyralate + Atrazine + MSO + UAN
SE

0b Y
89a Z
96a Z
92a Z
96a Z
4

12 b Z
93 a Z
97 a Z
92 a Z
97 a Z
3

1
3
1
2
1

a

WAA, weeks after treatment application.
Tolpyralate applied at 30 g ai ha-1; atrazine applied at 560 g ai ha-1.
c
MSO, 0.50% v/v.
d
UAN, 2.50% v/v.
e
Standard error of the mean.
Means within column followed by the same lowercase letter, or means within row followed by
the same uppercase letter, are not statistically different according to Tukey Kramer’s LSD
(P=0.05).
b
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Table 2.4 Year, location, planting and herbicide application dates for six trials on control of glyphosate-resistant Canada fleabane with

Roundup WeatherMAX® plus tolpyralate plus atrazine plus adjuvants, applied postemergence, in Ontario in 2018 and 2019.
Species

Year

Nearest Town

Planting Date

Emergence Date

GR Canada fleabane

2018
2018
2018
2019
2019
2019

Ridgetown
Thamesville
Harrow
Zone Centre
Ridgetown
Ridgetown

May 9
May 9
May 25
May 22
May 24
June 24

May 20
May 20
May 31
May 29
May 30
June 30
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Herbicide
Application Date
May 22
May 25
May 25
June 11
June 7
July 2

Table 2.5 Significance of main effects and interactions for glyphosate-resistant Canada fleabane control, density, and biomass and corn

yield with Roundup WeatherMAX® plus tolpyralate plus atrazine from six trials conducted in Ontario in 2018 and 2019.
Main effects

Visible Weed Control (%)
2 WAAa
4 WAA
8 WAA

Roundup WeatherMAX® (g ae ha-1)
0
900
SEb
Roundup WeatherMAX® P-value

59
74
2
0.0272

64
77
2
0.0211

Tolpyralate + atrazine treatmentsc
No tank mix partner
Tolpyralate + Atrazine
Tolpyralate + Atrazine + MSOd
Tolpyralate + Atrazine + UANe
Tolpyralate + Atrazine + MSO + UAN
SEb
Tolpyralate + atrazine P-value

4
68
94
71
91
2
<0.0001
0.0040

Interaction
Roundup WeatherMAX®*tolpyralate + atrazine Pvalue

Density f
(no. m-2)

Biomass f
(g m-2)

Yield
(t ha-1)

71
82
2
0.0318

356a
497a
9
0.7579

217a
129a
7
0.2678

11.8
12.7
0.3
0.1053

5
77
96
75
92
2
<0.0001

7
86
97
83
94
2
<0.0001

575a
174b
67b
320b
144b
9
0.0017

368a
92b
12b
1188ab
91b
7
0.0017

9.1
12.8
12.9
13.2
13.3
0.3
0.0017

0.0045

0.0018

0.7426

0.4563

0.0003

a

WAA, weeks after treatment application.
Standard error of the mean.
c
Tolpyralate applied at 30 g ai ha-1; atrazine applied at 560 g ai ha-1.
d
MSO, 0.50% v/v.
e
UAN, 2.50% v/v.
f
Density and biomass collected 8 WAA.
Means within column followed by the same lowercase letter are not statistically different according to Tukey Kramer’s LSD (P=0.05).
b
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Table 2.6 Glyphosate-resistant Canada fleabane control 2, 4, and 8 WAA and corn yield with

glyphosate plus tolpyralate plus atrazine from six trials conducted in Ontario in 2018 and 2019.
Roundup WeatherMAX® (g ae ha-1)
0
900

SE

Visible Weed Control 2 WAAa (%)
No tank mix partner
Tolpyralate + Atrazinec
Tolpyralate + Atrazine + MSOd
Tolpyralate + Atrazine + UANe
Tolpyralate + Atrazine + MSO + UAN
SEb

0d Y
58c Y
94a Z
64bc Z
92ab Z
3

15c Z
78b Z
96a Z
76b Z
91ab Z
3

2
4
1
4
2

Visible Weed Control 4 WAA (%)
No tank mix partner
Tolpyralate + Atrazine
Tolpyralate + Atrazine + MSO
Tolpyralate + Atrazine + UAN
Tolpyralate + Atrazine + MSO + UAN
SE

0d Y
68c Y
96a Z
70bc Z
92ab Z
4

18c Z
86ab Z
96a Z
78b Z
93ab Z
3

3
4
2
4
2

Visible Weed Control 8 WAA (%)
No tank mix partner
Tolpyralate + Atrazine
Tolpyralate + Atrazine + MSO
Tolpyralate + Atrazine + UAN
Tolpyralate + Atrazine + MSO + UAN
SE

0b Y
80a Z
97a Z
83a Z
94a Z
4

25b Z
91a Z
97a Z
84a Z
95a Z
3

4
3
2
4
2

Yield (t ha-1)
No tank mix partner
Tolpyralate + Atrazine
Tolpyralate + Atrazine + MSO
Tolpyralate + Atrazine + UAN
Tolpyralate + Atrazine + MSO + UAN
SE

6.9a Y
12.7b Z
12.8b Z
12.9b Z
13.9b Z
0.4

11.3 a Z
12.9 a Z
13.1 a Z
13.4 a Z
12.7 a Z
0.3

a

0.8
0.3
0.4
0.3
0.5

WAA, weeks after treatment application.
Tolpyralate applied at 30 g ai ha-1, atrazine applied at 560 g ai ha-1.
c
MSO, 0.50% v/v.
d
UAN, 2.50% v/v.
e
Standard error of the mean.
Means within column followed by the same lowercase letter, or means within row followed by
the same uppercase letter, are not statistically different according to Tukey Kramer’s LSD
(P=0.05).
b
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Table 2.7 Year, location, planting and herbicide application dates for five trials on control of glyphosate-resistant Canada fleabane in

corn with tolpyralate, atrazine and the combination at both label rates applied PRE and current PRE herbicides for glyphosate-resistant
Canada fleabane at various locations in Ontario, Canada during 2018 and 2019.
Species

Year

Nearest Town

Planting Date

Emergence Date

GR Canada fleabane

2018
2018
2018
2019
2019

Ridgetown
Thamesville
Harrow
Zone Centre
Ridgetown

May 9
May 9
May 25
May 22
May 24

May 20
May 20
May 31
May 29
May 30
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Herbicide
Application Date
May 11
May 11
May 25
May 24
May 24

Table 2.8 Percent control 4 and 8 WAA, density and biomass 8 WAA for glyphosate-resistant Canada fleabane in corn with

tolpyralate, atrazine and the combination at both label rates applied PRE and current PRE herbicides for glyphosate-resistant Canada
fleabane at various locations in Ontario, Canada during 2018 and 2019a.
Weed control (%)
Treatmentb

Rate (g ai ha-1)

Biomassd (g m-2)

Yield (t ha-1)

0d

Densityd (no.
m-2)
30a

11.8a

11.3a

100

100

0d

0d

13.7a

4 WAA

8 WAA

Weedy c

0e

Weed-free
Tolpyralate

30

64d

83b

9ab

5.7ab

12.5a

Tolpyralate

40

78bcd

88ab

6b

4.0abc

12.5a

Atrazine

560

72cd

83b

9ab

3.2abc

12.9a

Tolpyralate + Atrazine

30 + 560

94ab

94ab

4bc

2.0bcd

13.5a

Tolpyralate + Atrazine

40 + 560

94ab

97ab

2bcd

1.7bcd

13.1a

Saflufenacil/dimethenamid-p

735

99a

99a

1cd

1.0cd

12.8a

Mesotrione + atrazine

140 +1500

95ab

97ab

3bcd

1.2cd

13.8a

Dicamba/atrazine

1800

92abc

93ab

4bc

1.4bcd

12.9a

a

Means followed by the same letter within a column are not significantly different according to Tukey-Kramer’s multiple range test
α=0.05.
b
All plots received a cover spray of glufosinate immediately after planting, 1-3 days prior treatment application.
c
Weedy check only received cover spray of glufosinate (2000 g ai ha-1).
d
Density and biomass collected 8 WAA.
Means within column followed by the same letter are not statistically different according Tukey Kramer’s LSD (P=0.05).
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3 Chapter 3: Influence of adjuvants on the efficacy of tolpyralate
plus atrazine for the control of annual grass and broadleaf weeds
in corn with and without Roundup WeatherMAX®
3.1 Abstract
Tolpyralate is a new 4-hydroxyphenyl-pyruvate dioxygenase (HPPD)-inhibiting herbicide
that is efficacious on annual grass and broadleaf weed species in corn. For maximum herbicide
performance of tolpyralate, it is recommended that atrazine is tank mixed with tolpyralate along
with the adjuvants methylated seed oil concentrate (MSO) plus an ammonium nitrogen fertilizer
such as urea ammonia nitrate (UAN). A common use pattern of tolpyralate + atrazine will be in a
tank mix with Roundup WeatherMAX® due to the high proportion of corn acres that are seeded
to Roundup Ready® hybrids in Eastern Canada. There is no information in the peer-reviewed
literature if the adjuvant system in Roundup WeatherMAX® is adequate for optimal herbicide
performance of tolpyralate plus atrazine, or if MSO and UAN are still required. Six field trials
were conducted over two years near Ridgetown and Exeter, ON, Canada to determine if
adjuvants are still required when tolpyralate plus atrazine is tank mixed with Roundup
WeatherMAX® in corn. Tolpyralate plus atrazine + MSO and Roundup WeatherMAX® +
tolpyralate + atrazine provided excellent control of velvetleaf, pigweed spp, common ragweed,
lambsquarters, ladysthumb, wild mustard, flower-of-an-hour, barnyardgrass and green foxtail in
this study. Results of this study show that in the absence of Roundup WeatherMAX®, weed
control with tolpyralate + atrazine was improved substantially with the addition of MSO;
however, there was little to no increase in weed control with the addition of UAN. When
tolpyralate + atrazine was co-applied with Roundup WeatherMAX®, there was no improvement
in weed control with the addition of MSO and/or UAN.
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3.2 Introduction
Weed interference during the early stages of corn development can cause physiological
changes in the plant and lead to yield loss (Page et al. 2012). A study conducted across the corn
producing regions of the United States and Canada found that in the absence of any weed
management tactics, corn yield loss due to weed interference was 50% (Soltani et al. 2016). The
critical weed free period (CWFP) in corn delineates the time period during which weed
interference must be minimized to prevent corn yield loss. The CWFP is crop specific due to the
differences in crop growth and development and varies across location and years (Knezevic et al.
2002). Hall et al. (1992) determined that the CWFP in Ontario for corn is from the 3 to 14 leaftip stage. Using the CWFP as a guideline for optimal POST herbicide application timing can
minimize corn yield loss due to weed interference and increase economic returns (Knezevic et al.
2002; Swanton and Weise 1991).
Tolpyralate is a new 4-hydroxyphenyl-pyruvate dioxygenase (HPPD)- inhibitor
belonging to the benzoylpyrazole family. This is the second benzoylpyrazole herbicide registered
for use in corn. Classified as a Group 27 herbicide, HPPD-inhibitors affect sensitive weeds by
interrupting the biosynthesis of plastoquinone and tocopherol and stopping the synthesis of
carotenoid pigments (Ahrens et al. 2013). The inability of plants to quench singlet oxygen and
other reactive oxygen species leads to light induced destruction of proteins, lipids and the
photosynthetic complex, releasing free chlorophyll (Ahrens et al. 2013; Hawkes 2012). Free
chlorophyll generates additional singlet oxygen that cause destruction of leaf pigments and
results in the characteristic white bleaching symptoms associated with HPPD-inhibiting
herbicides (Ahrens et al. 2013; Hawkes 2012). Tolpyralate (30-40 g ai ha-1) is recommended to
be co-applied with a photosystem II inhibiting herbicide, such as atrazine (560-1120 g ai ha-1)
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(Anonymous 2019b). Previous research by Metzger et al. (2018a) reported that the addition of
atrazine to tolpyralate increases the speed of herbicide activity and expands the spectrum of weed
species controlled. Among weed species, there is variability in sensitivity to tolpyralate. Weed
species such as velvetleaf (Abutilon theophrasti Medik.), common ragweed (Ambrosia
artemisiifolia L.), lambsquarters (Chenopodium album L.), redroot pigweed (Amaranthus
retroflexus L.) and green foxtail (Setaria viridis (L.) P. Beauv.) are very sensitive to tolpyralate
and were controlled > 90% with lower than label rates of tolpyralate (15.5 g ai ha-1); in contrast,
ladysthumb (Persicaria maculosa Gray), wild mustard (Sinapis arvensis L.) and barnyardgrass
(Echinochloa crus-galli (L.) P. Beauv.) required the addition of atrazine for ≥90% control
(Metzger et al. 2018a). Tolpyralate plus atrazine provides control of many of the common annual
grass and broadleaf weeds in Ontario with an adequate margin of crop safety (Metzger et al.
2019a,b).
The efficacy of tolpyralate on weeds may be improved with the addition of adjuvants,
such as methylated seed oil (MSO) concentrate (1% v/v) and a nitrogen source such as urea
ammonium nitrate (UAN) or ammonium sulfate (AMS) (2.5% v/v) (Anonymous 2019b).
Adjuvants are additives to a spray solution, or present in an herbicide formulation, that can
enhance herbicidal activity or application characteristics (WSSA 2019). There are various types
of adjuvants that are grouped based on function; special purpose adjuvants indirectly influence
spray solution characteristics (McMullan 2000), while activator adjuvants modify physical and
chemical properties of an herbicide (Penner 2000). Activator adjuvants can decrease surface
tension and contact angle of the spray droplet (angle between the leaf surface and the spray
droplet), as well as influence spreading of the herbicide on the leaf surface (Xu et al. 2010).
MSO and UAN are activator adjuvants that are added to a spray mixture. Zhang et al. (2013)
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reported that MSO increased herbicide retention, absorption and translocation in plant leaves.
Gronwald et al. (1993) reported an increase in herbicide absorption into the plant with the
addition of a nitrogen fertilizer due to the influence of ammonium ions, further increasing
herbicidal activity. Commonly, postemergence herbicides require the addition of an adjuvant for
optimal performance. For example, topramezone absorption and translocation into the plant is
enhanced with the addition of MSO (Zhang et al. 2013). Wozinac et al. (2003) reported enhanced
quinclorac efficacy when it was co-applied with MSO and a nitrogen fertilizer. In some cases,
increased corn injury may occur with the addition of adjuvants such as MSO and UAN to
tolpyralate, however plants rapidly recovered (Metzger et al. 2019a; Idziak et al. 2013).
Herbicide formulations may be sold preformulated with adjuvants. All glyphosate
products sold in Canada are formulated with adjuvants; for example, Roundup WeatherMAX®
contains proprietary surfactants for effective retention and absorption of the herbicide by the
plant tissue (Bayer 2019). Previous research has found that tank mixes of glyphosate
formulations with additional herbicides may influence crop injury (Soltani et al. 2018), weed
control efficacy (Deen et al. 2006; Eubank et al. 2013) or herbicidal activity of the tank mix
partners (Starke and Oliver 1998).
Adjuvants may have some benefits; however, they are an additional weed management
cost. Across Ontario, adjuvants can cost up to $10.00 ha-1 (Agris Co-operative, personal
communication), in addition, they require the handling of multiple product containers thereby
increasing time to fill sprayers in the field. In the literature, it is evident that there is an
interaction between glyphosate and various herbicides, potentially a result of the aggressive
adjuvant system in glyphosate products. Ninety-six percent of corn acres in Eastern Canada are
seeded to Roundup Ready® hybrids (M. Reidy, Stratus, personal communication); therefore,
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tolpyralate + atrazine will commonly be used in a tank mixture with glyphosate. The proprietary
blend of surfactants in Roundup WeatherMAX® enhances the ability of the herbicide to move
into the plant (Bayer 2019); however, it has not been reported if the adjuvant system in Roundup
WeatherMAX® is adequate for optimal tolpyralate + atrazine performance, or if additional
adjuvants are still necessary. Therefore, the objective of this study was to determine if the
adjuvants recommended on the tolpyralate label (MSO and UAN) are still required when
Roundup WeatherMAX® is tank mixed with tolpyralate + atrazine for the control of common
annual weed species in Ontario.

3.3 Materials and Methods
3.3.1

Experimental Methods
Over a period of two years (2018, 2019), six field experiments were conducted at research

sites near Ridgetown and Exeter, Ontario, Canada. Sites were managed with a three-crop rotation
consisting of corn (Zea mays L.)-soybean (Glycine max (L.) Merr.)-winter wheat (Triticum
aestivum L.) at Ridgetown and a five-crop rotation of corn-soybean-oat (Avena sativa L.)-dry bean
(Phaseolus vulgaris L.)-winter wheat at Exeter. Seedbed preparation consisted of fall moldboard
plowing followed by two passes in the spring with a field cultivator with rolling basket harrows.
Fertilizer was applied to sites prior to planting, based on soil tests and nutritional needs of the crop.
Table 3.1 lists location, year, soil type, OM and pH, and planting, spray and harvest dates.
Corn hybrids were selected based on geographic suitability and seeded at approximately
83,500 seeds ha-1. Plots were 3 m wide (4 corn rows spaced 75 cm apart) and 8 or 10 m long at
Ridgetown and Exeter, respectively. Experiments were designed as a two-way factorial: Factor
One was Roundup WeatherMAX®, and Factor Two was five tolpyralate plus atrazine treatments.
Experiments were arranged in the field as a randomized complete block with 4 replications.
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Herbicides were applied when the weeds were approximately 10 cm in height or
diameter. Herbicides were applied with a CO2 pressurized, small-plot sprayer calibrated to
deliver 200 L ha-1 at 257 kPa. The 1.5 m spray boom was equipped with four ULD12002 nozzles
(Pentair, New Brighton, MN, USA) spaced 50 cm apart producing a spray width of 2 m. Factor
One included Roundup WeatherMAX® applied at 0 or 900 g ae ha-1. Factor Two treatments
included: no tank mix partner, tolpyralate + atrazine (30 + 560 g ai ha-1), tolpyralate + atrazine +
MSO, tolpyralate + atrazine + UAN, and tolpyralate + atrazine + MSO + UAN. Methylated seed
oil (MSO Concentrate ®, Loveland Products Inc., Loveland CO) and 28% UAN were added at
0.5% and 2.5% v/v, respectively.
Crop injury was evaluated at 1, 2 and 4 weeks after application (WAA) and weed control
was assessed at 2, 4 and 8 WAA. Visible crop injury and weed control were assessed on a
percent scale, where 0 denotes no crop injury or weed control and 100 is complete plant death.
Following the weed control assessment at 8 WAA, weed density and dry weight were
determined by species by counting and recording the number of each species within two, 0.5 m2
quadrants per plot that were randomly placed between the centre two rows of corn. After
counting the number of weeds by species, they were cut at the soil surface, placed into brown
paper bags by weed species, placed in a drier (60 C) and the dry weight was recorded. Corn yield
was determined at maturity by combining the two centre rows in each plot; grain moisture
content and weight were recorded. Grain yields were adjusted to 15.5% moisture for analysis and
expressed as tonnes ha-1.
3.3.2

Statistical Analysis

Data were analyzed using SAS v 9.4 (SAS Institute, Cary, NC) and the GLIMMIX
procedure. Data were pooled across years and location for analysis; normality assumptions were
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evaluated using PROC UNIVARIATE. Each location-year represented a site for a total of six
sites in this study. When weed species were not present at a site, that site was excluded from
analyses. Fixed effects were Factors One and Two and their interactions; significance was
determined using F-tests. Site (location-year), replication within site and the interaction of the
site with each fixed effect were designated as random effects and tested using Z-tests. For all
analyses, significance was set to α=0.05. The Shapiro-Wilk test of normality and scatter plots of
studentized residuals were used to determine if residuals met the assumptions (homogeneous,
had a mean of zero and were normally distributed). The appropriate distribution and link for each
parameter that best met assumptions was used. Weed control data was transformed using arcsine
square root, except wild mustard control at 2 WAA and flower-of-an-hour (Hibiscus trionum L.)
control at 4 WAA that was assigned a normal distribution. Weed density and biomass were
analyzed using a lognormal distribution. Yield was analyzed using a normal distribution.
Treatment comparisons for main effects were performed only when the interaction was not
significant. When the interaction was significant, simple effects were analyzed. Treatment
comparisons were made based on least-square means using Tukey-Kramer’s multiple range test
and letter codes were assigned to illustrate statistically significant differences. Least-square
means of each parameter were back-transformed to the original scale for presentation of results.

3.4 Results and Discussion
There were nine naturally-occurring weed species evaluated in this study. The broadleaf
weed species were velvetleaf (4 sites, average density 4 plants m-2), pigweed species
(Amaranthus spp.) [AMASS] (5 sites, average density 17 plants m-2), common ragweed (6 sites,
average density 35 plants m-2), lambsquarters (6 sites, average density 31 plants m-2), ladysthumb
(5 sites, average density 4 plants m-2), wild mustard (2 sites, average density 143 plants m-2),
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and flower-of-an-hour (Hibiscus trionum L.) (2 sites, average density 15 plants m-2). Pigweed
species were grouped due to the presence of a mixed population of green pigweed (Amaranthus
powellii (S.) Watson) and redroot pigweed (Amaranthus retroflexus L.), hybridization between
these two species can occur (Weaver 2009). Of those species, lambsquarters, pigweed and
common ragweed are ranked among the top 10 problem weed species in Ontario from a survey
of farmers conducted by Bilyea (2016). The grass species present in this study were
barnyardgrass (6 sites, average density 20 plants m-2) and green foxtail (6 sites, average density
70 plants m-2).
Velvetleaf
Analysis of variance determined that the interaction between Roundup WeatherMAX®
and tolpyralate + atrazine was not significant for velvetleaf density (P=3347) (Table 3.2).
Averaged over all tolpyralate plus adjuvant combinations, the addition of Roundup
WeatherMAX® reduced velvetleaf density 75% (Table 3.2). Averaged across 0 and 900 g ae ha-1
of Roundup WeatherMAX®, tolpyralate + atrazine did not reduce velvetleaf density; the
addition of either MSO or MSO + UAN to tolpyralate + atrazine reduced velvetleaf density up to
51%. Velvetleaf control generally increased with the presence of Roundup WeatherMAX® and
certain adjuvants, particularly MSO, producing a Roundup WeatherMAX® by tolpyralate +
atrazine plus adjuvant interaction for weed control at 2, 4 and 8 WAA (P<0.0001) and velvetleaf
biomass (P=0.0010) (Table 3.2).
Tolpyralate + atrazine, in the absence of an adjuvant, controlled velvetleaf 49, 42 and
42% at 2, 4 or 8 WAA, respectively (Table 3.3). There was no improvement in velvetleaf control
with the addition of UAN to tolpyralate + atrazine. Tolpyralate + atrazine + MSO controlled
velvetleaf 94, 92 and 86% at 2, 4 and 8 WAA, respectively. There was no further increase in
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velvetleaf control when UAN was added to tolpyralate + atrazine + MSO. Similarly, there was
no decrease in velvetleaf biomass with tolpyralate + atrazine or tolpyralate + atrazine + UAN. In
contrast, tolpyralate + atrazine + MSO and tolpyralate + atrazine + MSO + UAN reduced
velvetleaf biomass 95%. The results from this study are consistent with Metzger et al. (2019b),
who reported that tolpyralate + atrazine + MSO + UAN (30 + 1000 g ai ha-1), applied
postemergence, controlled velvetleaf 92-97% at 2 and 4 WAA and 72% at 8 WAA. Although no
previous research evaluated the influence of MSO on tolpyralate + atrazine, Zhang et al. (2013)
reported that MSO enhanced the efficacy of topramezone, a Group 27 herbicide, on velvetleaf by
1.0-fold due to increased absorption and translocation. Hatterman-Valenti et al. (2011) reported
that bentazon absorption in velvetleaf was increased with the addition of a crop oil concentrate
(COC) compared to UAN; however, the addition of a COC or UAN doubled bentazon absorption
in the leaves compared to when no adjuvant was used. In this study there was no improvement in
velvetleaf control from the addition of UAN when MSO was present. In greenhouse studies by
Bunting et al. (2004), it was reported that when UAN is added to foramsulfuron + MSO,
velvetleaf control is increased; however, this was not observed with tolpyralate + atrazine +
MSO + UAN. Roundup WeatherMAX® controlled velvetleaf 88-96% at 2, 4 and 8 WAA after
application, and reduced velvetleaf biomass 98%. There was no improvement in velvetleaf
control from the addition of tolpyralate + atrazine with or without MSO, UAN or MSO + UAN.
The addition of Roundup WeatherMAX® to all tolpyralate + atrazine treatments increased
velvetleaf control at 8 WAA and decreased velvetleaf biomass. However, no increase in control
was observed from the addition of Roundup WeatherMAX® to treatments containing MSO at 2
WAA or MSO + UAN at 4 WAA. Starke and Oliver (1998) found that tank mixtures of
Roundup WeatherMAX® plus fomesafen, chlorimuron or sulfentrazone were antagonistic for
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velvetleaf control, however results of this study concluded that velvetleaf control is improved
when Roundup WeatherMAX® is added to tolpyralate + atrazine.
Pigweed Species
Data analysis determined that there was a statistically significant Roundup
WeatherMAX® by tolpyralate + atrazine interaction for pigweed control 2, 4, and 8 WAA
(P<0.0001), density (P=0.0017), and biomass (P=0.0005) (Table 3.4).
At 2, 4 and 8 WAA, tolpyralate + atrazine and tolpyralate + atrazine + UAN controlled
pigweed ≤ 80% (Table 3.5). The addition of MSO or MSO + UAN to tolpyralate + atrazine
increased pigweed control to ≥97%. There was no increase in pigweed control from the addition
of UAN to tolpyralate + atrazine + MSO. Tolpyralate + atrazine reduced pigweed density and
biomass 88 and 97%, respectively; there was no further decrease in pigweed density and biomass
with the addition of an adjuvant to tolpyralate + atrazine. Metzger et al. (2018a) reported that
pigweed could be controlled with lower than labelled doses of tolpyralate + atrazine, suggesting
a high level of pigweed sensitivity to tolpyralate + atrazine; tolpyralate (30 and 40 g ai ha-1) +
atrazine (1000 g ai ha-1) averaged over PRE and POST applications controlled Powell amaranth,
a pigweed species 88-93% (Metzger et al. 2019a). Roundup WeatherMAX® controlled pigweed
≥96% at 2, 4 and 8 WAA; there was no improvement in pigweed control with the addition of
tolpyralate + atrazine, regardless of adjuvants. Roundup WeatherMAX® reduced pigweed
density and biomass ≥96%, there further decrease in pigweed density and biomass from the
addition of tolpyralate + atrazine, with or without adjuvants, to Roundup WeatherMAX®. No
previous research has evaluated Roundup WeatherMAX® plus tolpyralate + atrazine tank mix
effects on pigweed control; however, Starke and Oliver (1998) reported that tank mixtures of
glyphosate plus herbicides such as fomesafen or sulfentrazone were antagonistic for control of
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Palmer amaranth, a pigweed species. Similar to results of this study, Starke and Oliver (1998)
found glyphosate plus chlorimuron or imazethapyr improved Palmer amaranth control, having an
additive effect. The addition of Roundup WeatherMAX® to tolpyralate + atrazine and
tolpyralate + atrazine + UAN improved pigweed control by 19-22%; there was no increase in
control from the addition of Roundup WeatherMAX® to tolpyralate + atrazine when MSO was
the adjuvant.
Common Ragweed
Variance analysis of common ragweed data indicated a Roundup WeatherMAX® by
tolpyralate + atrazine plus adjuvant treatment interaction for weed control at 2, 4 and 8 WAA
(P<0.0001) and common ragweed biomass (P=0.0007) (Table 3.6). There was not a significant
interaction between Roundup WeatherMAX® and tolpyralate + atrazine for common ragweed
density (P=0.1035); however, for the tolpyralate + atrazine plus adjuvant treatment there was a
significant main effect (P<0.0001). Roundup WeatherMAX®, averaged across all tolpyralate
plus adjuvant treatments, did not decrease common ragweed density (Table 3.6). However,
averaged across 0 and 900 g ae ha-1, tolpyralate + atrazine reduced common ragweed density
81% compared to the control; there was no further decrease in density with the addition of MSO,
UAN or MSO + UAN to tolpyralate + atrazine.
Tolpyralate + atrazine controlled common ragweed ³77% at 2, 4, and 8 WAA; there was
no increase in common ragweed control with the addition of UAN (Table 3.7). The addition of
MSO or MSO + UAN to tolpyralate + atrazine improved common ragweed control to ≥94%.
Tolpyralate + atrazine reduced common ragweed density 91%, there was no further decrease in
common ragweed density when MSO, UAN or MSO + UAN were added to tolpyralate +
atrazine. Results of this study are similar to Metzger et al. (2019b) who reported 99% control of
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common ragweed 2 WAA when tolpyralate + atrazine (30 + 1000 g ai ha-1) plus the
recommended adjuvants was applied early POST. Similar to this study, Bunting et al. (2004)
found that the addition of MSO to foramsulfuron improved control of common ragweed.
However, the addition of MSO, UAN or MSO + UAN to tolpyralate + atrazine did not increase
common ragweed control 8 WAA or reduce common ragweed biomass. Roundup
WeatherMAX® controlled common ragweed 88-91% at 2, 4 and 8 WAA; control was not
improved when tolpyralate + atrazine was added alone or in combination with MSO, UAN or
MSO + UAN. Roundup WeatherMAX® reduced common ragweed biomass 99%; biomass was
not reduced further with the addition of tolpyralate + atrazine to Roundup WeatherMAX®. The
addition of Roundup WeatherMAX® to tolpyralate + atrazine improved control of common
ragweed when applied alone and with UAN at 2 WAA and with tolpyralate + atrazine at 4 WAA.
By 8 WAA, there was no increase in common ragweed control when Roundup WeatherMAX®
was added to tolpyralate + atrazine.
Lambsquarters
Data analysis indicated that there was a significant Roundup WeatherMAX® by
tolpyralate + atrazine plus adjuvant interaction for lambsquarters weed control at 2, 4 and 8
WAA (P<0.0001), lambsquarters density (P=0.0189) and biomass (P<0.0001) (Table 3.8).
Tolpyralate + atrazine controlled lambsquarters 67-70% at 2, 4 and 8 WAA, there was no
increase in control when UAN was added (Table 3.9). Tolpyralate + atrazine plus MSO
controlled lambsquarters ≥95%, there was no further increase in control when UAN was added
to tolpyralate + atrazine + MSO. Tolpyralate + atrazine reduced lambsquarters density and
biomass 66 and 89%, respectively; there was no further decrease in density and biomass when
UAN was added to tolpyralate + atrazine. Consistent with control ratings, tolpyralate + atrazine
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+ MSO and tolpyralate + atrazine + MSO + UAN decreased lambsquarters density and biomass
≥99%. Similar to results from this study, Bunting et al. (2004) reported enhanced control of
lambsquarters when MSO was added to foramsulfuron. Roundup WeatherMAX® controlled
lambsquarters 88-91% at 2, 4 and 8 WAA. At 2 WAA the addition of tolpyralate + atrazine +
MSO or tolpyralate + atrazine + MSO + UAN to Roundup WeatherMAX® improved
lambsquarters control to ≥98%. At 4 and 8 WAA after application, there was no increase in
lambsquarters control when tolpyralate + atrazine was added to Roundup WeatherMAX®.
Roundup WeatherMAX® reduced lambsquarters density 70%, there was no further decrease in
lambsquarters density when tolpyralate + atrazine or tolpyralate + atrazine + UAN was added to
Roundup WeatherMAX®. In contrast, the addition of tolpyralate + atrazine + either MSO or
MSO + UAN to Roundup WeatherMAX® reduced lambsquarters density ≥95%. Roundup
WeatherMAX® reduced lambsquarters biomass 97%, there was no further decrease in
lambsquarters biomass when tolpyralate + atrazine was added to Roundup WeatherMAX®. The
addition of Roundup WeatherMAX® to tolpyralate + atrazine and tolpyralate + atrazine + UAN
improved lambsquarters control at all evaluation timings and caused a further reduction in
density and biomass. When MSO was the adjuvant with tolpyralate + atrazine, control was not
improved from the addition of Roundup WeatherMAX®.
Ladysthumb
Data analysis indicated that there was no interaction between Roundup WeatherMAX®
and tolpyralate + atrazine plus adjuvant treatment for ladysthumb density (P=0.2773) or biomass
(P=0.0902) (Table 3.10). There was no significant main effect of Roundup WeatherMAX®
(P=0.1791) or tolpyralate + atrazine plus adjuvant (P=0.0766) treatment for ladysthumb density.
Averaged across all tolpyralate + atrazine plus adjuvant treatments, Roundup WeatherMAX®
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did not influence ladysthumb biomass (P=0.1123) (Table 3.10). Averaged across both levels of
Roundup WeatherMAX®, ladysthumb biomass was reduced with tolpyralate + atrazine + MSO
or MSO + UAN (P=0.0194). Ladysthumb control varied with Roundup WeatherMAX® and
tolpyralate + atrazine plus adjuvant treatment, producing a significant Roundup WeatherMAX®
by tolpyralate + atrazine interaction for weed control at 2, 4 and 8 WAA (P<0.001) (Table 3.10).
At 2, 4 and 8 WAA, tolpyralate + atrazine controlled ladysthumb ≥79% (Table 3.11).
There was no further increase in control with the addition of MSO, UAN or MSO + UAN to
tolpyralate + atrazine at 2 and 4 WAA; in contrast, at 8 WAA ladysthumb control with
tolpyralate + atrazine was improved 17% with the addition of MSO + UAN. Similar to results of
this study, Metzger et al. (2018b) reported that tolpyralate + atrazine + MSO + UAN controlled
ladysthumb ≥90% at 2, 4 and 8 WAA. Roundup WeatherMAX® controlled ladysthumb ≥94% at
all evaluation timings, there was no improvement in ladysthumb control when tolpyralate +
atrazine was added to Roundup WeatherMAX®. The addition of Roundup WeatherMAX® to
tolpyralate + atrazine and tolpyralate + atrazine + UAN improved ladysthumb control at 2, 4 and
8 WAA; there was no increase in ladysthumb control when Roundup WeatherMAX® was added
to tolpyralate + atrazine + MSO or MSO + UAN.
Wild Mustard
Data analysis concluded that the Roundup WeatherMAX® by tolpyralate + atrazine
interaction was not significant for wild mustard density (P=0.5125) or biomass (P=0.1336)
(Table 3.12). Averaged across all levels of each factor, Roundup WeatherMAX® or tolpyralate
+ atrazine plus adjuvant treatment was not a significant main effect for density or biomass (Table
3.12). There was a significant Roundup WeatherMAX® by tolpyralate + atrazine interaction for
wild mustard control at 2 (P=0.0011), 4 (P=0.0080) and 8 (P=0.0006) WAA.
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Tolpyralate + atrazine controlled wild mustard 74, 76 and 97% at 2, 4 and 8 WAA,
respectively (Table 3.13). There was no improvement in wild mustard control with tolpyralate +
atrazine with the addition of MSO, UAN or MSO + UAN. Metzger et al. (2018a) reported that
tolpyralate alone provided poor control of wild mustard, however the addition of atrazine
improved control to ≥90%. Roundup WeatherMAX® controlled wild mustard ≥92% at 2, 4 and
8 WAA; there was no improvement in wild mustard control when tolpyralate + atrazine was
added to Roundup WeatherMAX®. The addition of Roundup WeatherMAX® to tolpyralate +
atrazine and tolpyralate + atrazine + UAN improved control of wild mustard 2 WAA. At 4 and 8
WAA, the addition of Roundup WeatherMAX® to tolpyralate + atrazine did not increase wild
mustard control.
Flower-of-an-hour
Data analysis indicated the Roundup WeatherMAX® by tolpyralate + atrazine interaction
was not significant for flower-of-an-hour density (P=0.4828) or biomass (P=0.4898) (Table
3.14). Averaged across all levels of tolpyralate + atrazine plus adjuvant, the addition of Roundup
WeatherMAX® did not influence density or biomass. Similarly, averaged across 0 and 900 g ae
ha-1 of Roundup WeatherMAX®, the various tolpyralate + atrazine plus adjuvant treatments did
not influence density of biomass. There was a significant Roundup WeatherMAX® by
tolpyralate + atrazine interaction for flower-of-an-hour control at 2 (P=0.0014), 4 (P=0.0086) and
8 (P=0.0105) WAA (Table 3.14).
Tolpyralate + atrazine controlled flower-of-an-hour 63-75% at 2, 4 and 8 WAA (Table
3.15). The addition of MSO + UAN to tolpyralate + atrazine increased flower-of-an-hour control
25% at 2 WAA, however, at 4 and 8 WAA there was no improvement in flower-of-an-hour
control when MSO, UAN or MSO + UAN was added to tolpyralate + atrazine. Roundup
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WeatherMAX® controlled flower-of-an-hour 84-86% at 2, 4 and 8 WAA. There was no
improvement in flower-of-an-hour control when tolpyralate + atrazine was added to Roundup
WeatherMAX®. At 2 WAA, the addition of Roundup WeatherMAX® to tolpyralate + atrazine,
tolpyralate + atrazine + MSO, and tolpyralate + atrazine + UAN improved flower-of-an-hour
control 27, 11 and 21%, respectively; however, there was no improvement in flower-of-an-hour
control when Roundup WeatherMAX® was added to tolpyralate + atrazine at 4 and 8 WAA.
Barnyardgrass
Analysis of variance in barnyardgrass data concluded that the Roundup WeatherMAX®
by tolpyralate + atrazine interaction was not significant for barnyardgrass density (P=0.3385)
(Table 3.16). Averaged across all levels of each factor, neither Roundup WeatherMAX® or
tolpyralate + atrazine plus adjuvant was a significant main effect for density. However, a
Roundup WeatherMAX® by tolpyralate + atrazine interaction was produced for barnyardgrass
control at 2, 4 and 8 WAA (P<0.0001) and biomass (P=0.0002) (Table 3.16).
Tolpyralate + atrazine controlled barnyardgrass 33, 34 and 50% at 2, 4 and 8 WAA,
respectively (Table 3.17). The addition of UAN to tolpyralate + atrazine did not improve
barnyardgrass control, however, the addition of MSO or MSO + UAN to tolpyralate + atrazine
improved barnyardgrass control to ≥ 91, ≥89 and 84% at 2, 4 and 8 WAA, respectively.
Tolpyralate + atrazine and tolpyralate + atrazine + UAN did not reduce barnyardgrass biomass;
in contrast tolpyralate + atrazine + MSO or MSO + UAN reduced barnyardgrass biomass ≥81%.
Metzger et al. (2019b) reported >90% of control of barnyardgrass with tolpyralate + atrazine +
MSO + UAN (30 or 40 + 1000 g ai ha-1) at 2 and 4 WAA, however similar to results of this
study, by 8 WAA control decreased slightly to 86%. Previous greenhouse studies by Bunting et
al. (2004) showed that barnyardgrass control with foramsulfuron was greatest when MSO was
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the adjuvant and there was no benefit to the addition of a nitrogen source, similar to results of
this study in which control where barnyardgrass control with MSO or MSO + UAN did not
differ. In the same study, the addition of a nitrogen source had a greater effect on weed control
when added to other adjuvants like a COC or non-ionic surfactant. Roundup WeatherMAX®
controlled barnyardgrass 88-93% at 2, 4 and 8 WAA; there was no improvement in
barnyardgrass control when tolpyralate + atrazine was added to Roundup WeatherMAX®.
Starke and Oliver (1998) reported that depending on rate, tank mixes of Roundup
WeatherMAX® plus sulfentrazone, imazethapyr and chlorimuron were antagonistic for
barnyardgrass control, however this was not the case with Roundup WeatherMAX® +
tolpyralate + atrazine. The addition of Roundup WeatherMAX® to tolpyralate + atrazine and
tolpyralate + atrazine + UAN improved barnyardgrass control at all evaluation timings and
resulted in greater biomass reductions. There was no increase in barnyardgrass control when
Roundup WeatherMAX® was added to tolpyralate + atrazine + MSO or MSO + UAN.
Green Foxtail
Green foxtail control and biomass varied with Roundup WeatherMAX® and tolpyralate
+ atrazine plus adjuvant treatment, producing a significant Roundup WeatherMAX® by
tolpyralate plus adjuvant interaction for control at 2, 4 and 8 WAA (P<0.0001) and biomass
(P<0.0001) (Table 3.18). Data analysis indicated that the Roundup WeatherMAX® by
tolpyralate + atrazine interaction was not significant for green foxtail density (P=0.1407),
however for both factors were significant main effects. Averaged across all levels of tolpyralate
+ atrazine plus adjuvant treatments, the presence of Roundup WeatherMAX® reduced green
foxtail density by 74% (Table 3.18). Across 0 and 900 g ae ha-1 of Roundup WeatherMAX®,
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tolpyralate + atrazine reduced green foxtail density 45%, the addition of MSO + UAN to
tolpyralate + atrazine decreased foxtail density a further 21%.
Tolpyralate + atrazine controlled green foxtail 38-42% at 2, 4 and 8 WAA (Table 3.19).
The addition of UAN to tolpyralate + atrazine did not improve green foxtail control. In contrast,
tolpyralate + atrazine + MSO or MSO + UAN controlled green foxtail ≥84%. Tolpyralate +
atrazine and tolpyralate + atrazine + UAN reduced green foxtail biomass ≤21%. In contrast,
tolpyralate + atrazine + MSO or MSO + UAN reduced green foxtail biomass ≥95%. MSO has
been reported to influence spray droplet contact angle and surface tension, allowing for greater
droplet spread on the leaf surface and greater absorption in the plant (Zhang et al. 2013).
Efficacy of topramezone was increased 1.5-fold with the addition of MSO to the spray mixture.
Metzger et al. (2018b and 2019b) reported excellent control of green foxtail 2 and 4 WAA with
tolpyralate + atrazine (30 + 1000 g ai) plus recommended adjuvants. Roundup WeatherMAX®
controlled green foxtail ≥88% at 2, 4 and 8 WAA. There was no improvement in green foxtail
control when tolpyralate + atrazine was added to Roundup WeatherMAX®. Roundup
WeatherMAX® reduced green foxtail biomass 99%; there was no further decrease in green
foxtail biomass when tolpyralate + atrazine was added to Roundup WeatherMAX®. The
addition of Roundup WeatherMAX® to all tolpyralate + atrazine treatments improved green
foxtail control at 8 WAA and resulted in further biomass reduction, however at 2 and 4 WAA,
not all treatments benefited from the addition of Roundup WeatherMAX®.
Crop injury
Crop injury was less than 10% with all the treatments evaluated (data not presented). In
contrast, Soltani et al. (2018) reported increased corn injury from 2,4-D when it was co-applied
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with Roundup WeatherMAX®. Metzger et al. (2019a) reported similar results to this study
where tolpyralate + atrazine caused minimal corn injury.
Crop yield
The Roundup WeatherMAX® by tolpyralate + atrazine interaction was significant for
corn grain yield (P<0.0001) (Table 3.20). Reduced weed interference with all the herbicide
treatments evaluated resulted in higher grain yield than the no tank mix partner (Table 3.21).
Weed interference reduced corn yield up to 54% (no tank mix partner without Roundup
WeatherMAX® compared to the highest yielding treatment) in this study. The reduced corn
yield in the no tank mix partner without Roundup WeatherMAX® treatment is expected due to
high weed interference and is similar to findings of Soltani et al. (2016) that reported an average
of 50% corn grain yield loss in the absence of weed control strategies from a meta-analysis
across North America. Compared to no tank mix partner, tolpyralate + atrazine resulted in an
increase in corn yield of 63%; there was no further increase in corn yield when UAN was added
to tolpyralate + atrazine. The addition of MSO or MSO + UAN improved corn yield 32%
compared to tolpyralate + atrazine alone. Consistent with the weed control evaluations,
tolpyralate + atrazine + MSO or MSO + UAN provided the best weed control and resulted in
grain corn yield of ≥12.2 t ha-1. Roundup WeatherMAX® improved corn yield by 6.4 t ha-1
compared to no tank mix partner. There was no further increase in corn yield with the addition of
tolpyralate + atrazine to Roundup WeatherMAX® compared to Roundup WeatherMAX® alone.
Research by Metzger et al. (2019b) found that tolpyralate + atrazine (30 + 1000) applied early or
mid-POST resulted in corn yields that were comparable to the weed free control, however when
applications were delayed to late-POST corn yield was reduced. The addition of Roundup
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WeatherMAX® to tolpyralate + atrazine, in the absence of adjuvants, increased grain corn yield
27%.
Results from this study indicate that the addition of MSO to tolpyralate + atrazine
improved the control of velvetleaf, pigweed, common ragweed, lambsquarters, barnyardgrass
and green foxtail with the exception of flower-of-an-hour at 2 WAA, common ragweed at 8
WAA and wild mustard and ladysthumb at all evaluations. The addition of UAN to tolpyralate +
atrazine did not improve the control of velvetleaf, pigweed, common ragweed, lambsquarters,
ladysthumb, wild mustard, flower-of-an-hour, barnyardgrass and green foxtail. Generally, there
was no benefit of adding UAN to tolpyralate + atrazine + MSO in respect to weed control or
corn yield. Metzger et al. (2018a) found that applications of tolpyralate + atrazine plus the
recommended adjuvants could provide >90% control of seven different weed species at field
doses lower than label recommendations. In the absence of Roundup WeatherMAX®, tolpyralate
+ atrazine + MSO provided the highest weed control, the greatest decrease in weed density and
biomass, and highest corn yield; there was no instance where there was a benefit of adding UAN
to tolpyralate + atrazine + MSO. In the literature, it is widely recognized that the addition of the
correct adjuvant improves weed control efficacy with many herbicides. Dayan et al. (1996)
reported reduced absorption and herbicidal effects on weeds from applications of sulfentrazone
in the absence of adjuvants. The increased level of control observed with the addition of MSO to
tolpyralate + atrazine is a result of various physical and chemical alterations to the herbicide
solution (Young and Hart 1998; Zhang et al. 2013). Zhang et al. (2013) reported that MSO
modifies spray droplet characteristics, including contact angle, surface tension and droplet
spread, further increasing herbicide absorption, translocation and overall efficacy on giant foxtail
and velvetleaf (Zhang et al. 2013). Along with tolpyralate, topramezone and isoxaflutole are
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additional Group 27 herbicides that have enhanced activity with the addition of MSO (Young
and Hart 1998; Zhang et al. 2013). Research conducted by Hutchinson et al. (2004) found that
MSO enhanced activity of metribuzin, leading to a higher level of weed control. In this study the
addition of MSO to tolpyralate + atrazine improved control of most weed species; however, there
was no further increase in control by adding UAN. This is consistent with previous research by
Idziak et al. (2013) and Young and Hart (2000) where weed control was not improved with the
addition of UAN to MSO. However, Gronwald et al. (1993) observed increased herbicidal
activity when nitrogen fertilizers were used due to the influence of ammonia ions. The current
tolpyralate label recommends the use of both MSO and UAN for optimal weed control. The
addition of MSO and UAN tolpyralate + atrazine would require the farmer to spend an additional
$10.00 ha-1 (Agris Co-operative Ltd., personal communication). Based on this research, it is not
necessary to add UAN to the spray tank, potentially allowing farmers to save up to $2.50 ha-1;
this cost that may appear small but may be substantial over many hectares.
Roundup WeatherMAX® controlled velvetleaf (96%), pigweed (97%), common ragweed
(88%), lambsquarters (91%), ladysthumb (94%), wild mustard (97%), flower-of-an-hour (84%),
barnyard grass (93%) and green foxtail (96%) at 2 WAA. There was no benefit of adding
tolpyralate + atrazine to Roundup WeatherMAX® in respect to weed control with exception of
lambsquarters control at 2 WAA and reduction in lambsquarters density at 8 WAA.
The interaction between Roundup WeatherMAX® and various other herbicides has been
documented in the literature. The adjuvant system in Roundup WeatherMAX® consists of a
proprietary surfactant blend (Anonymous 2019a). Soltani et al. (2018) observed increased corn
injury from 2,4-D when 2,4-D was co-applied with Roundup WeatherMAX®. Although
accentuated crop injury was not observed in this study with the addition of Roundup
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WeatherMAX® to tolpyralate + atrazine, there was an influence on weed control. The addition
of Roundup WeatherMAX® to tolpyralate + atrazine improved the control of velvetleaf,
pigweed, common ragweed, lambsquarters, ladysthumb, wild mustard, flower-of-an-hour,
barnyard grass and green foxtail; however, there was no increase in weed control when Roundup
WeatherMAX® was added to tolpyralate + atrazine + MSO with the exception of flower-of-anhour at 2 WAA. Similarly, Deen et al. (2006) reported that quizalofop-P-ethyl (high rate) in a
tank mix with Roundup WeatherMAX® provided comparable control of GR volunteer corn as
quizalofop-P-ethyl plus the recommended adjuvants. This effect was only prevalent at high rates
of quizalofop-P-ethyl, while at low rates the recommended adjuvants provided the best control.
Similarly, there was an increase in corn grain yield when Roundup WeatherMAX® was
added to tolpyralate + atrazine, but there was no increase in yield when Roundup
WeatherMAX® was added to tolpyralate + atrazine + MSO. Over 96% of corn acres in Eastern
Canada are seeded to Roundup Ready hybrids and the vast majority of those acres will have
Roundup WeatherMAX® applied POST, so the most common use of tolpyralate + atrazine will
be in a tank mix with Roundup WeatherMAX®. Based on this research, there is no need to add
additional adjuvants to the tank when tolpyralate + atrazine is co-applied with Roundup
WeatherMAX®, potentially allowing farmers to save up to $10.00 ha-1 on adjuvants. The use of
multiple effective modes of action is a good resistance management practice to preserve the
long-term effectiveness of herbicides.

3.5 Conclusion
This study concludes that in the absence of Roundup WeatherMAX®, optimal weed
control is achieved with tolpyralate + atrazine + MSO. When tolpyralate + atrazine is co-applied
with Roundup WeatherMAX® no additional adjuvants are required.
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Table 3.1 Soil characteristics, planting and spraying dates for six trials near Ridgetown and Exeter, Ontario, Canada in 2018 and 2019

on control of common annual weeds with Roundup WeatherMAX® plus tolpyralate plus atrazine plus adjuvants, applied
postemergence in corn.
Location
Ridgetown

Exeter
a
b

Year
2018
2018
2019
2019
2018
2019

Type
Clay loam
Clay loam
Sandy clay
loam
Clay loam
Clay loam
Loam

Soil Characteristics
OMa (%)
pH
4.5
6.3
4.0
6.9
5.4
6.6
4.0
4.5
3.9

7.1
7.8
7.8

Abbreviation: OM, organic matter.
Not harvested in 2019.
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Planting Date
May 25
May 9
June 7

Spray Date
June 21
June 6
July 2

Harvest Data
Oct. 29
Nov. 8
Oct. 28

June 9
May 14
June 18

July 4
June 7
July 5

Nov. 4
Oct. 20
n/ab

Table 3.2 Significance of main effects and interactions for velvetleaf (Abutilon theophrasti Medik.) control, density and biomass with

Roundup WeatherMAX® plus tolpyralate plus atrazine from four field experiments conducted in Ontario in 2018 and 2019.
Main effects

Visible Weed Control (%)
2 WAAa
4 WAA
8 WAA

Density f
(no. m-2)

Biomass f
(g m-2)

Roundup WeatherMAX® (g ae ha-1)
0
900
SEb
Roundup WeatherMAX® P-value

57
97
3
0.0004

51
95
3
0.0022

46
92
2
<0.0001

56.6a
14.3b
2.8
0.0301

55.5
1.1
4.1
0.0116

Tolpyralate + atrazine treatmentsc
No tank mix partner
Tolpyralate + Atrazine
Tolpyralate + Atrazine + MSOd
Tolpyralate + Atrazine + UANe
Tolpyralate + Atrazine + MSO + UAN
SEb
Tolpyralate + atrazine P-value

40
78
96
80
96
3
<0.0001

38
74
94
73
95
3
<0.0001

33
70
90
70
90
2
<0.0001

46.8a
29.5ab
27.3b
28.5ab
22.5b
2.8
0.0056

71.9
35.3
2.8
24.1
2.3
4.1
0.0003

Interaction
Roundup WeatherMAX®*tolpyralate + atrazine P-value

<0.0001

<0.0001

<0.0001

0.3347

0.0010

a

WAA, weeks after treatment application.
Standard error of the mean.
c
Tolpyralate applied at 30 g ai ha-1; atrazine applied at 560 g ai ha-1.
d
MSO, 0.50% v/v.
e
UAN, 2.50% v/v.
f
Density and biomass collected 8 WAA.
Means within column followed by the same lowercase letter are not statistically different according to Tukey-Kramer’s LSD (P=0.05).
b
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Table 3.3 Velvetleaf (Abutilon theophrasti Medik.) control 2, 4, and 8 WAA and biomass in corn

with Roundup WeatherMAX® plus tolpyralate plus atrazine from four field experiments
conducted in Ontario in 2018 and 2019.
Roundup WeatherMAX® (g ae ha-1)
0
900

SE

Visible Weed Control 2 WAAa (%)
No tank mix partner
Tolpyralate + Atrazineb
Tolpyralate + Atrazine + MSOc
Tolpyralate + Atrazine + UANd
Tolpyralate + Atrazine + MSO + UAN
SEe

0cY
49bY
94aZ
57bY
95aZ
4.0

96aZ
97aZ
97aZ
96aZ
98aZ
0.3

9
5
0.7
4
0.7

Visible Weed Control 4 WAA (%)
No tank mix partner
Tolpyralate + Atrazine
Tolpyralate + Atrazine + MSO
Tolpyralate + Atrazine + UAN
Tolpyralate + Atrazine + MSO + UAN
SE

0cY
42bY
92aY
42bY
93aZ
4.0

93aZ
96aZ
96aZ
96aZ
96aZ
0.5

8
6
1
6
0.8

Visible Weed Control 8 WAA (%)
No tank mix partner
Tolpyralate + Atrazine
Tolpyralate + Atrazine + MSO
Tolpyralate + Atrazine + UAN
Tolpyralate + Atrazine + MSO + UAN
SE

0cY
42bY
86aY
44bY
84aY
4.0

88aZ
91aZ
94aZ
92aZ
95aZ
0.9

8
5
1
5
2

Biomass (g m-2)
No tank mix partner
Tolpyralate + Atrazine
Tolpyralate + Atrazine + MSO
Tolpyralate + Atrazine + UAN
Tolpyralate + Atrazine + MSO + UAN
SE

116.3aY
83.9aY
5.3bZ
73.9aY
4.4bZ
8.0

2.1aZ
0.6aZ
0.9aZ
1.1aZ
0.8aZ
0.3

16.5
7.43
0.89
7.1
0.75

a

WAA, weeks after treatment application.
Tolpyralate applied at 30 g ai ha-1; atrazine applied at 560 g ai ha-1.
c
MSO, 0.50% v/v.
d
UAN, 2.50% v/v.
e
Standard error of the mean.
Means within column followed by the same lowercase letter, or means within row followed by
the same uppercase letter, are not statistically different according to Tukey-Kramer’s LSD
(P=0.05).
b
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Table 3.4 Significance of main effects and interactions for pigweed (Amaranthus spp. [AMASS]) control, density and biomass in corn

with Roundup WeatherMAX® plus tolpyralate plus atrazine from five field experiments conducted in Ontario in 2018 and 2019.
Main effects

4 WAA

8 WAA

Density f
(no. m-2)

Visible Weed Control (%)
2 WAAa

Biomass f
(g m-2)

Roundup WeatherMAX® (g ae ha-1)
0
900
SEb
Roundup WeatherMAX® P-value

71
98
2
0.0008

72
99
3
0.0030

70
98
2
0.0024

2.5
0.2
0.4
0.0368

5.04
0.06
2.47
0.0303

Tolpyralate + atrazine treatmentsc
No tank mix partner
Tolpyralate + Atrazine
Tolpyralate + Atrazine + MSOd
Tolpyralate + Atrazine + UANe
Tolpyralate + Atrazine + MSO + UAN
SEb
Tolpyralate + atrazine P-value

42
89
98
91
98
2
<0.0001

41
91
99
92
99
3
<0.0001

41
91
98
93
98
2
<0.0001

6.0
0.8
0.5
0.4
0.3
0.4
0.0001

24.39
1.03
0.09
0.18
0.14
2.47
0.0003

Interaction
Roundup WeatherMAX®*tolpyralate + atrazine P<0.0001
<0.0001
<0.0001
0.0017
0.0005
value
a
WAA, weeks after treatment application.
b
Standard error of the mean.
c
Tolpyralate applied at 30 g ai ha-1; atrazine applied at 560 g ai ha-1.
d
MSO, 0.50% v/v.
e
UAN, 2.50% v/v.
f
Density and biomass collected 8 WAA.
Means within column followed by the same lowercase letter are not statistically different according to Tukey-Kramer’s LSD (P=0.05).
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Table 3.5 Pigweed (Amaranthus spp. [AMASS]) control 2, 4, and 8 WAA, density and biomass

in corn with Roundup WeatherMAX® plus tolpyralate plus atrazine from five field experiments
conducted in Ontario in 2018 and 2019.
Roundup WeatherMAX® (g ae ha-1)
0
900

SE

Visible Weed Control 2 WAAa (%)
No tank mix partner
Tolpyralate + Atrazineb
Tolpyralate + Atrazine + MSOc
Tolpyralate + Atrazine + UANd
Tolpyralate + Atrazine + MSO + UAN
SEe

0cY
77bY
98aZ
80bY
98aZ
4.0

97aZ
98aZ
98aZ
98aZ
99aZ
0.3

8
4
0.7
3
0.5

Visible Weed Control 4 WAA (%)
No tank mix partner
Tolpyralate + Atrazine
Tolpyralate + Atrazine + MSO
Tolpyralate + Atrazine + UAN
Tolpyralate + Atrazine + MSO + UAN
SE

0cY
77bY
98aZ
79bY
99aZ
4.0

96aZ
98aZ
99aZ
99aZ
99aZ
0.4

8
5
0.5
4
0.5

Visible Weed Control 8 WAA (%)
No tank mix partner
Tolpyralate + Atrazine
Tolpyralate + Atrazine + MSO
Tolpyralate + Atrazine + UAN
Tolpyralate + Atrazine + MSO + UAN
SE

0cY
77bY
97aZ
80bY
98aZ
4.0

96aZ
99aZ
99aZ
99aZ
99aZ
0.4

7
4
0.9
4
0.6

Density (no. m-2)
No tank mix partner
Tolpyralate + Atrazine
Tolpyralate + Atrazine + MSO
Tolpyralate + Atrazine + UAN
Tolpyralate + Atrazine + MSO + UAN
SE

15.79aY
1.84bZ
0.92bZ
0.89bZ
0.28bZ
0.85

0.53aZ
0.14aZ
0.12aZ
0.10aZ
0.26aZ
0.071

1.98
0.36
0.19
0.24
0.13

Biomass (g m-2)
No tank mix partner
Tolpyralate + Atrazine
Tolpyralate + Atrazine + MSO
Tolpyralate + Atrazine + UAN
Tolpyralate + Atrazine + MSO + UAN
SE

90.02aY
2.69bZ
0.17bZ
0.36bZ
0.095bZ
4.871

0.11aZ
0.01aZ
0.01aZ
0.01aZ
0.18aZ
0.035

11.71
0.97
0.036
0.13
0.089

a
b

WAA, weeks after treatment application.
Tolpyralate applied at 30 g ai ha-1; atrazine applied at 560 g ai ha-1.
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c

MSO, 0.50% v/v.
UAN, 2.50% v/v.
e
Standard error of the mean.
Means within column followed by the same lowercase letter, or means within row followed by
the same uppercase letter, are not statistically different according to Tukey-Kramer’s LSD
(P=0.05).
d
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Table 3.6 Significance of main effects and interactions for common ragweed (Ambrosia artemisiifolia L.) control, density and biomass

in corn with Roundup WeatherMAX® plus tolpyralate plus atrazine from six field experiments conducted in Ontario in 2018 and
2019.
Main effects

Visible Weed Control (%)
2 WAAa

4 WAA

8 WAA

Density f
(no. m-2)

Biomass f
(g m-2)

Roundup WeatherMAX® (g ae ha-1)
0
900
SEb
Roundup WeatherMAX® P-value

69
93
2
<0.0001

71
94
2
0.0014

70
94
2
0.0025

12a
5a
2.17
0.4868

24
2
4
0.0991

Tolpyralate + atrazine treatmentsc
No tank mix partner
Tolpyralate + Atrazine
Tolpyralate + Atrazine + MSOd
Tolpyralate + Atrazine + UANe
Tolpyralate + Atrazine + MSO + UAN
SEb
Tolpyralate + atrazine P-value

33
85
95
88
96
2
<0.0001

34
86
97
90
97
2
<0.0001

35
87
95
90
95
2
<0.0001

42a
8b
2b
5b
2b
2.17
<0.0001

67.2
6.9
0.6
6.6
0.6
4.03
0.0011

Interaction
Roundup WeatherMAX®*tolpyralate + atrazine P-value

<0.0001

<0.0001

<0.0001

0.1035

0.0007

a

WAA, weeks after treatment application.
Standard error of the mean.
c
Tolpyralate applied at 30 g ai ha-1; atrazine applied at 560 g ai ha-1.
d
MSO, 0.50% v/v.
e
UAN, 2.50% v/v.
f
Density and biomass collected 8 WAA.
Means within column followed by the same lowercase letter are not statistically different according to Tukey-Kramer’s LSD (P=0.05).
b
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Table 3.7 Common ragweed (Ambrosia artemisiifolia L.) control 2, 4, and 8 WAA and biomass

in corn with Roundup WeatherMAX® plus tolpyralate plus atrazine from six field experiments
conducted in Ontario in 2018 and 2019.
Roundup WeatherMAX® (g ae ha-1)
0
900

SE

Visible Weed Control 2 WAAa (%)
No tank mix partner
Tolpyralate + Atrazineb
Tolpyralate + Atrazine + MSOc
Tolpyralate + Atrazine + UANd
Tolpyralate + Atrazine + MSO + UAN
SEe

0cY
77bY
94aZ
83bY
95aZ
3.0

88aZ
92aZ
96aZ
93aZ
96aZ
0.6

6
2
1
2
1

Visible Weed Control 4 WAA (%)
No tank mix partner
Tolpyralate + Atrazine
Tolpyralate + Atrazine + MSO
Tolpyralate + Atrazine + UAN
Tolpyralate + Atrazine + MSO + UAN
SE

0cY
79bY
96aZ
85abZ
96aZ
4.0

89aZ
92aZ
97aZ
94aZ
97aZ
0.7

6
3
1
3
1

Visible Weed Control 8 WAA (%)
No tank mix partner
Tolpyralate + Atrazine
Tolpyralate + Atrazine + MSO
Tolpyralate + Atrazine + UAN
Tolpyralate + Atrazine + MSO + UAN
SE

0bY
80aZ
94aZ
85aZ
94aZ
4.0

91aZ
92aZ
96aZ
95aZ
95aZ
0.8

6
4
1
4
1

Biomass (g m-2)
No tank mix partner
Tolpyralate + Atrazine
Tolpyralate + Atrazine + MSO
Tolpyralate + Atrazine + UAN
Tolpyralate + Atrazine + MSO + UAN
SE

283.0aY
24.1bZ
0.7bZ
22.4bZ
0.5bZ
7.8

2.0aZ
1.4aZ
0.6aZ
1.4aZ
0.7aZ
0.2

15.2
8.9
0.2
7.7
0.2

a

WAA, weeks after treatment application.
Tolpyralate applied at 30 g ai ha-1; atrazine applied at 560 g ai ha-1.
c
MSO, 0.50% v/v.
d
UAN, 2.50% v/v.
e
Standard error of the mean.
Means within column followed by the same lowercase letter, or means within row followed by
the same uppercase letter, are not statistically different according to Tukey-Kramer’s LSD
(P=0.05).
b
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Table 3.8 Significance of main effects and interactions for lambsquarters (Chenopodium album L.) control, density and biomass in

corn with Roundup WeatherMAX® plus tolpyralate plus atrazine from six field experiments conducted in Ontario in 2018 and 2019.
Main effects

Visible Weed Control (%)
2 WAAa

4 WAA

8 WAA

Density f
(no. m-2)

Biomass f
(g m-2)

Roundup WeatherMAX® (g ae ha-1)
0
900
SEb
Roundup WeatherMAX® P-value

68
96
2
<0.0001

67
97
2
0.0006

65
96
2
0.0010

10.7
2.7
0.8
0.0546

12.77
0.55
1.58
0.0097

Tolpyralate + atrazine treatmentsc
No tank mix partner
Tolpyralate + Atrazine
Tolpyralate + Atrazine + MSOd
Tolpyralate + Atrazine + UANe
Tolpyralate + Atrazine + MSO + UAN
SEb
Tolpyralate + atrazine P-value

35
86
98
86
98
2
<0.0001

33
86
98
86
98
2
<0.0001

33
85
97
85
97
2
<0.0001

21.9
6.1
1.3
6.6
1.2
0.8
<0.0001

33.34
2.95
0.30
4.39
0.25
1.58
<0.0001

Interaction
Roundup WeatherMAX®*tolpyralate + atrazine P-value

<0.0001

<0.0001

<0.0001

0.0189

<0.0001

a

WAA, weeks after treatment application.
Standard error of the mean.
c
Tolpyralate applied at 30 g ai ha-1; atrazine applied at 560 g ai ha-1.
d
MSO, 0.50% v/v.
e
UAN, 2.50% v/v.
f
Density and biomass collected 8 WAA.
Means within column followed by the same lowercase letter are not statistically different according to Tukey-Kramer’s LSD (P=0.05).
b
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Table 3.9 Lambsquarters (Chenopodium album L.) control 2, 4, and 8 WAA, density and biomass

in corn with Roundup WeatherMAX® plus tolpyralate plus atrazine from six field experiments
conducted in Ontario in 2018 and 2019.
Roundup WeatherMAX® (g ae ha-1)
0
900

SE

Visible Weed Control 2 WAAa (%)
No tank mix partner
Tolpyralate + Atrazineb
Tolpyralate + Atrazine + MSOc
Tolpyralate + Atrazine + UANd
Tolpyralate + Atrazine + MSO + UAN
SEe

0cY
70bY
97aZ
72bY
98aZ
3.0

91bZ
96abZ
99aZ
96abZ
98aZ
1

7
3
0.4
3
0.3

Visible Weed Control 4 WAA (%)
No tank mix partner
Tolpyralate + Atrazine
Tolpyralate + Atrazine + MSO
Tolpyralate + Atrazine + UAN
Tolpyralate + Atrazine + MSO + UAN
SE

0cY
68bY
97aZ
72bY
98aZ
4.0

88aZ
98aZ
99aZ
97aZ
99aZ
1

6
4
0.5
3
0.4

Visible Weed Control 8 WAA (%)
No tank mix partner
Tolpyralate + Atrazine
Tolpyralate + Atrazine + MSO
Tolpyralate + Atrazine + UAN
Tolpyralate + Atrazine + MSO + UAN
SE

0cY
67bY
95aZ
70bY
97aZ
4.0

88aZ
97aZ
98aZ
96aZ
98aZ
1

6
4
1
4
1

Density (no. m-2)
No tank mix partner
Tolpyralate + Atrazine
Tolpyralate + Atrazine + MSO
Tolpyralate + Atrazine + UAN
Tolpyralate + Atrazine + MSO + UAN
SE

31.05aY
10.67bY
2.13cZ
12.08bY
0.93cZ
1.33

9.37aZ
2.35abZ
0.70bZ
2.02abZ
1.55bZ
0.72

2.91
1.10
0.46
1.12
0.61

Biomass (g m-2)
No tank mix partner
Tolpyralate + Atrazine
Tolpyralate + Atrazine + MSO
Tolpyralate + Atrazine + UAN
Tolpyralate + Atrazine + MSO + UAN
SE

62.26aY
7..07bY
0.52cZ
12.20bY
0.19cZ
3.04

1.69aZ
0.44aZ
0.10aZ
0.44aZ
0.32aZ
0.10

6.93
1.22
0.16
1.57
0.10

a
b

WAA, weeks after treatment application.
Tolpyralate applied at 30 g ai ha-1; atrazine applied at 560 g ai ha-1.
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c

MSO, 0.50% v/v.
UAN, 2.50% v/v.
e
Standard error of the mean.
Means within column followed by the same lowercase letter, or means within row followed by
the same uppercase letter, are not statistically different according to Tukey-Kramer’s LSD
(P=0.05).
d
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Table 3.10 Significance of main effects and interactions for ladysthumb (Persicaria maculosa Gray) control, density and biomass in

corn with Roundup WeatherMAX® plus tolpyralate plus atrazine from five field experiments conducted in Ontario in 2018 and 2019.
Main effects

Visible Weed Control (%)
2 WAAa

4 WAA

8 WAA

Density f
(no. m-2)

Biomass f
(g m-2)

Roundup WeatherMAX® (g ae ha-1)
0
900
SEb
Roundup WeatherMAX® P-value

73
97
2
0.0060

69
98
3
0.0126

70
98
3
0.0133

2a
0.5a
0.26
0.1791

1a
0.1a
0.494
0.1123

Tolpyralate + atrazine treatmentsc
No tank mix partner
Tolpyralate + Atrazine
Tolpyralate + Atrazine + MSOd
Tolpyralate + Atrazine + UANe
Tolpyralate + Atrazine + MSO + UAN
SEb
Tolpyralate + atrazine P-value

38
91
97
94
98
2
<0.0001

39
91
96
92
97
3
<0.0001

40
91
97
92
98
3
<0.0001

2a
1a
0.8a
1a
0.6a
0.26
0.0766

2a
0.6ab
0.3b
0.5ab
0.2b

Interaction
Roundup WeatherMAX®*tolpyralate + atrazine P-value

<0.0001

<0.0001

<0.0001

0.2773

0.0902

a

0.0194

WAA, weeks after treatment application.
Standard error of the mean.
c
Tolpyralate applied at 30 g ai ha-1; atrazine applied at 560 g ai ha-1.
d
MSO, 0.50% v/v.
e
UAN, 2.50% v/v.
f
Density and biomass collected 8 WAA.
Means within column followed by the same lowercase letter are not statistically different according to Tukey-Kramer’s LSD (P=0.05).
b
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Table 3.11 Ladysthumb (Persicaria maculosa Gray) control 2, 4, and 8 WAA in corn

with Roundup WeatherMAX® plus tolpyralate plus atrazine from five experiments conducted in
Ontario in 2018 and 2019.
Roundup WeatherMAX® (g ae ha-1)
0
900

SE

Visible Weed Control 2 WAAa (%)
No tank mix partner
Tolpyralate + Atrazineb
Tolpyralate + Atrazine + MSOc
Tolpyralate + Atrazine + UANd
Tolpyralate + Atrazine + MSO + UAN
SEe

0bY
83aY
96aZ
88aY
97aZ
4.0

94aZ
97aZ
98aZ
98aZ
99aZ
0.5

8
3
0.8
3
0.6

Visible Weed Control 4 WAA (%)
No tank mix partner
Tolpyralate + Atrazine
Tolpyralate + Atrazine + MSO
Tolpyralate + Atrazine + UAN
Tolpyralate + Atrazine + MSO + UAN
SE

0bY
79aY
92aZ
84aY
95aZ
4.0

95aZ
98aZ
98aZ
98aZ
98aZ
0.4

8
4
1
4
1

Visible Weed Control 8 WAA (%)
No tank mix partner
Tolpyralate + Atrazine
Tolpyralate + Atrazine + MSO
Tolpyralate + Atrazine + UAN
Tolpyralate + Atrazine + MSO + UAN
SE

0cY
79bY
94abZ
83abY
96aZ
4.0

95aZ
98aZ
99aZ
98aZ
98aZ
0.5

8
4
1
4
0.9

a

WAA, weeks after treatment application.
Tolpyralate applied at 30 g ai ha-1; atrazine applied at 560 g ai ha-1.
c
MSO, 0.50% v/v.
d
UAN, 2.50% v/v.
e
Standard error of the mean.
Means within column followed by the same lowercase letter, or means within row followed by
the same uppercase letter, are not statistically different according to Tukey-Kramer’s LSD
(P=0.05).
b
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Table 3.12 Significance of main effects and interactions for wild mustard (Sinapis arvensis L.) control, density and biomass in corn

with Roundup WeatherMAX® plus tolpyralate plus atrazine from two field experiments conducted in Ontario in 2018 and 2019.
Main effects

Visible Weed Control (%)
2 WAAa

4 WAA

8 WAA

Density f
(no. m-2)

Biomass f
(g m-2)

Roundup WeatherMAX® (g ae ha-1)
0
900
SEb
Roundup WeatherMAX® P-value

65
94
3
0.0982

67
98
3
0.1936

79
95
3
0.1453

13.67a
22.38a
5
0.6841

3.66a
1.55a
1
0.3607

Tolpyralate + atrazine treatmentsc
No tank mix partner
Tolpyralate + Atrazine
Tolpyralate + Atrazine + MSOd
Tolpyralate + Atrazine + UANe
Tolpyralate + Atrazine + MSO + UAN
SEb
Tolpyralate + atrazine P-value

48
83
91
84
91
3
0.0050

40
90
95
92
96
3
0.0152

36
97
95
96
95
3
0.0004

44.95a
22.51a
19.21a
5.51a
9.62a
5
0.2980

11.44a
2.14a
1.52a
0.55a
1.17a
1
0.0913

Interaction
Roundup WeatherMAX®*tolpyralate + atrazine P-value

0.0011

0.0080

0.0006

0.5125

0.1336

a

WAA, weeks after treatment application.
Standard error of the mean.
c
Tolpyralate applied at 30 g ai ha-1; atrazine applied at 560 g ai ha-1.
d
MSO, 0.50% v/v.
e
UAN, 2.50% v/v.
f
Density and biomass collected 8 WAA.
Means within column followed by the same lowercase letter are not statistically different according to Tukey-Kramer’s LSD (P=0.05).
b
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Table 3.13 Wild mustard (Sinapis arvensis L.) control 2, 4, and 8 WAA in corn with Roundup

WeatherMAX® plus tolpyralate plus atrazine from two field experiments conducted in Ontario
in 2018 and 2019.
Roundup WeatherMAX® (g ae ha-1)
0
900

SE

a

Visible Weed Control 2 WAA (%)
No tank mix partner
Tolpyralate + Atrazineb
Tolpyralate + Atrazine + MSOc
Tolpyralate + Atrazine + UANd
Tolpyralate + Atrazine + MSO +
UAN
SEe
Visible Weed Control 4 WAA (%)
No tank mix partner
Tolpyralate + Atrazine
Tolpyralate + Atrazine + MSO
Tolpyralate + Atrazine + UAN
Tolpyralate + Atrazine + MSO +
UAN
SE
Visible Weed Control 8 WAA (%)
No tank mix partner
Tolpyralate + Atrazine
Tolpyralate + Atrazine + MSO
Tolpyralate + Atrazine + UAN
Tolpyralate + Atrazine + MSO +
UAN
SE

0bY
74aY
87aZ
74aY
89aZ

97aZ
93aZ
96aZ
93aZ
94aZ

6

1

0bY
76aZ
90aZ
83aZ
95aZ

95aZ
99aZ
99aZ
98aZ
98aZ

6

1

0bY
97aZ
94aZ
97aZ
95aZ

92aZ
96aZ
96aZ
96aZ
96aZ

6

1

a

12
4
2
4
1

12
5
2
4
1

12
1
1
1
2

WAA, weeks after treatment application.
Tolpyralate applied at 30 g ai ha-1; atrazine applied at 560 g ai ha-1.
c
MSO, 0.50% v/v.
d
UAN, 2.50% v/v.
e
Standard error of the mean.
Means within column followed by the same lowercase letter, or means within row followed by
the same uppercase letter, are not statistically different according to Tukey-Kramer’s LSD
(P=0.05).
b
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Table 3.14 Significance of main effects and interactions for flower-of-an-hour (Hibiscus trionum L.) control, density and biomass in

corn with Roundup WeatherMAX® plus tolpyralate plus atrazine from two field experiments conducted in Ontario in 2018 and 2019.
Main effects

Visible Weed Control (%)
2 WAAa

4 WAA

8 WAA

Density f
(no. m-2)

Biomass f
(g m-2)

Roundup WeatherMAX® (g ae ha-1)
0
900
SEb
Roundup WeatherMAX® P-value

57
91
3
0.0453

63
92
3
0.2111

58
90
3
0.2580

15.4a
11.6a
1.9
0.8664

4.6a
0.6a
0.5
0.3223

Tolpyralate + atrazine treatmentsc
No tank mix partner
Tolpyralate + Atrazine
Tolpyralate + Atrazine + MSOd
Tolpyralate + Atrazine + UANe
Tolpyralate + Atrazine + MSO + UAN
SEb
Tolpyralate + atrazine P-value

31
78
90
83
90
3
0.0005

43
82
89
83
91
3
0.0176

31
84
85
84
87
3
0.0218

17.0a
15.1a
16.9a
11.6a
8.3a
1.9
0.6321

3.3a
2.5a
2.9a
7.9a
1.3a
0.5
0.6307

Interaction
Roundup WeatherMAX®*tolpyralate + atrazine P-value

0.0014

0.0086

0.0105

0.4829

0.4898

a

WAA, weeks after treatment application.
Standard error of the mean.
c
Tolpyralate applied at 30 g ai ha-1; atrazine applied at 560 g ai ha-1.
d
MSO, 0.50% v/v.
e
UAN, 2.50% v/v.
f
Density and biomass collected 8 WAA.
Means within column followed by the same lowercase letter are not statistically different according to Tukey-Kramer’s LSD (P=0.05).
b
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Table 3.15 Flower-of-an-hour (Hibiscus trionum L.) control 2, 4, and 8 WAA in corn

with Roundup WeatherMAX® plus tolpyralate plus atrazine from two field experiments
conducted in Ontario in 2018 and 2019.
Roundup WeatherMAX® (g ae ha-1)
0
900

SE

Visible Weed Control 2 WAAa (%)
No tank mix partner
Tolpyralate + Atrazineb
Tolpyralate + Atrazine + MSOc
Tolpyralate + Atrazine + UANd
Tolpyralate + Atrazine + MSO + UAN
SEe

0cY
63bY
84abY
71abY
88aZ
5.0

84aZ
90aZ
95aZ
92aZ
92aZ
1

11
4
3
4
3

Visible Weed Control 4 WAA (%)
No tank mix partner
Tolpyralate + Atrazine
Tolpyralate + Atrazine + MSO
Tolpyralate + Atrazine + UAN
Tolpyralate + Atrazine + MSO + UAN
SE

0bY
70aZ
82aZ
74aZ
89aZ
6.0

86aZ
94aZ
95aZ
92aZ
93aZ
1

11
5
2
5
1

Visible Weed Control 8 WAA (%)
No tank mix partner
Tolpyralate + Atrazine
Tolpyralate + Atrazine + MSO
Tolpyralate + Atrazine + UAN
Tolpyralate + Atrazine + MSO + UAN
SE

0bY
75aZ
77aZ
79aZ
82aZ
6.0

84aZ
92aZ
92aZ
89aZ
92aZ
1

11
6
4
4
3

a

WAA, weeks after treatment application.
Tolpyralate applied at 30 g ai ha-1; atrazine applied at 560 g ai ha-1.
c
MSO, 0.50% v/v.
d
UAN, 2.50% v/v.
e
Standard error of the mean.
Means within column followed by the same lowercase letter, or means within row followed by
the same uppercase letter, are not statistically different according to Tukey-Kramer’s LSD
(P=0.05).
b
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Table 3.16 Significance of main effects and interactions for barnyardgrass (Echinochloa crus-galli (L.) P. Beauv.) control, density and

biomass in corn with Roundup WeatherMAX® plus tolpyralate plus atrazine from six field experiments conducted in Ontario in 2018
and 2019.
Main effects

Visible Weed Control (%)
2 WAAa

4 WAA

8 WAA

Density f
(no. m-2)

Biomass f
(g m-2)

Roundup WeatherMAX® (g ae ha-1)
0
900
SEb
Roundup WeatherMAX® P-value

49
94
2
<0.0001

47
95
2
<0.0001

50
90
2
0.0009

34.9a
17.2a
1.9
0.0724

29.7
1.7
1.7
0.0033

Tolpyralate + atrazine treatmentsc
No tank mix partner
Tolpyralate + Atrazine
Tolpyralate + Atrazine + MSOd
Tolpyralate + Atrazine + UANe
Tolpyralate + Atrazine + MSO + UAN
SEb
Tolpyralate + atrazine P-value

37
66
93
70
95
2
<0.0001

37
70
93
69
94
2
<0.0001

33
71
89
73
89
2
<0.0001

28.9a
34.9a
22.9a
25.3a
20.9a
1.9
0.3873

16.2
20.8
3.9
20.7
3.1
1.7
0.0002

Interaction
Roundup WeatherMAX®*tolpyralate + atrazine P-value

<0.0001

<0.0001

<0.0001

0.3385

0.0002

a

WAA, weeks after treatment application.
Standard error of the mean.
c
Tolpyralate applied at 30 g ai ha-1; atrazine applied at 560 g ai ha-1.
d
MSO, 0.50% v/v.
e
UAN, 2.50% v/v.
f
Density and biomass collected 8 WAA.
Means within column followed by the same lowercase letter are not statistically different according to Tukey-Kramer’s LSD (P=0.05).
b
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Table 3.17 Barnyardgrass (Echinochloa crus-galli (L.) P. Beauv.) control 2, 4, and 8 WAA and

biomass in corn with Roundup WeatherMAX® plus tolpyralate plus atrazine from six field
experiments conducted in Ontario in 2018 and 2019.
Roundup WeatherMAX® (g ae ha-1)
0
900

SE

Visible Weed Control 2 WAAa (%)
No tank mix partner
Tolpyralate + Atrazineb
Tolpyralate + Atrazine + MSOc
Tolpyralate + Atrazine + UANd
Tolpyralate + Atrazine + MSO + UAN
SEe

0cY
33bY
91aZ
40bY
93aZ
3.0

93aZ
92aZ
95aZ
92aZ
96aZ
0.6

7
5
1
4
1

Visible Weed Control 4 WAA (%)
No tank mix partner
Tolpyralate + Atrazine
Tolpyralate + Atrazine + MSO
Tolpyralate + Atrazine + UAN
Tolpyralate + Atrazine + MSO + UAN
SE

0cY
34bY
89aZ
34bY
92aZ
3.0

93aZ
95aZ
96aZ
94aZ
96aZ
0.4

7
5
1
5
1

Visible Weed Control 8 WAA (%)
No tank mix partner
Tolpyralate + Atrazine
Tolpyralate + Atrazine + MSO
Tolpyralate + Atrazine + UAN
Tolpyralate + Atrazine + MSO + UAN
SE

0cY
50bY
84aZ
52bY
84aZ
3.0

88aZ
88aZ
93aZ
89aZ
92aZ
1

6
4
2
4
2

Biomass (g m-2)
No tank mix partner
Tolpyralate + Atrazine
Tolpyralate + Atrazine + MSO
Tolpyralate + Atrazine + UAN
Tolpyralate + Atrazine + MSO + UAN
SE

43.6aY
55.2aY
8.3bZ
54.6aY
5.4bZ
3.2

1.9aZ
2.0aZ
1.4aZ
1.6aZ
1.5aZ
0.2

4.1
4.5
1.6
5.6
1.1

a

WAA, weeks after treatment application.
Tolpyralate applied at 30 g ai ha-1; atrazine applied at 560 g ai ha-1.
c
MSO, 0.50% v/v.
d
UAN, 2.50% v/v.
e
Standard error of the mean.
Means within column followed by the same lowercase letter, or means within row followed by
the same uppercase letter, are not statistically different according to Tukey-Kramer’s LSD
(P=0.05).
b
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Table 3.18 Significance of main effects and interactions for green foxtail (Setaria viridis (L.) P. Beauv.) control, density and biomass

in corn with Roundup WeatherMAX® plus tolpyralate plus atrazine from six field experiments conducted in Ontario in 2018 and
2019.
Main effects

Visible Weed Control (%)
2 WAAa

4 WAA

8 WAA

Density f
(no. m-2)

Biomass f
(g m-2)

Roundup WeatherMAX® (g ae ha-1)
0
900
SEb
Roundup WeatherMAX® P-value

51
96
2
<0.0001

49
96
2
<0.0001

47
92
2
<0.0001

56.6a
14.3b
3.5
0.0110

72.9
1.0
4.9
0.0010

Tolpyralate + atrazine treatmentsc
No tank mix partner
Tolpyralate + Atrazine
Tolpyralate + Atrazine + MSOd
Tolpyralate + Atrazine + UANe
Tolpyralate + Atrazine + MSO + UAN
SEb
Tolpyralate + atrazine P-value

40
73
94
73
95
2
<0.0001

38
72
94
72
94
2
<0.0001

33
70
90
71
90
2
<0.0001

73.3a
40.2ab
29.9bc
41.7abc
24.7c
3.5
0.0005

83.2
50.9
3.7
40.1
3.4
4.9
<0.0001

Interaction
Roundup WeatherMAX®*tolpyralate + atrazine P-value

<0.0001

<0.0001

<0.0001

0.1407

<0.0001

a

WAA, weeks after treatment application.
Standard error of the mean.
c
Tolpyralate applied at 30 g ai ha-1; atrazine applied at 560 g ai ha-1.
d
MSO, 0.50% v/v.
e
UAN, 2.50% v/v.
f
Density and biomass collected 8 WAA.
Means within column followed by the same lowercase letter are not statistically different according to Tukey-Kramer’s LSD (P=0.05).
b
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Table 3.19 Green foxtail (Setaria viridis (L.) P. Beauv.) control 2, 4, and 8 WAA and biomass in

corn with Roundup WeatherMAX® plus tolpyralate plus atrazine from six field experiments
conducted in Ontario in 2018 and 2019.
Roundup WeatherMAX® (g ae ha-1)
0
900

SE

Visible Weed Control 2 WAAa (%)
No tank mix partner
Tolpyralate + Atrazineb
Tolpyralate + Atrazine + MSOc
Tolpyralate + Atrazine + UANd
Tolpyralate + Atrazine + MSO + UAN
SEe

0cY
38bY
91aZ
44bY
93aZ
3.0

96aZ
96aZ
97aZ
95aZ
97aZ
0.4

7
5
1
4
1

Visible Weed Control 4 WAA (%)
No tank mix partner
Tolpyralate + Atrazine
Tolpyralate + Atrazine + MSO
Tolpyralate + Atrazine + UAN
Tolpyralate + Atrazine + MSO + UAN
SE

0cY
39bY
90aY
38bY
92aZ
3.0

94aZ
95aZ
97aZ
96aZ
96aZ
0.4

7
5
1
5
1

Visible Weed Control 8 WAA (%)
No tank mix partner
Tolpyralate + Atrazine
Tolpyralate + Atrazine + MSO
Tolpyralate + Atrazine + UAN
Tolpyralate + Atrazine + MSO + UAN
SE

0cY
42bY
86aY
44bY
84aY
3.0

88aZ
91aZ
94aZ
92aZ
94aZ
1

6
4
1
4
1

Biomass (g m-2)
No tank mix partner
Tolpyralate + Atrazine
Tolpyralate + Atrazine + MSO
Tolpyralate + Atrazine + UAN
Tolpyralate + Atrazine + MSO + UAN
SE

148.7aY
125.2aY
8.0bY
117.2aY
7.3bY
9

1.9aZ
0.9aZ
0.7aZ
1.1aZ
0.7aZ
0.2

16.2
12.8
0.8
11.0
0.8

a

WAA, weeks after treatment application.
Tolpyralate applied at 30 g ai ha-1; atrazine applied at 560 g ai ha-1.
c
MSO, 0.50% v/v.
d
UAN, 2.50% v/v.
e
Standard error of the mean.
Means within column followed by the same lowercase letter, or means within row followed by
the same uppercase letter, are not statistically different according to Tukey-Kramer’s LSD
(P=0.05).
b

120

Table 3.20 Significance of main effects and interactions for grain corn yield with Roundup WeatherMAX® plus tolpyralate plus

atrazine from five field experiments conducted near Ridgetown and Exeter, Ontario in 2018 and 2019.
Yield (t ha-1)

Main effects
Roundup WeatherMAX® (g ae ha-1)
0
900
SEb
Roundup WeatherMAX® P-value

9.8
12.0
0.2
0.0574

Tolpyralate + atrazine treatmentsc
No tank mix partner
Tolpyralate + Atrazine
Tolpyralate + Atrazine + MSOd
Tolpyralate + Atrazine + UANe
Tolpyralate + Atrazine + MSO + UAN
SEb
Tolpyralate + atrazine P-value

8.9
10.7
12.4
10.5
12.1
0.2
<0.0001

Interaction
Roundup WeatherMAX®*tolpyralate + atrazine P-value

<0.0001

a

Standard error of the mean.
Tolpyralate applied at 30 g ai ha-1; atrazine applied at 560 g ai ha-1.
c
MSO, 0.50% v/v.
d
UAN, 2.50% v/v.
Means within column followed by the same lowercase letter are not statistically different according to Tukey-Kramer’s LSD (P=0.05).
b
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Table 3.21 Corn yields achieved with Roundup WeatherMAX® plus tolpyralate plus atrazine from five field experiments conducted in

Ontario in 2018 and 2019.
Roundup WeatherMAX® Rate (g ae ha-1)
0
900

SE
Yield (t ha-1)
No tank mix partner
5.7cY
12.1aZ
0.6
Tolpyralate + Atrazineb
9.3bY
11.9aZ
0.5
c
Tolpyralate + Atrazine + MSO
12.3aZ
12.5aZ
0.2
Tolpyralate + Atrazine + UANd
9.4bZ
11.5aZ
0.4
Tolpyralate + Atrazine + MSO + UAN
12.2aZ
12.1aZ
0.2
SEa
0.3
0.1
a
Standard error of the mean.
b
Tolpyralate applied at 30 g ai ha-1; atrazine applied at 560 g ai ha-1.
c
MSO, 0.50% v/v.
d
UAN, 2.50% v/v.
Means within column followed by the same lowercase letter, or means within row followed by the same uppercase letter, are not
statistically different according to Tukey-Kramer’s LSD (P=0.05).
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4 Chapter 4: Time-of-day effect with tolpyralate plus atrazine
4.1 Abstract
Tolpyralate is a new 4-hydroxyphenyl-pyruvate dioxygenase (HPPD)-inhibiting
herbicide for weed control in corn. Previous research has evaluated the efficacy of tolpyralate +
atrazine on several annual grass and broadleaf weed species; however, no studies have evaluated
weed control from tolpyralate + atrazine depending on the time-of-day (TOD) of application. Six
field experiments were conducted over a two-year period (2018, 2019) near Ridgetown, ON to
determine if there is an effect of TOD of application on tolpyralate+ atrazine efficacy on
common annual grass and broadleaf weeds. An application was made at three-hour intervals
beginning at 06:00 h and the last application at 24:00 h. There was a slight TOD effect on
velvetleaf, pigweed species and common ragweed control with tolpyralate + atrazine; however,
the magnitude of change throughout the day was ≤3% at 2, 4 or 8 WAA. There was no effect of
TOD of tolpyralate + atrazine on the control of lambsquarters, barnyard grass and green foxtail.
All weed species were controlled ≥88% 8 WAA. There was no effect of TOD of tolpyralate +
atrazine application on corn yield. Results of this study show no evidence of a TOD effect on
weed control efficacy with tolpyralate + atrazine.

4.2 Introduction
Herbicide efficacy can be influenced by numerous factors. Previous research has
identified a time-of-day (TOD) effect on weed control efficacy with many postemergence
(POST) applied herbicides. Extensive research has evaluated the TOD effect with glyphosate
(Martinson et al. 2002; Miller et al. 2003; Mohr et al. 2007; Norsworthy et al. 1999; Sellers et al.
2003; Waltz et al. 2004). Additionally, the effect of TOD has been evaluated with other
herbicides including acifluorfen (Lee and Oliver 1982), atrazine (Stewart et al. 2009), bentazon
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(Doran and Andersen 1976; Andersen and Koukkari 1978), bromoxynil (Stewart et al. 2009)
chlorimuron ethyl (Miller et al. 2003; Stopps et al. 2013), dicamba/diflufenzopyr (Stewart et al.
2009), fluazifop-P-butyl (Friesen and Wall 1991), flumiclorac, fluthiacet-methyl (Fausey and
Renner 2001), fomesafen (Miller et al. 2003), glufosinate (Martinson et al. 2002; Miller et al.
2003; Stewart et al. 2009), imazethapyr (Stopps et al. 2013), linuron (Kraatz and Andersen
1980), nicosulfuron (Stewart et al. 2009), paraquat (Norsworthy et al. 1999), quizalofop-P-ethyl
(Stopps et al. 2013) and saflufenacil (Budd et al. 2017). Generally, for the weed species and
herbicides evaluated, the best weed control is achieved with midday applications, with reduced
control with an early morning or late-night applications.
To-date, there are no known studies that have examined possible TOD effects on weed
control efficacy of the Group 27, or HPPD-inhibiting herbicides. Tolpyralate is a relatively new
HPPD-inhibiting herbicide that belongs to the benzoylpyrazole family. Tolpyralate decreases
carotenoid synthesis in the plant resulting in subsequent bleaching, necrosis, and eventual plant
death. Photosystem (PS) II inhibiting herbicides are commonly tank-mixed with HPPDinhibiting herbicides to improve weed control efficacy. It is recommended to apply tolpyralate in
a tankmix with atrazine, to increase the spectrum of weeds controlled and to increase the speed
of activity (Metzger et al. 2018a; Anonymous 2019b). Although no known studies have
evaluated the influence of TOD on tolpyralate + atrazine efficacy, there are studies that have
evaluated the effect of TOD on the efficacy of the PSII-inhibiting herbicides including atrazine,
bromoxynil (Stewart et al. 2009), and bentazon (Andersen and Koukkari 1978; Doran and
Andersen 1976). Similar to the aforementioned studies, an early morning or late-night
application of the PSII-inhibiting herbicides resulted in reduced control compared to a midday
application (Doran and Andersen 1976; Stewart et al. 2009)
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Across the TOD studies with the various herbicides, there is no single factor that explains
the variability in weed control efficacy due to TOD. Throughout the day, fluctuations in air
temperature, relative humidity (RH) and light intensity may cause physiological changes in weed
species, which contribute to the TOD response (Stewart et al. 2009). High temperature and RH
have been reported to increase plasma membrane and cuticular wax fluidity and stomatal
opening, allowing for greater herbicide absorption and translocation in the plant (Prasad et al.
1967; Pallas 1960; Hess and Falk 1990; Anderson et al. 1993; Johnson and Young 2002). The
influence of RH was greater than temperature for glufosinate translocation in research conducted
by Andersen et al. (1993) and Coetzer et al. (2001) on Amaranthus spp. and green foxtail
(Setaria viridis (L.) P. Beauv). Research by Andersen and Koukkari (1979) found that light
intensity altered sicklepod (Senna obtusifolia (L.) H.S. Irwin & Barneby) leaf orientation; under
reduced light intensities, sicklepod leaflets took on a vertical position, reducing the leaf area for
herbicide interception. The presence of dew may also be a contributing factor. Doran and
Andersen (1976) suggested that heavy dew early in the morning at the time of application may
reduce herbicide efficacy due to increased herbicide runoff and/or dilution; however, Stewart et
al. (2009) reported that the presence of dew did not contribute to the TOD response. Aside from
environmental factors, herbicide mode of action has been found to play a role in TOD effects
(Miller et al. 2003). It is evident from the literature that there are numerous factors that
contribute to the TOD response.
Weed control efficacy as influenced by TOD may be weed species specific. Stewart et al.
(2009) evaluated various herbicides and reported the most sensitive weed to TOD was velvetleaf
(Abutilon theophrasti Medik.), followed by common ragweed (Ambrosia artemisiifolia L.),
lambsquarters (Chenopdium album L.) and redroot pigweed (Amaranthus retroflexus L.). Annual
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grasses such as green foxtail and barnyardgrass (Echinochloa crus-galli (L.) P. Beauv.) were less
sensitive to herbicide application timing during the day, although in some environments control
was reduced from an application at 0600 h or after 2100 h. Diurnal leaf movements may also
influence TOD research; for some weed species, such as velvetleaf, hemp sesbania (Sesbania
herbacea (Mill.) McVaugh) and sicklepod cause leaves to be more horizontal at noon, allowing
for greater spray interception and retention (Doran and Andersen 1976; Kraatz and Andersen
1980; Norsworthy et al. 1999; Sellers et al. 2003). Doran and Andersen (1976) reported
velvetleaf control decreased when bentazon was applied early in the morning or late at night
when leaves were drooping. Applying at times when leaves have the greatest ‘projected leaf
area’ (area seen from directly above) allow for greater interception and retention of foliar
herbicides (Kraatz and Andersen 1980). Thorough spray coverage is important for optimal weed
control, which may be even more crucial for contact herbicides, like glufosinate, where greatest
control is observed with a midday application (Stewart et al. 2009). Depending on weed species,
leaf changes in orientation throughout the day can have an impact on level of control achieved.
Corn is sensitive to weed interference; up to 50% yield loss has been reported in corn in
the absence of weed management strategies (Soltani et al. 2016). Weed interference due to direct
competition for nutrients, water and light and indirect competition due to changes in light quality
cause physiological changes in the plant and can negatively affect growth and development
(Swanton et al. 1999). Herbicides are a fundamental component in maintaining crops weed-free
during the critical weed-free period (CWFP) to prevent yield loss due to weed interference. TOD
studies provide information that can be used to optimize herbicides efficacy; however, there is a
lack of research for HPPD-inhibiting or Group 27 herbicides. Defining the TOD that optimizes
weed control efficacy with tolpyralate + atrazine application can reduce potential yield loss due
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to weed interference and allow farmers to get the greatest economic value from herbicides.
Therefore, the objective of this research was to determine if there is a TOD effect on the weed
control efficacy of common annual grass and broadleaf weeds with tolpyralate + atrazine.

4.3 Materials and Methods
4.3.1

Experimental Methods

This study consisted of six TOD trials conducted over a two-year period (2018, 2019) at the
University of Guelph Ridgetown Campus, Ridgetown, ON, Canada. Trials in the same year of
study were located in different areas of the research station and sprayed on different dates. Sites
were conventionally tilled and managed under a corn-soybean (Glycine max (L.) Merr.)- winter
wheat (Triticum aestivum L.) rotation. All sites were moldboard plowed in the fall followed by
two passes with an S-tine cultivator with rolling basket harrows in the spring to prepare the seed
bed. Fertilizer was applied according to crop nutrient requirements and soil test results.
The corn hybrid used in 2018 was DKC53-56 (Bayer Crop Science, St. Louis, MO) and in
2019 the hybrids were DKC45-65 and DKC53-56 (Bayer Crop Science, St. Louis, MO). Corn
was seeded at approximately 83500 seeds ha-1 to a depth of 4 cm in rows spaced 76 cm apart.
Trials were established as a randomized complete block design with 4 replications except for one
site-year in 2018 that had 3 replicates. Each plot was 3 m wide (4 corn rows) and 8 m long.
Tolpyralate + atrazine (30 + 560 g ai ha-1) tankmixed with methylated seed oil (MSO)
concentrate (MSO Concentrate ®, Loveland Products Inc., Loveland CO) (0.50% v/v) and urea
ammonia nitrate (UAN) (2.50% v/v) was applied at three-hour intervals starting at 06:00 h
through 24:00 h of the same day at each site. Weedy and weed-free controls were included in
each replicate. The weed-free control received a preemergence application of S-

127

metolachlor/atrazine (2880 g ai ha-1) + mesotrione (140 g ai ha-1) and a POST application of
glyphosate (900 g ai ha-1); weed escapes were controlled with a hoe.
Herbicides were applied with a CO2 pressurized backpack sprayer equipped with a handheld
1.5 m spray boom, with four ULD120-02 (Pentair, New Brighton, MN, USA) nozzles spaced 50
cm apart that produced a spray width of 2.0 m. The sprayer was calibrated to deliver 200 L ha-1
of spray solution at 240 kPa. All applications were made when the average weed height/diameter
in the study area were 10 cm. Weather data was collected at each application time using an
anemometer (Table 4.2).
Evaluation of visible crop injury and weed control occurred at 1, 2 and 4 WAA and 2, 4 and
8 WAA, respectively. These parameters were evaluated on a percent scale and every weed
species in each plot received a rating between 0 and 100, where 0 represents no injury or weed
control and 100 represents complete death of the corn or weed species. Grain corn yield was
measured at crop maturity by harvesting the centre two corn rows in each plot with a small plot
combine. Grain moisture contents and weight were recorded; grain yield is presented in tonnes
ha-1 at 15.5% grain moisture. Table 4.1 lists location, seeding dates, harvest dates and soil
characteristics.
4.3.2

Statistical Analysis

Data were analyzed with variance analysis using PROC GLIMMIX in SAS v 9.4 (SAS
Institute, Cary, NC). Data was pooled across years and location for a total of six environments.
Variances were partitioned into the fixed effect of TOD and random effects of environment
(comprised of site-years), environment nested within replication and environment by time.
Assumptions of variance analysis (random, homogeneous, normally distributed) were tested
using residual plots and the Shapiro-Wilk normality test. Residuals of weed control and yield
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data were normally distributed; the weed-free and weedy control were excluded from analyses.
Regression parameters were generated using ANOVA by partitioning the TOD least square
means into linear and quadratic parameters. Using F-tests, linear and quadratic coefficients were
compared and when significant at α=0.05 they were included in the regression equation.

4.4 Results and Discussion
The air temperature, relative humidity, cloud cover, wind velocity and dew presence
varied across site-years (Table 4.2). According to the tolpyralate label, optimal herbicide efficacy
is obtained with applications made during warm, moist conditions (21C) with adequate soil
moisture prior to and after application (Anonymous 2019b). Similar to Stewart et al. (2009),
wind speed and air temperature was generally greatest between 12:00 and 18:00 h timings,
whereas relative humidity and dew presence were the highest at 06:00 and 24:00 h timings.
Regression equation parameters for visible velvetleaf, pigweed species, common
ragweed, lambsquarters, barnyardgrass and green foxtail control provided by tolpyralate +
atrazine between 06:00 h and 24:00 h at 2, 4 and 8 WAA are presented in Table 4.3.
Velvetleaf control with tolpyralate + atrazine was the only species that had a TOD
response at 2 WAA, the TOD response was quadratic (Table 4.3, Figure 4.1). The magnitude of
change in control throughout the day was ≤1%, with control between 95 and 96% across all
application times (Figure 4.1). Pigweed species, common ragweed, lambsquarters, barnyardgrass
and green foxtail control with tolpyralate + atrazine was not influenced by TOD with control of
96, 92, 97, 92, 93%, respectively, across all application times. Metzger et al. (2018) reported
similar control of these species with tolpyralate + atrazine (30 + 1000 g ai ha-1) at 2 WAA.
At 4 WAA, velvetleaf, pigweed species and common ragweed control with tolpyralate +
atrazine was influenced by TOD and was fit to a quadratic response, the magnitude of change in
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control across application times was ≤2% (Table 4.3). Throughout the day, velvetleaf control
was ≥96%, pigweed was ≥97% and common ragweed was ≥96% (Figure 4.2). Lambsquarters,
barnyardgrass and green foxtail control with tolpyralate + atrazine was not influenced by TOD,
control was ≥93% for all species at all application times. Results from this study are consistent
with Metzger et al. (2018) who reported that tolpyralate + atrazine controlled the above
aforementioned species 93-99% at 4 WAA. Research by Stewart et al. (2009) found that
velvetleaf and common ragweed control with atrazine was influenced by TOD. In contrast to
tolpyralate + atrazine, there was a much greater TOD response with atrazine; velvetleaf and
common ragweed control varied up to 58% and 18%, respectively due to TOD with atrazine.
Similar to this study, Stewart et al. (2009) found no TOD effect on lambsquarters control with
atrazine, but in contrast to this study they did not find a TOD effect with atrazine for the control
of redroot pigweed.
Common ragweed control with tolpyralate + atrazine was influence by TOD at 8 WAA,
the response was fit to quadratic equation, the magnitude of change in control was 2-3% across
application timings and was ≥94% throughout the day (Table 4.3, Figure 4.3). Velvetleaf,
pigweed species, lambsquarters, barnyardgrass and green foxtail control with tolpyralate +
atrazine was not influenced by TOD. Control of all species was ≥88% throughout the day,
similar to control of the aforementioned species reported by Metzger et al. (2018).
Tolpyralate + atrazine provided excellent control of the weed species evaluated at all
application timings. As expected, there was no influence of tolpyralate + atrazine application
TOD on corn yield. Research by Stewart et al. (2009) rarely found an effect of TOD of herbicide
application on corn yield. Stewart et al. (2009) suggest that applying herbicides at optimal times
could result in increased yield and profit, but only if weed control efficacy was affected by TOD.
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This research was conducted to explore if there was a TOD effect on the control of
common annual grass and broadleaf weeds with tolpyralate + atrazine. Prior to this research, no
studies were found in the literature on the effect of TOD with any Group 27 herbicide. TOD of
application effects are often herbicide and weed species specific. Extensive research has been
completed on the effect of TOD on weed control efficacy with glufosinate; generally, a midday
application resulted in greater weed control compared to an early morning or late night
application (Martinson et al. 2002, 2005; Stewart et al. 2009). A similar trend to improved weed
control efficacy with other herbicides was reported by Stewart et al. (2009); however, in that
research glyphosate did not show a TOD response. Tolpyralate is a systemic herbicide, like
glyphosate, that can translocate throughout the plant to the site of action. Similar to results with
tolpyralate + atrazine, glyphosate provided excellent control of all weed species regardless of
TOD of application. In contrast, results from research by Martinson et al. (2002, 2005) reported a
similar TOD effect with glufosinate and glyphosate, however, in that study a low rate of
glyphosate was used which may have contributed to the TOD effect. Possibly there may be a
TOD with lower rates of tolpyralate + atrazine.
Knowing that an herbicide has a TOD effect can be just as important as knowing that
there is no TOD effect. Tolpyralate provided consistent control of all species regardless of TOD.
Stewart et al. (2009) suggested that applying herbicides between 12:00 and 15:00 h could result
in improved corn yields and profit due to reduced weed interference with a TOD effect.
Similarly, Martinson et al. (2005) reported that it is most economical to apply glufosinate and
glyphosate at midday. The knowledge that there is no TOD effect with tolpyralate + atrazine is
useful for weed management practitioners, so they can confidently apply the herbicide from early
in the morning to late at night with similar weed control expectations. The results from this study
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show that tolpyralate + atrazine applied from 6:00 to 24:00 h provided consistent season-long
control of velvetleaf, pigweed species, common ragweed, lambsquarters, barnyardgrass and
green foxtail. The lack of TOD response suggests that air temperature, relative humidity, cloud
cover, wind velocity and presence/absence of dew had little impact on weed control efficacy
with tolpyralate + atrazine. Previous research has found one or more of the aforementioned
environmental factors to influence a TOD response with herbicides like bentazon (Doran and
Andersen 1976), mesotrione (Johnson and Young 2002), atrazine, bromoxynil, glufosinate and
nicosulfuron (Stewart et al. 2009).

4.5 Conclusion
In conclusion, there was no TOD response observed for any species except velvetleaf at 2
WAA, velvetleaf, pigweed and common ragweed at 4 WAA and common ragweed at 8 WAA,
that were fit to a quadratic curve; however, the response was ≤3%. Results of this study show
that regardless of TOD of application, tolpyralate + atrazine consistently provides >88% control
of several common annual grass and broadleaf weeds in corn.
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Table 4.1 Planting dates, spray dates, harvest dates, and soil characteristics for six field trials conducted at Ridgetown, ON in 2018 and

2019.
Year
2018

2019

Trials
T1
T2
T3

Planting Date
May 25
May 9
May 25

T4
June 7
T5
June 7
T6
June 7
a
Abbreviation: OM, organic matter
b
Average within trial site
c
T1-T6 represents trials conducted at Ridgetown

Oct. 29
Nov. 8
Nov. 9

Soil Characteristicsb
Texture
OMa (%)
Clay loam
4.5
6.3
Clay loam
4.0
6.9
Sandy clay loam 4.0
7.5

Nov. 5
Nov. 5
Nov. 6

Sandy clay loam
Clay loam
Sandy clay loam

Harvest Date
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5.4
4.0
3.9

6.6
7.1
6.9

pH

Table 4.2 Weather data at the time of application of tolpyralate + atrazine applications in corn at

Ridgetown, ON in 2018 and 2019.
Location
year

Application
Date

Time of
day (h)

Air temp
(oC)

Cloud
cover (%)

14.7
22.4
23.0
24.1
23.1
21.0
18.0

Relative
humidity
(%)
88
58
63
45
61
72
59

10
10
10
60
70
50
80

Wind
Speed
(km h-1)
2.2
4.4
3.3
6.3
8.2
4.7
11.2

Dew
Presence
(Yes/No)
Y
Y
N
N
N
N
N

T1

June 21

06:00
09:00
12:00
15:00
18:00
21:00
24:00

T2

June 6

06:00
09:00
12:00
15:00
18:00
21:00
24:00

11.1
14.6
15.5
23.7
19.2
13.9
13.5

78
62
52
35
47
69
74

100
10
100
10
10
10
90

4.0
4.5
5.3
3.6
2.7
2.2
2.4

N
N
N
N
N
N
N

T3

June 25

06:00
09:00
12:00
15:00
18:00
21:00
24:00

14.3
19.8
23.5
21.6
24.1
19.2
14.0

85
81
49
53
36
53
84

30
30
40
50
20
10
10

1.4
7.2
6.0
6.9
3.1
1.2
0.0

Y
Y
N
N
N
N
Y

T4

July 4

06:00
09:00
12:00
15:00
18:00
21:00
24:00

20.9
24.2
30.8
31.1
28.5
25.2
24.7

99
93
71
53
59
82
93

70
60
10
10
20
30
30

4.0
6.4
5.3
8.3
13.1
4.7
0.0

Y
N
N
N
N
N
Y

T5

July 3

06:00
09:00
12:00
15:00
18:00
21:00
24:00

21.7
23.5
29.5
25.2
28.1
26.2
21.6

100
95
78
85
66
67
86

80
100
90
100
60
30
0

3.4
7.6
5.8
14.3
6.4
2.3
0.0

Y
Y
N
N
N
N
Y

T6

July 8

06:00
09:00
12:00

16.3
20.7
26.5

80
73
36

100
0
0

1.9
1.2
2.2

Y
Y
N
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15:00
18:00
21:00
24:00
a

30.0
29.1
22.1
16.8

37
42
65
77

0
100
100
10

2.9
1.6
3.7
0.0

T1-T6, location years for time of day of tolpyralate + atrazine applications.
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N
N
N
Y
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Figure 4.1 Mean percent weed control 2 WAA in response to tolpyralate + atrazine applied at different times throughout the day for

velvetleaf at Ridgetown, ON in 2018 and 2019.
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a)
Visible Weed Control (%)
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Figure 4.2 Mean percent weed control 4 WAA in response to tolpyralate + atrazine applied at

different times throughout the day for a) velvetleaf, b) pigweed, c) common ragweed at
Ridgetown, ON in 2018 and 2019.
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Figure 4.3 Mean percent weed control 8 WAA in response to tolpyralate + atrazine applied at different times throughout the day for

common ragweed at Ridgetown, ON in 2018 and 2019.
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Table 4.3 Percent weed control and grain corn yield response to tolpyralate + atrazine applied at different times throughout the day

across six trials at Ridgetown, ON in 2018 and 2019.
Evaluation
Visible Control 2 WAA (%)

Weed Speciesb
ABUTH
AMASS
AMBEL
CHEAL
ECHCH
SETVI

Regression equationa
y= 93 + 0.50x – 0.0171x2
y=96
y=92
y=97
y=92
y=93

R2
0.28
0.70
0.55
0.60
0.71
0.27

SE
0.95
2.17
2.15
1.51
2.67
4.56

Visible Control 4 WAA (%)

ABUTH
AMASS
AMBEL
CHEAL
ECHCG
SETVI

y=92 + 0.89x – 0.0309x2
y=96 + 0.50x – 0.0183x2
y=92 + 0.75x – 0.0236x2
y=97
y=95
y=94

0.62
0.47
0.37
0.65
0.72
0.72

0.76
0.76
1.12
1.27
2.35
2.01

Visible Control 8 WAA (%)

ABUTH
AMASS
AMBEL
CHEAL
ECHCG
SETVI

y=94
y=96
y=91 + 0.78x – 0.025x2
y=93
y=88
y=89

0.76
0.55
0.51
0.80
0.69
0.80

2.86
2.93
1.73
3.12
3.23
3.46

y=11.7

0.80

0.76

Yield
a

Linear and quadratic equations were only included when significant at α=0.05.
Abbreviations: ABUTH, velvetleaf; AMASS, pigweed; AMBEL, common ragweed; CHEAL, lambsquarters; ECHCG,
barnyardgrass; SETVI, green foxtail.
b
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5 Chapter 5: Effect of glyphosate and hybrid on corn tolerance to
tolpyralate plus atrazine
5.1 Abstract
This study consisted of six field experiments conducted over a two-year period (2018,
2019) to evaluate the tolerance of four corn (Zea mays L.) hybrids (P9998AM, P9840AM,
DKC42-60RIB and DKC43-47RIB) to the co-application of tolpyralate + atrazine with a
commercial glyphosate formulation. At 1 WAA, two corn hybrids (P9998AM and P9840AM)
exhibited more injury from tolpyralate + atrazine (2X rate) applied alone and in combination
with glyphosate than DKC42-60RIB and DKC43-47RIB; corn hybrids responded similarly with
respect to visible injury 2, 4 and 8 WAA, stand loss and yield. Application of tolpyralate +
atrazine or glyphosate + tolpyralate + atrazine at the 2X rate caused greater corn injury (up to
27%) than tolpyralate + atrazine or glyphosate + tolpyralate + atrazine at the 1X rate (up to 8%).
There were no injury symptoms when tolpyralate + atrazine was co-applied with a commercial
glyphosate formulation. Results of this study show that there is a wide margin of corn safety with
tolpyralate + atrazine applied alone and in combination with a commercial formulation of
glyphosate.

5.2 Introduction
Selective herbicides are an essential component of commercial weed control strategies in
North American corn production. The class of herbicides that inhibit the 4-hydroxyphenylpyruvate dioxygenase (HPPD) enzyme consists of three families: triketones, isoxazoles and
benzoylpyrazoles, and have been used since the 1990s for selective weed control in corn
(Edmunds and Morris 2012; Mitchell et al. 2001). The lethal activity after application of an
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HPPD-inhibiting herbicide in sensitive plants begins with competitive inhibition of the HPPD
enzyme, preventing the production of homogentisic acid (HGA), an essential intermediate in
biosynthesis of plastoquinone and tocopherols and a co-factor in the synthesis of carotenoids
(Hawkes 2012). Without the antioxidant activity of tocopherol and plastoquinone and the
quenching ability of carotenoids, reactive oxygen species cause degradation of lipids, proteins
and the photosynthetic complex causing the leaf tissue to turn white/bleached, a characteristic
injury symptom caused by the HPPD-inhibiting herbicides (Hess 2000; Kakidani and Hirai 2003;
Hawkes 2012). HPPD-inhibiting herbicides are commonly applied in tank-mixtures with
photosystem II (PSII)-inhibiting herbicides such as atrazine. The complementary activity of the
HPPD and PSII-inhibiting herbicides enhances herbicidal activity, increases speed of activity,
and broadens the spectrum of weeds controlled (Metzger et al. 2018; Abendroth et al. 2006).
For an herbicide to be useful in commercial crop production, it must selectively kill the
target weed while leaving the crop unharmed. Field corn generally exhibits good tolerance to
HPPD-inhibiting herbicides, however, hybrid-specific sensitivities in sweet corn to the HPPDinhibiting herbicides mesotrione and topramezone have been reported (Bollman et al. 2008;
O’Sullivan et al. 2002). In field corn, Johnson et al. (2002) reported that mesotrione (70, 105,
140 g ai ha-1) applied POST alone and with atrazine (253 g ai ha-1) caused <15% corn injury 7
days after application, which decreased to <8% by 28 days after application. Similarly, Metzger
et al. (2018) observed low levels of crop injury from tolpyralate + atrazine (40 + 1000 g ha-1)
applied POST with <12% crop injury 1 WAA. In contrast, some HPPD-inhibitors, like
isoxaflutole, can cause significant injury to field corn. The safener, cyprosulfamide, has been
added to isoxaflutole formulations in Canada to reduce corn injury. Cyprosulfamide increases the
speed of herbicide breakdown to a less active form in the plant resulting in reduced corn injury
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(Sprague et al. 1999; Ahrens et al. 2013). Numerous factors influence the level of corn injury
with HPPD-inhibiting herbicides including environmental conditions, soil characteristics,
application timing and hybrid selection. Mesotrione selectivity in corn has been attributed to
reduced herbicide uptake and rapid herbicide metabolism (Mitchell et al. 2001); in addition,
differential sensitivity of the HPPD enzyme across species has also been reported (Hawkes et al.
2012). Likewise, topramezone exhibits excellent selectivity in corn attributed to rapid herbicide
metabolism and lower sensitivity of the target HPPD enzyme (Grossmann and Ehrhardt 2007).
Tolpyralate, belonging to the benzoylpyrazole herbicide family, is the most recently
developed HPPD-inhibiting herbicide registered for POST weed control in field, seed, sweet and
popcorn hybrids (Anonymous 2019). The registered use rate for tolpyralate is 30-40 g ai ha-1,
and the label recommends a tankmix with atrazine and the addition of the adjuvants MSO and
UAN for improved weed control efficacy (Anonymous 2019). Tolpyralate provides excellent
control of several annual grass and broadleaf weed species including multiple-resistant Canada
fleabane (Conyza canadensis (L.) Cronq.) and waterhemp (Amaranthus tuberculatus (Moq.) J.
D. Sauer) (Metzger et al. 2018; Benoit et al. 2019; Metzger et al. 2019a). Previous research
indicates that applications of tolpyralate + atrazine at the field rate (40 + 1000 g ai ha-1) cause
minimal crop injury, exhibiting a wide margin of crop safety up to a 3X rate (120 + 4000 g ai ha1

) (Metzger et al. 2018). However, Metzger et al. (2019b) reported that two sequential

applications of tolpyralate + atrazine (40 + 1000 g ai ha-1) applied POST, to simulate a spray
overlap in the field, resulted in up to 32% corn injury. Hybrid sensitivities were observed from
applications of tolpyralate + atrazine, and injury was associated with various environmental
factors including air temperature at the time of application, time of day, diurnal temperature
fluctuation the day prior to herbicide application, and precipitation during the seven days after
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herbicide application based on regression analyses as variables associated with corn injury
(Metzger et al. 2019b).
Corn injury with HPPD-inhibitors can occur when applied to sensitive hybrids. Previous
research by Metzger et al. (2019) reported some corn hybrids exhibit greater crop sensitivity to
tolpyralate + atrazine (40 + 1000 or 80 + 2000 g ha-1), applied POST at 1 and 2 WAA.
Differences in injury among hybrids was no longer apparent by 4 and 8 WAA and had no impact
on yield. Similarly, increased levels of injury in some sweet corn hybrids was reported with
applications of mesotrione and topramezone (Bollman et al. 2008; O’Sullivan et al. 2002);
however, Soltani et al. (2007) did not observe differences in injury levels among hybrids to
topramezone.
Glyphosate is a widely used broad spectrum herbicide used to control glyphosatesusceptible weeds within a field. In the literature, it has been reported that tankmixes of
commercial glyphosate formulations with additional herbicides may show injury symptoms
(Soltani et al. 2018). Corn injury from applications of 2,4-D was accentuated when co-applied
with glyphosate resulting in a 12% yield loss (Soltani et al. 2018). It is suggested that the
aggressive adjuvant system present in many commercial glyphosate formulations may increase
the uptake of the herbicide tankmix partner resulting in increased levels of crop injury (Soltani et
al. 2018). Ninety-six percent of corn acres in Eastern Canada are seeded to Roundup Ready®
hybrids (M. Reidy, personal communication); therefore, tolpyralate plus atrazine will commonly
be used in a tank-mixture with glyphosate for broad-spectrum weed control.
Corn tolerance to tolpyralate + atrazine and the effect of hybrid, application timing and
rate have been evaluated (Metzger et al. 2019b). However, no studies have specifically evaluated
the effect of co-application of tolpyralate + atrazine with a commercial glyphosate formulation
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on corn injury. Previous research has reported that glyphosate can influence herbicide
characteristics, particularly, increasing levels of crop injury with glyphosate tankmixes,
warranting the investigation of its effects with tolpyralate + atrazine since that will be a common
tankmix. Therefore, the objective of this study was to determine the effect of the addition of a
commercial glyphosate formulation to tolpyralate + atrazine on the tolerance of four field corn
hybrids.

5.3 Materials and Methods
5.3.1

Experimental Methods
Six field trials were conducted over two years (2018, 2019) at the University of Guelph,

Ridgetown Campus, Ridgetown, Ontario and Huron Research Station, Exeter, Ontario, Canada.
Trials were separated spatially and temporally to ensure a range of environmental conditions. At
both locations, trial areas were moldboard plowed in the fall, fertilized according to soil test
results, and cultivated twice in the spring to prepare the seedbed. Trials were kept weed-free with
S-metolachlor/atrazine (2880 g ai ha-1) in 2018 and pendimethalin (1000 g ai ha-1) + atrazine
(500 g ai ha-1) in 2019, applied PRE, with subsequent hand-weeding as required.
The experiment was designed as a two-way factorial: Factor One was herbicide treatment,
composed of seven levels, and Factor Two was corn hybrid, composed of four levels. The trial
was established in the field as a split-block design, with herbicide treatment designated as the
main plot factor and corn hybrid designated as the subplot factor. The herbicide treatments were
arranged in a randomized complete block design. Within the main plots, two rows of each corn
hybrid were seeded and not randomized. Seeding pattern remained uniform across all four
replicates (blocks) at all site-years due to equipment limitations.
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The four corn hybrids used in this study were selected during experimental planning and kept
constant across all six site-years. The hybrids used were: ‘Pioneer P9998AM’ and ‘Pioneer
P9840AM’ (Pioneer Hi-Bred International, Johnston, IA) and ‘Dekalb DKC42-60RIB’ and
‘Dekalb DKC43-47RIB’ (Monsanto, St. Louis, MO). Hybrids were planted at approximately
83500 seeds ha-1, 4-5 cm deep in plots that measured 1.5 m wide (2 rows spaced 75 cm apart for
each hybrid) and 8 and 10 m long at Ridgetown and Exeter, respectively. Herbicide treatments
included the following: glyphosate (1800 g ae ha-1), tolpyralate + atrazine (40 + 2240 g ai ha-1)
and glyphosate + tolpyralate + atrazine (1800 g ae ha-1 + 40 + 2240 g ai ha-1) representing the 1X
rate. Herbicides were also applied at the 2X rate to simulate a spray overlap in the field,
therefore, the second application was made immediately following the first. Methylated seed oil
(MSO Concentrate ®, Loveland Products Inc., Loveland CO) and 28% UAN were added at
0.50% and 2.50% v/v, respectively. Application timing was dependent on crop growth stage and
was made when corn reached the V3 or 5-leaf stage. Herbicide applications were made with a
CO2 pressurized small plot sprayer calibrated to deliver 200 L ha-1. Soil characteristics, planting,
spray, and harvest dates are presented in Table 5.1.
Visible corn injury was assessed at 1, 2, 4 and 8 weeks after application (WAA) and a rating
was assigned to each plot on a percent scale representing average corn injury, with zero
representing no visible corn injury and 100 plant death. At 2 WAA, corn height and stand were
determined. Corn extended leaf height of 10 arbitrarily selected plants in each plot was
measured, the average was recorded. Corn stand was determined by randomly placing a 2 m
measuring stick in the middle of each plot and counting the number of plants on either side of the
measuring stick to calculate the average number of plants per meter of row. At maturity, corn
was harvested using a small-plot research combine, corn grain weight and moisture content were
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recorded. Grain yields were corrected to 15.5% moisture and expressed as tonnes ha-1 before
analysis. Corn height, stand and grain yield was expressed as a percent of the untreated control to
minimize confounding environmental variables across site years by dividing plots by the
corresponding parameter of the hybrid in the untreated control plots.
5.3.2

Statistical Analysis
Data were analyzed in SAS v 9.4 (SAS Institute, Cary, NC) as a two-way factorial using

PROC GLIMMIX. Factor One, Factor Two and the two-way interaction between factors were
designated as fixed effects. Fixed effects were subjected to an F-test to determine the
significance of the factors and their interaction. Random effects were environment, rep within
environment, interaction of environment with each fixed effect, the interaction of both fixed
effects with environment, interaction of each fixed effect with rep (nested within environment),
and the interaction of both fixed effects by environment. A significance value of α=0.05 was
used for all statistical analyses. All site years were combined in analyses. Normality assumptions
that the residuals have a mean of zero, are normally distributed and are homogeneous were tested
by examining studentized-residual scatterplots and the Shapiro-Wilk test, using PROC
UNIVARIATE. All data were fit to a normal distribution with the exception of crop injury at 1
and 2 WAA that were transformed using arcsine square root. Comparisons of main effects were
performed only when the interaction was not significant. Simple effects were analyzed when a
significant interaction was present. Least-square means were used for treatment comparisons and
a letter code was assigned to illustrate statistically significant differences. Corn injury was
observed at only 2 site-years at 8 WAA; therefore, only those datasets were analyzed.
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5.4 Results and Discussion
Variance analysis indicated that the herbicide treatment by hybrid interaction was
significant for corn injury 1 WAA (P=0.0175) and plant height (P=0.0146) (Table 5.2). There
was no significant herbicide treatment by hybrid interaction for visible corn injury 2, 4 and 8
WAA, plant stand or yield (P ≥ 0.5154). Averaged over all hybrids, glyphosate (1800 or 3600 g
ae ha-1) did not result in any corn injury at all evaluation dates.
Within the main effects, herbicide treatment was significant for crop injury at 2 and 4
WAA (P<0.001), however, hybrid was not significant (P ≥ 0.5258) (Table 5.2). At 2 WAA,
tolpyralate + atrazine and glyphosate + tolpyralate + atrazine applied at the 1X rate caused ≤4%
corn injury, however, when applied at the 2X rate, injury increased to 12%. There was no
increase in corn injury when tolpyralate + atrazine was co-applied with glyphosate at 1X or 2X,
results which are in contrast to Armel et al. (2003) who reported that mesotrione (105 g ai ha-1)
caused up to 18% corn injury applied alone and up to 30% when co-applied with glyphosate (560
or 1120 g ae ha-1). Furthermore, the greater injury reported by Armel following the co-applcation
with glyphosate did not result in a yield loss. Similarly, at 4 WAA, 1X treatments caused low
corn injury (≤2%), comparable to 0% injury from glyphosate alone (1800 or 3600 g ae ha-1).
Crop injury appeared as white bleaching on expanded leaves and in the whorl, characteristic of
HPPD-inhibiting herbicides (Metzger et al. 2019b; Grossman and Ehrhardt 2007; Armel et al.
2003). At 8 WAA, the main effects of herbicide treatment (P=0.1718) and hybrid (0.3614) were
not significant. Corn out-grew the herbicide injury observed with up to 24, 12, 6 and 5% corn
injury at 1, 2, 4 and 8 WAA, respectively. At 8 WAA, low corn injury was observed at 2 siteyears, the remaining 4 site-years had 0% and therefore, were excluded from analysis since there
was no variance. At 8 WAA, glyphosate + tolpyralate + atrazine (2X rate) caused 5% corn injury
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which was similar to the 0% injury from glyphosate applications. Metzger et al. (2019b) reported
that tolpyralate + atrazine (40 + 1000 g ai ha-1) (1X rate) caused similar corn injury at 2, 4 and 8
WAA of 9, 4 and 1%, and 31, 18 and 5%, from the 2X rate, respectively. As corn progressed in
developmental stage, injury diminished as new leaves developed, consistent with research by
Armel et al. (2003) that found decreasing injury levels 2 WAA. There were no differences in in
corn stand and yield in this study among herbicide treatments or hybrids. Similarly, Metzger et
al. (2019b) also did not report corn yield losses from tolpyralate + atrazine applied at the 2X rate.
There was a significant herbicide treatment by hybrid interaction for corn injury at 1
WAA (P=0.0175) (Table 5.2). Within herbicide treatments, hybrids responded similarly to
glyphosate, tolpyralate + atrazine, and glyphosate + tolpyralate + atrazine applied at the 1X rate
(Table 5.3). In contrast, hybrid differences were apparent with tolpyralate + atrazine and
glyphosate + tolpyralate + atrazine applied at the 2X rate. In the absence of glyphosate,
P9998AM and P9840AM were more sensitive to tolpyralate + atrazine than DKC42-60RIB and
DKC43-47RIB did not differ from the other three hybrids. When tolpyralate + atrazine was coapplied with glyphosate there was 2-5% more corn injury in P9998AM, P9840AM and DKC4347RIB when compared to DKC42-60RIB. In contrast, research conducted by Metzger et al.
(2019b) used three of the same corn hybrids as in this study and reported DKC42-60RIB and
DKC43-47RIB to be more sensitive than P9840AM at 1 and 2 WAA. All four hybrids used in
this study were not reported to be HPPD inhibitor sensitive, however, based on the results from
this study, it appears there is a small difference in hybrid sensitivity to tolpyralate + atrazine.
Sweet corn hybrids have been reported to have hybrid-specific sensitivities to HPPD-inhibiting
herbicides like mesotrione and topramezone (Bollman et al. 2008; O’Sullivan et al. 2002).
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Within hybrids, P9998AM, P9840AM, DKC42-60RIB and DKC43-47RIB responded
similarly to herbicide treatment (Table 5.3). Tolpyralate + atrazine and glyphosate + tolpyralate
+ atrazine, applied at the 1X rate, caused up to 6 and 8% corn injury, respectively. Tolpyralate +
atrazine and glyphosate + tolpyralate + atrazine, applied at the 2X rate caused greater corn injury
of up to 27%. The more sensitive hybrid, P9998AM, had the greatest crop injury of 27%, there
was 21-25% injury in P9840AM, DKC42-60RIB and DKC43-47RIB. Similarly, at 1 WAA,
Metzger et al. (2019b) reported tolpyralate + atrazine (40 + 1000 g ai ha-1) applied POST to corn
at V1 or V3 cause up to 22% more injury when applied at the 2X compared to 1X rate. Metzger
et al. (2019b) determined injury from tolpyralate + atrazine applied POST could be attributed to
warmer temperatures and wide daily temperature fluctuations 24 h before application based on
stepwise regression analysis. Rainfall following mesotrione applied POST accentuated crop
injury in a study by Armel et al. (2003), however, Metzger et al. (2019b) reported reduced crop
injury from greater cumulative precipitation in the 7 days following application.
There was no further increase in crop injury when tolpyralate + atrazine was co-applied
with glyphosate (Table 5.3). Soltani et al. (2018) reported that the addition of glyphosate (1800 g
ae ha-1) to 2,4-D (560 or 1120 g ae ha-1) accentuated visible corn injury and resulted in yield loss,
however in this study, the addition of glyphosate to tolpyralate + atrazine did not accentuate corn
injury. Increased injury with the addition of a commercial glyphosate formulation was speculated
to be a result of the aggressive adjuvant in glyphosate formulations enhancing the uptake of 2,4D in corn (Soltani et al. 2018). Adjuvants can alter both physical and chemical characteristics of
a spray drop and ultimately enhance herbicidal activity. The addition of MSO to topramezone
significantly increased uptake and translocation in velvetleaf and green foxtail (Zhang et al.
2013). Metzger et al. (2019b) also attributed increased injury levels with a high load of adjuvants
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present from a 2X rate of tolpyralate + atrazine (40 + 1000 g ai ha-1) that caused leaf burn at one
location in 2018. By 8 WAA, no treatment resulted in >5%, which is within commercially
acceptable corn injury levels.
There was an interaction between herbicide treatment and corn hybrid (P=0.0146) for
relative corn height (Table 5.2). Generally, tolpyralate + atrazine and glyphosate + tolpyralate +
atrazine, applied at the 2X rate caused a reduction in corn height, although the response was
different among corn hybrids evaluated (Table 5.4). Consistent with corn injury at 1 WAA, all
hybrids responded similarly to glyphosate (1X or 2X rate), tolpyralate + atrazine (1X rate) and
glyphosate + tolpyralate + atrazine (1X rate). However, tolpyralate + atrazine (2X rate) and
glyphosate + tolpyralate + atrazine (2X rate) reduced P9998AM height up to 11% relative to the
untreated control; P9840AM, DKC42-60RIB, DKC43-47RIB corn height was reduced up to 9, 6
and 4%, respectively. Metzger et al. (2019b) reported that tolpyralate + atrazine (80 + 2000 g ai
ha-1) reduced corn height 4% more than when applied at 40 + 1000 g ai ha-1; consistent with the
trends observed in this study. Within hybrids, P9998AM and P9840AM responded similarly to
herbicide treatments; height was reduced 8-11% relative to the nontreated control, from 2X
tolpyralate + atrazine and glyphosate + tolpyralate + atrazine. The herbicide treatments evaluated
did not decrease DKC42-60RIB corn height, this was also the least sensitive hybrid based on
corn injury 1 WAA. DKC43-47RIB responded similar to DKC42-60RIB with one exception,
tolpyralate + atrazine (2X rate) reduced corn height 7% relative to the untreated control.

5.5 Conclusion
Overall, this research furthers our understanding of corn tolerance to tolpyralate +
atrazine, applied alone and when co-applied with a commercial glyphosate formulation.
Glyphosate will commonly be used as a tankmix partner with tolpyralate + atrazine to provide
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broad spectrum control of susceptible weeds emerged at the time of application. The hybrids
used in this study were not known to be sensitive to HPPD-inhibiting herbicides, however,
P9998AM and P9840AM appear to exhibit slightly greater sensitivity compared to DKC4260RIB and DKC43-47RIB following an application of tolpyralate + atrazine or glyphosate +
tolpyralate + atrazine at the 2X rate (Table 5.2 and 5.3). Differences among corn hybrid
sensitivity to tolpyralate + atrazine was transient, with differences in corn injury at 1 WAA, but
all four hybrids had similar injury at 2, 4 and 8 WAA with no impact on final yield (Table 5.2).
Generally, corn injury was greater when tolpyralate + atrazine or glyphosate tolpyralate +
atrazine was applied at the 2X rate, regardless of hybrid (Table 5.2). The addition of glyphosate
to tolpyralate + atrazine did not increase corn injury at 1, 2, 4 or 8 WAA and did not have an
effect on corn height, stand or yield. The results of this study showed that the co-application of
tolpyralate + atrazine with a commercial glyphosate formulation does not accentuate crop injury
and had no effect on corn height, stand or yield on the four hybrids used in the study.

151

Table 5.1 Planting dates, spray dates, harvest dates, and soil characteristics for six field trials conducted near Ridgetown and Exeter,

ON in 2018 and 2019.
Year

Trial c

Planting
date

Spray date

Harvest date

Sand

Silt

2018

T1
T2
T3
T4
T5
T6

May 25
May 8
May 11
June 4
June 10
June 9

June 15
June 2
June 1
June 27
June 28
June 27

Oct. 29
Nov. 8
Oct. 20
Oct. 28
Nov. 4
Oct. 29

45
29
37
41
39
36

28
34
37
40
41
39

Soil Characteristics b
Clay
OM a

pH

%

2019

a

27
37
26
19
20
25

Abbreviation: OM, organic matter
Average within trial site
c
T1, T2, T4, T5 represents trials conducted at Ridgetown; T3 and T6 represents studies conducted at Exeter.
b
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4.5
4.0
3.2
4.9
4.6
3.9

6.3
6.9
7.7
6.2
6.2
7.9

Table 5.2 Significance of main effects and their interaction for percent visible crop injury at 1, 2, 4 and 8 WAAa, and corn height, stand

and yield, relative to the untreated control plots within replications, from six field studies located near Ridgetown and Exeter, ON,
Canada in 2018 and 2019b.
Assessment parameter
Visible crop injury (%)
Main effects

1 WAA

2 WAA

4 WAA

8 WAA

Relative
plant height

Relative
stand

Relative
yield

Glyphosate (1X)

0

0c

0c

0a

100

99a

102a

Tolpyralate + atrazine (1X)

5

2b

2bc

0a

99

99a

101a

Glyphosate + tolpyralate + atrazine (1X)

7

4b

2bc

0a

97

98a

97a

Glyphosate (2X)

0

0c

0c

0a

101

99a

101a

Tolpyralate + atrazine (2X)

24

11a

6a

3a

93

98a

99a

Glyphosate + tolpyralate + atrazine (2X)

24

12a

5ab

5a

92

99a

100a

<0.0001

<0.0001

0.0001

0.1718

0.0020

0.2228

0.1186

P9998AM

7

4a

3a

2a

96

97a

99a

P9840AM

7

3a

2a

2a

97

99a

101a

DKC42-60RIB

6

3a

2a

1a

99

101a

100a

DKC43-47RIB

6

3a

3a

1a

97

98a

100a

0.0296

0.5258

0.6992

0.3614

0.2314

0.6530

0.9589

0.0175

0.6773

0.5435

0.9024

0.0146

0.5154

0.5542

Herbicide treatment

Herbicide treatment P-value
Corn Hybrids

Hybrid P-value
Interaction
Herbicide treatment*hybrid P-value
a

Abbreviation: WAA, weeks after application
Means within main effects followed by a different letter within a column are significantly different according to Tukey-Kramer
multiple range test (α=0.05).
c
Plant height, stand and yield are expressed as a percent, relative to the untreated control plots within replications.
b
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Table 5.3 The influence of glyphosate plus tolpyralate plus atrazine and hybrid on corn injury 1 WAAa from six field studies conducted

in Ridgetown, ON and Exeter, ON in 2018 and 2019b.
Herbicide Treatment

P9998AM

Glyphosate (1X)
Tolpyralate + atrazine (1X)
Glyphosate + tolpyralate + atrazine (1X)

0cZ
6bZ
8bZ

Hybrid
P9840AM
DKC42-60RIB
Visible injury at 1 WAA (%)
0cZ
0cZ
5bZ
4bZ
8bZ
6bZ

Glyphosate (2X)
Tolpyralate + atrazine (2X)
Glyphosate + tolpyralate + atrazine (2X)

0cZ
27aY
27aY

0cZ
25aY
23aY

a

0cZ
21aZ
21aZ

DKC43-47RIB
0cZ
4bZ
6bZ
0cZ
22aYZ
24aY

Abbreviation: WAA, weeks after application
Means within column followed by the same lowercase letter, or means within row followed by the same uppercase letter, are not
statistically different according to Tukey Kramer’s LSD (P=0.05).
b
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Table 5.4 The influence of glyphosate plus tolpyralate plus atrazine and hybrid on corn height from six field studies conducted in

Ridgetown, ON and Exeter, ON in 2018 and 2019b.
Herbicide Treatment

P9998AM

Glyphosate (1X)
Tolpyralate + atrazine (1X)
Glyphosate + tolpyralate + atrazine (1X)

101aZ
99aZ
97abZ

Hybrid
P9840AM
DKC42-60RIB
Relative plant heighta (%)
101aZ
101aZ
99abZ
101aZ
96abZ
99aZ

Glyphosate (2X)
Tolpyralate + atrazine (2X)
Glyphosate + tolpyralate + atrazine (2X)

101aZ
90bZ
89bZ

102aZ
92bYZ
91bYZ

a

102aZ
95aY
94aY

DKC43-47RIB
99aZ
98aZ
98aZ
102aZ
93bYZ
95aY

Corn height was expressed as a percent relative to the corresponding untreated control plot within replication.
Means within column followed by the same lowercase letter, or means within row followed by the same uppercase letter, are not
statistically different according to Tukey Kramer’s LSD (P=0.05).
b
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6 Chapter 6: Discussion
6.1 Contributions
This MSc research program consisted of six field studies to discover new knowledge on
tolpyralate + atrazine in respect to weed control efficacy and corn tolerance. The importance of
adjuvants (MSO, UAN) with tolpyralate + atrazine and the influence of glyphosate tank mixtures
was evaluated in three separate studies for control of common annual grass and broadleaf
species, GR Canada fleabane, and GR waterhemp. In a separate study residual activity of
tolpyralate and tolpyralate + atrazine, applied PRE, for control of GR Canada fleabane was
explored. The tolerance of four commonly used corn hybrids to tolpyralate + atrazine, applied
with and without glyphosate was determined. The final study evaluated the influence of time-ofday (TOD) of application of tolpyralate + atrazine for control of several annual grass and
broadleaf weed species was identified. The new knowledge discovered from this research will
help weed management practitioners optimize the use of tolpyralate + atrazine for weed
management in corn.
Adjuvants play an important role in optimizing herbicide efficacy. In the absence of an
adjuvant, tolpyralate + atrazine did not provide adequate control of all the weed species
evaluated in three distinct studies in this MSc program. Tolpyralate + atrazine + MSO provided
optimal control of common annual grass and broadleaf weeds; the addition of UAN to MSO did
not improve weed control, nor was it an effective adjuvant applied alone. When tolpyralate +
atrazine was co-applied with Roundup Weathermax®, there was no further increase in weed
control from the addition of adjuvants. Corn yield was the greatest when tolpyralate + atrazine
was applied with MSO as the adjuvant. In contrast, when tolpyralate + atrazine was co-applied
with glyphosate there was no improvement in corn yield with the addition of an adjuvant.
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The impact of the addition of adjuvants to tolpyralate + atrazine, with and without
glyphosate, on GR Canada fleabane and GR waterhemp control was evaluated. Based on results
from these studies, control of both species at 2 and 4 WAA was influenced by the addition of an
adjuvant; GR Canada fleabane and GR waterhemp control was optimized with the addition of
MSO. At 4 WAA, in the presence of glyphosate, the addition of MSO to tolpyralate + atrazine
increased control of GR waterhemp 9%; however, there was no increase in GR Canada fleabane
control from the addition of adjuvant. Generally, GR Canada fleabane and GR waterhemp
control with tolpyralate + atrazine was improved when co-applied with Roundup Weathermax®.
At 8 WAA, tolpyralate + atrazine controlled GR Canada fleabane and GR waterhemp ≥80% and
≥89%, respectively. There was no impact of adjuvant selection GR Canada fleabane and GR
waterhemp interference on corn yield.
Tolpyralate + atrazine provides residual control of GR Canada fleabane. The extended
emergence pattern of GR Canada fleabane necessitates the use of an herbicide with residual
activity to control late emerging GR Canada fleabane cohorts through the critical weed-free
period. Prior knowledge of the residual activity of tolpyralate + atrazine for the control of GR
Canada fleabane was limited. Results of this research concluded that tolpyralate (40 g ha-1),
tolpyralate (30 g ha-1) + atrazine (560 g ha-1) and tolpyralate (40 g ha-1) + atrazine (560 g ha-1),
applied PRE, provided similar residual control of GR Canada fleabane as current industry
standards at 8 WAA.
The effect of TOD on tolpyralate + atrazine weed control efficacy was evaluated in this
research program. Tolpyralate + atrazine provided excellent, consistent weed control regardless
of TOD at 2, 4 and 8 WAA. Velvetleaf, pigweed and common ragweed exhibited a slight
quadratic TOD response, however the magnitude of change throughout the day was ≤3%. At 8
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WAA, all species were controlled ≥88%. The knowledge gained from this research is useful to
farmers because tolpyralate + atrazine can be applied throughout the day with no weed control
penalty.
While herbicides must provide acceptable weed control, the success of herbicides is
influenced by the margin of crop safety. Applied according to label directions at V3 corn,
tolpyralate + atrazine caused the highest level of corn injury when applied at the 2X rate alone
and when or co-applied with glyphosate at 1 WAA. There were slight differences in corn injury
and height among the four hybrids evaluated when tolpyralate was applied at the 2X rate. There
was no increase in corn injury when tolpyralate + atrazine was co-applied with a commercial
glyphosate formulation and yield was not impacted. Results of this study conclude that there is a
wide margin of corn safety with tolpyralate + atrazine applied alone and in combination with a
commercial formulation of glyphosate.

6.2 Limitations
All studies underwent extensive consideration and planning prior to initiation of this
research. Reflecting on limitations of the research allows for continual improvement to produce
high quality and reliable data.
The objective of the TOD study was to evaluate the effect of TOD of tolpyralate +
atrazine for the control of several common annual grass and broadleaf and grass weeds. An
application was made at three hour intervals from 06:00 to 24:00, for a total of seven treatments.
Though a large portion of the day was represented within those application timings, 03:00 h
could have been included to cover the entire day since TOD was the primary objective. The lack
of TOD response would suggest that there would be no difference in weed control level at 03:00
h, however, this was not evaluated.
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Determining the residual activity of tolpyralate and tolpyralate + atrazine was exploratory
research based on observations from previous field studies. Although the competitive ability of
corn with weeds is minimal during early stages of crop development, as corn growth stage and
canopy closure progressed, it potentially outcompeted the second flush of GR Canada fleabane
seedlings. By the time the second flush of GR Canada fleabane emerged, much of the canopy
was closed. Additionally, by targeting applications after corn was planted (PRE), often a delay in
planting resulted in the absence of a second flush of GR Canada fleabane emerging. To fully test
the residual activity of tolpyralate, it would be better explored in a non-crop environment. By
doing so, emergence of GR Canada fleabane would not be impacted by crop canopy
development or competition for nutrients, moisture and light. Additionally, by targeting
tolpyralate + atrazine applications after corn was planted, this delay in application may have
reduced the number of GR Canada fleabane that emerged after herbicide application.
The corn tolerance field trial was designed to evaluate two factors: corn hybrid and the
addition of glyphosate to tolpyralate + atrazine (herbicide treatment). All herbicide treatments
were randomized throughout the experiment, however, corn hybrid was not randomized and
remained in the same order throughout the trial and all locations. The inability to randomized
corn hybrid was considered during analysis, however, it is possible that there was some
variability that not fully explained.

6.3 Future Research
A substantial amount of new information was discovered on the fit of tolpyralate +
atrazine for weed control in corn in Ontario, however, there are still areas for future research.
The adjuvants evaluated in this study were MSO and UAN because those are recommended on
the tolpyralate label. The research completed demonstrated the impact of adjuvants on weed
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control efficacy with tolpyralate + atrazine. Future studies should evaluate a range of adjuvants
with tolpyralate + atrazine to determine which adjuvant optimizes weed control efficacy with
tolpyralate + atrazine. This would provide farmers with information on the best adjuvant to
achieve consistent control of a range of weed species under differing environmental conditions.
Currently, tolpyralate is only registered for use in corn, however, there may be
opportunity to expand the label. In Canada, there are three herbicide options for control of GR
Canada fleabane in winter wheat. Infinity is commonly used in wheat, composed of
pyrasulfotole, an HPPD-inhibitor herbicide, and bromoxynil, a PSII-inhibiting herbicide. There
is potential for tolpyralate plus a PSII-inhibiting herbicide, like bromoxynil or bentazon, to be
successful for the control of GR Canada fleabane in wheat; similar to Infinity. Both bentazon and
bromoxynil are safe to use on winter wheat. This would be an effective tankmix because of the
complementary activity between HPPD- and PSII-inhibitor herbicides. The PSII inhibitors
increase the production of reactive oxygen species (ROS) while HPPD-inhibitors reduce
production of plastoquinone (PQ), tocopherols and carotenoids responsible for quenching ROS
and protecting photosynthetic material from damage. Additionally, HPPD-inhibiting herbicides
decrease the production of PQ, allowing atrazine to bind more efficiently in place of PQ on the
D1 protein. Tolpyralate + a PS II-inhibiting herbicide provides excellent control of GR Canada
fleabane in corn and expanding its use to winter wheat would provide winter wheat producers
another effective weed management option.
In all the studies completed in this research, tolpyralate was tankmixed with atrazine as
recommended on the label. Atrazine is a widely used corn herbicide, however, there are other
herbicides which increase ROS in the plant and may provide the same complementary activity
with tolpyralate such as bromoxynil, bentazon, glufosinate, metribuzin and linuron. Although not

160

a PSII-inhibiting herbicide, glufosinate increases production of ROS in the plant by stopping the
production of glutamine in the plant. Since HPPD-inhibitors reduce the plants ability to quench
ROS, possibly glufosinate also has complementary activity with tolpyralate. Identifying
additional efficacious tankmix partners will be of great benefit to corn producers in areas where
there are restrictions on the use of atrazine.
Previous research has evaluated the biologically effective dose of tolpyralate for several
weed species and the increase in control gained from the addition of atrazine. However, the
effective rate of atrazine with tolpyralate has not been explored. The lowest rate of atrazine listed
on the tolpyralate label is 560 g ai ha-1 compared to mesotrione with a recommended atrazine
rate of 280 g ai ha-1. The lowest effective rate of atrazine when tankmixed with tolpyralate
should be explored on a range of weed species, particularly the Polygonum spp. as they are
harder to control. Characterizing the interaction between tolpyralate and atrazine as antagonistic,
additive or synergistic would be useful in identifying the appropriate atrazine rate for optimal
weed control.
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8 Chapter 8: Appendix- SAS Coding
8.1 Code for Chapter 1 (Study 1 and 2) and Chapter 2- Factorial Analysis
data first;
set data2019.AdjuvantsData;
**Use following adjustment for arcsine square root trans;
title2 'Control (arcsine square root transformation)';
depend1=(*insert species*);
if depend1=100 then depend1=100-0.01;
if depend1=0 then depend1=0+0.01;
depend2=depend1/100;
depend=arsin(sqrt(depend2));
run;
title'Control +/- adjuvants';
proc glimmix data=first nobound;
class site rep glyph tolp;
model depend=glyph tolp glyph*tolp / dist=normal link=id;
random site site*glyph site*tolp site*glyph*tolp rep(site);
covtest 'site=0' 0 . . . . .;
covtest 'site*glpyh=0' . 0 . . . .;
covtest 'site*tolp=0' . . 0 . . .;
covtest 'site*glyph*tolp=0' . . . 0 . . ;
covtest 'rep(site)=0' . . . . 0 . ;
lsmeans glyph tolp glyph*tolp / pdiff slicediff=glyph slicediff=tolp
adjust=tukey lines ilink;
output out=second predicted=pred residual=resid residual(noblup)=mresid
student=studentresid student(noblup)=smresid;
ods output lsmeans=third;
run;
**Linearity
proc sgplot
proc sgplot
proc sgplot
proc sgplot

of fixed effects with scatter and boxplots;
data=second; scatter y=studentresid x=glyph; refline 0;
data=second; vbox studentresid / group=glyph datalabel;
data=second; scatter y=studentresid x=tolp; refline 0;
data=second; vbox studentresid / group=tolp datalabel;

**Homogeneity of effects;
proc sgscatter;
plot studentresid*(pred glyph tolp rep);
run;
**Normality plot and Shapiro-Wilk for normal distribution;
proc univariate normal plot data=second;
var studentresid;
histogram studentresid/normal kernel;
run;
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**Back transformation of arcsine-square root transformed data;
data btarcdata;
set third;
btlsmean=sin(estimate)*sin(estimate)*100-0.01;
run;
proc print data=btarcdata;
var glyph tolp btlsmean;
run;

8.2 Code for Chapter 1 (Study 3) -GLIMMIX Analysis
Data first;
Input env$ rep trt cont14 cont28 cont56 density biomass yield;
**For control;
if trt=1 then delete;
if trt=2 then delete;
datalines;
(*insert data*)
;
run;
title 'Control ';
proc sort data=first;
by env trt rep;
run;
data Fleabane; set first;
**Use following adjustment for arcsine square root trans;
title2 'cont56 (arcsine square root transformation)';
depend1=cont56;
if depend1=100 then depend1=100-0.01;
if depend1=0 then depend1=0+0.01;
depend2=depend1/100;
depend=arsin(sqrt(depend2));
proc glimmix data= Fleabane;
**use when dist=lognormal- density and biomass
depend=cont14+1;
class env trt rep;
model depend=trt/ dist= link= ;
random env rep(env) env*trt;
covtest "env=0" 0 . . ./estimates wald restart;
covtest "rep=0" . 0 . ./estimates wald restart;
covtest "env*rep=0" . . 0 ./estimates wald restart;
lsmeans trt/pdiff adjust=tukey lines ilink;
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output out=second student=studentresid residual=resid predicted=pred
residual(noblup)=mresid student(noblup)=smresid;
ods output lsmeans= third;
run;
**Linearity of fixed effects with scatter and boxplots;
proc sgplot data=second; scatter y=studentresid x=trt; refline 0;
proc sgplot data=second; vbox studentresid / group=trt datalabel; run;
**Homogeneity of effects;
proc sgscatter data=second;
plot studentresid*(pred env trt rep);
run;
**Normality plot and Shapiro-Wilk for normal distribution;
proc univariate normal plot data=second;
var studentresid;
histogram studentresid/normal kernel;
run;
**Back transformation of arcsine-square root transformed data;
data btarcdata;
set third;
btlsmean=sin(estimate)*sin(estimate)*100-0.01;
run;
proc print data=btarcdata;
var trt btlsmean;
run;
*/back transformation of data from log;
data btdata;
set combined;
fred=dev*dev/2;
omega=exp(stderr*stderr);
btlsmean=exp(estimate+fred)-1;
btvar=exp(2*estimate)*omega*(omega-1);
btse_mean=sqrt(btvar);
run;
proc print data=btdata;
var glyph tolp btlsmean btse_mean;
run;
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8.3 Code for Chapter 4- GLIMMIX/Regression
data first;
set data2019.TODData;
(*insert data*)
*depend=(*insert species*);
title'Control';
if trt<3 then delete;
title2 'cont (arcsine square root transformation)';
depend1=(*insert species*);
if depend1=100 then depend1=100-0.01;
if depend1=0 then depend1=0+0.01;
depend2=depend1/100;
depend=arsin(sqrt(depend2));
run;
proc glimmix data=first nobound;
x = time;
class site time rep;
model depend=x x*x /solution dist=lognormal link=identity;
random site rep(site) site*time;
parms ()()()();
covtest "site=0" 0 . . ./estimates wald restart;
covtest "rep(site)=0" . 0 . ./estimates wald restart;
covtest "site*time=0" . . 0 ./estimates wald restart;
output out=second student=studentresid residual=resid predicted=pred
residual(noblup)=mresid student(noblup)=smresid;
run;
Proc corr data=second;
var pred depend;
Run;
**Linearity of fixed effects with scatter and boxplots;
proc sgplot data=second; scatter y=studentresid x=time; refline 0;
proc sgplot data=second; vbox studentresid / group=time datalabel; run;
**Homogeneity of effects;
proc sgscatter data=second;
plot studentresid*(pred site time rep);
run;
**Normality plot and Shapiro-Wilk for normal distribution;
proc univariate normal plot data=second;
var studentresid;
histogram studentresid/normal kernel;
run;
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8.4 Code for Chapter 5 - Factorial Analysis
data first;
set data2019.ToleranceData;
(*insert data*)
title1'injury';
if herbtrt=0 then delete;
title2 'Injury (arcsine square root transformation)';
depend1=inj56;
if depend1=100 then depend1=100-0.01;
if depend1=0 then depend1=0+0.01;
depend2=depend1/100;
depend=arsin(sqrt(depend2));
run;
proc glimmix data=first nobound;
class site herbtrt hybrid rep;
model depend=herbtrt|hybrid / ddfm=kr dist=normal link=identity;
random site rep(site) herbtrt*rep(site) herbtrt*site hybrid*site
hybrid*rep(site) hybrid*herbtrt*site;
covtest "site=0" 0 . . . . . . ;
covtest "rep(site)=0" . 0 . . . . . ;
covtest "rep(site)*herbtrt=0" . . 0 . . . . ;
covtest "herbtrt*site=0". . . 0 . . .;
covtest "hybrid*site=0" . . . . 0 . . ;
covtest "hybrid*rep(site)=0" . . . . . 0 . ;
covtest "hybrid*herbtrt*site=0" . . . . . . 0 ;
lsmeans herbtrt|hybrid/pdiff slicediff=herbtrt slicediff=hybrid adjust=tukey
lines ilink;
output out=second student=studentresid residual=resid predicted=pred
residual(noblup)=mresid student(noblup)=smresid;
ods output lsmeans=third;
run;
**Linearity of fixed effects with scatter and boxplots;
proc sgplot data=second; scatter y=studentresid x=herbtrt; refline 0;
proc sgplot data=second; vbox studentresid / group=herbtrt datalabel; run;
**Linearity of fixed effects with scatter and boxplots;
proc sgplot data=second; scatter y=studentresid x=hybrid; refline 0;
proc sgplot data=second; vbox studentresid / group=hybrid datalabel; run;
**Homogeneity of effects;
proc sgscatter;
plot studentresid*(pred site herbtrt hybrid rep);
run;
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**Normality plot and Shapiro-Wilk for normal distribution;
proc univariate normal plot data=second;
var studentresid;
histogram studentresid/normal kernel;
run;
**Back transformation of arcsine-square root transformed data;
data btarcdata;
set third;
btlsmean=sin(estimate)*sin(estimate)*100-0.01;
run;
proc print data=btarcdata;
var hybrid herbtrt btlsmean;
run;
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