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ABSTRACT 

ANNUAL WEED CONTROL IN ISOXAFLUTOLE-RESISTANT SOYBEAN 
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Advisors: 

Dr. Peter Sikkema 

Dr. Darren Robinson 

Thirty field trials were conducted over a two-year period (2017 and 2018) at five 

locations to evaluate the interactions of three rates of isoxaflutole + metribuzin, the efficacy of 

one-, two-, and three-way herbicide tank-mixtures, and one- and two-pass herbicide programs on 

ten annual broadleaf and grass weed species in isoxaflutole-resistant soybean. The co-application 

of isoxaflutole + metribuzin provided similar or greater control of all weed species compared to 

the herbicides applied alone. Isoxaflutole + metribuzin had additive or synergistic control of 

weed species evaluated. The addition of a soil applied grass herbicide to isoxaflutole + 

metribuzin did not improve weed control compared to isoxaflutole + metribuzin. Isoxaflutole + 

metribuzin followed by glyphosate provided 98-100% control of weed species evaluated. Weed 

control efficacy of herbicides applied preemergence was influenced by rainfall after application. 

Annual weeds can be effectively controlled in isoxaflutole-resistant soybean using multiple 

different weed management strategies.   
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Chapter 1. Literature Review  

1.1  Weed Management in Soybean: Need for Isoxaflutole-Resistant Soybean  

1.1.1 Weed Interference 

Weed interference is detrimental to the yield and quality of soybean. Globally, 37% of 

total soybean yield is at risk due to competition from weeds (Oerke 2006). If weeds are not 

controlled in soybean they would cause an average of 52% yield loss or 4.4x10
7
 metric tonnes or 

US$16.5 billion within North America annually (Soltani et al. 2017). Soybean yield loss due to 

weed interference is primarily due to competition for essential resources which negatively affects 

biomass accumulation rate, individual seed growth rate and the seed filling period (Van Roekel 

et al. 2015). The yield component affected most by this competition is number of pods m
-2

, 

which can be reduced by up to 64% (Van Acker et al. 1993a). When weeds compete with 

soybean during the R3 developmental phase, the crop will allocate photosynthate to filling the 

seed pods established early as opposed to creating new pods and expanding yield potential (Van 

Acker et al. 1993a). Weeds can serve as an alternate host for insect and disease pests that can 

contribute to yield reduction (Capinera 2005). Additionally, the presence of weeds lowers the 

red-to-far-red (R:FR) ratio, which when absorbed by soybean can trigger a chain of events 

causing an accumulation of reactive oxygen species resulting in a physiological cost to root and 

shoot growth and ultimately leading to a yield reduction (Afifi and Swanton 2011; Afifi and 

Swanton 2012). Soybean quality can be reduced by weed interference due to weed seed 

contamination within harvested grain. The presence of large weeds at harvest reduces harvest 

efficiency and can result in increased combine maintenance costs as the actively growing plant 

tissue is taxing on the equipment used. Weeds should be controlled to reduce losses in soybean 

yield and quality.  
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1.1.2 Critical Weed-Free Period 

The impact of weed interference changes throughout soybean development; therefore the 

critical weed-free period (CWFP) has been established as a guideline to prevent yield loss. The 

CWFP can be defined as a duration of time during the development of a crop when it must be 

weed-free to prevent yield loss. The CWFP identifies when weed control measures should be 

implemented. The CWFP in soybean is influenced by a number of factors including weed 

species composition, weed density, relative time of weed and crop emergence, weather 

conditions and soil characteristics (Hall et al. 1992). To prevent a soybean yield loss of greater 

than 2.5% in Ontario, the CWFP is from emergence to the V4 developmental stage, which occurs 

approximately 30 days after emergence (Van Acker et al. 1993b). Alternatively, to prevent a 5% 

yield loss in soybean, the CWFP has been reported to be V2 to V3, or approximately 11 to 19 

days after emergence (Van Acker et al. 1993b). Differing agricultural practices can have an 

impact on the CWFP. No-till soybean has been reported to have a longer CWFP compared to 

conventional tilled soybean, which occurred from V2 to R1 (Halford et al. 2001). Increasing 

soybean row spacing from 19 to 38 to 76 cm increased the CWFP from emergence to V1, V2, 

and V4, respectively (Knezevic et al. 2003). Green-Tracewicz et al. (2012) identified that 

soybean should be free of weeds from V1-V3 due to low R: FR ratio which caused a cascade of 

effects ultimately resulting in a reduction in yield. Maintaining soybean weed-free during the 

CWFP prevents yield loss due to weed interference.  
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1.1.3 Weed Species Competition 

Weed species differ in their competitiveness in soybean. Models, such as the Cousens’ 

hyperbolic model, have been developed that estimate crop yield loss from individual weed 

species. The Cousens model estimates crop yield loss based on weed density that allows for 

comparisons among weed species (Cousens 1985). By using this model, maximum yield loss 

potential can be determined at weed populations reaching infinity for independent species. For 

example, green foxtail (Setaria viridis (L.) Beauv.) is estimated to cause a yield loss of up to 

80% when large populations are present among soybean (Weaver 2001). Other species such as 

common ragweed (Ambrosia artemisiifolia L.), common lambsquarters (Chenopodium album 

L.), common cocklebur (Xanthium strumarium L.), velvetleaf (Abutilon theophrasti Medik.), and 

jimsonweed (Datura stramonium L.) caused yield losses up to 75% at high densities (Weaver 

2001; Weaver 1991). Other species such as redroot pigweed (Amaranthus retroflexus L.) and 

purple nutsedge (Cyperus rotundus L.) are not as competitive, as the estimated maximum yield 

losses at large populations are 45% and 32%, respectively (Dieleman et al. 1995; Das et al. 

2014). The competitive indices of weed species can be used to estimate potential soybean yield 

loss.  

1.1.4 Integrated Weed Management 

Integrated weed management (IWM), or the use of multiple weed management tactics, is 

a fundamental aspect of profitable crop production while maintaining environmental 

stewardship. IWM incorporates a variety of methods of weed control that may include 

mechanical, cultural, biological and chemical to prevent weed competition within a crop (Harker 

and O’Donovan 2013). The basic principles of IWM include suppressing the growth of weeds, 
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preventing weed seed production, reducing the weed seed reserves in the soil and preventing the 

spread of weeds (Sanyal et al. 2008). In general, IWM requires scouting each field for weed 

species and density present. Through the use of economic thresholds of weeds and knowledge of 

the CWFP, weed control measures are implemented to maximize farm profitability and minimize 

environmental impact (Weaver 1991; Van Acker et al. 1993b). This strategy prevents unneeded 

weed control measures if yield will not be affected by weed pressure and helps farmers limit the 

use of herbicides to be more ecologically responsible (Swanton et al. 1991). IWM promotes 

sustainable weed management strategies while minimizing the ecological impact of weed 

management practices.  

1.1.5 Mechanical Weed Control 

Mechanical weed control is one component of an IWM strategy that may be 

implemented. Conventional tillage consists of the use of both primary and secondary tillage 

equipment. Primary tillage equipment such as the moldboard or chisel plow is used to invert or 

loosen the soil which may bury weed weeds and uproot emerged weed seedlings. Primary tillage 

is usually followed by shallower, secondary tillage to prepare a smooth seed bed that is free of 

weeds for planting. Soil is completely inverted with the use of conventional tillage, therefore 

weed species rely on a sizeable, and persistent weed seedbank within the soil to regenerate 

(Clements et al. 1996). Seeds from many weed species can remain viable within the soil for 

many years; these seeds may germinate and emerge when they reach a suitable depth in the soil 

(Ball 1992). For example, common lambsquarters seeds can remain viable in the soil for up to 39 

years (Toole and Brown 1946). In contrast, conservation tillage practices are usually less 

intensive and shallow compared to conventional tillage, and maintains at least 30% of residue on 
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the surface, thus the weed seed bank remains near the surface where germination is possible. 

Through the use of appropriate weed management practices, weed pressure can be reduced with 

conservation tillage (CTIC 1998; Cardina et al. 1991). After 4-10 years of conservation tillage 

practices the soil seedbank will attain equilibrium, as seeds within the first layer of the soil that 

were present for many years will have emerged reducing the weed pressure to only those that 

remain from the previous few years (Gebhardt et al. 1985). Weed species composition and 

density can shift based on tillage practices used. Conservation tillage techniques have limited 

control on established, perennial weed populations with extensive root systems as the roots 

remain undisturbed from cultivation (Buhler et al. 1994). However annual weeds are typically 

removed with tillage, limiting the number that set seed thus preventing additional seed from 

entering the soil seed bank (Buhler et al. 1994). The strategic use of tillage as one component of 

an IWM program can be an effective means of controlling weeds.  

1.1.6 Cultural Weed Control  

Cultural practices that have an effect on weeds include plant population, row spacing, the 

use of cover crops, and crop rotation. At low soybean populations more weed biomass is 

typically present within a field, this occurs due to a delay in canopy closure (Harder et al. 2007). 

In this regard, canopy closure can be used as a component of an IWM program to suppress 

weeds through altered row widths in soybean. Traditionally, soybean is seeded in rows spaced 76 

cm apart; however, decreasing the row width can result in quicker canopy closure, thereby 

reducing weed competition (Harder et al. 2007). For example, at 25 cm row spacing, canopy 

closure can occur up to 29 days earlier compared to 76 cm rows (Wax and Pendleton 1968).  
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Another cultural practice is the use of cover crops, which have benefits that may include 

reduced soil erosion, sequestration of nutrients, reduced soil compaction, increased soil organic 

matter, improved soil structure, and in addition it can also be used as a weed management tool by 

outcompeting and suppressing weed species (OMAFRA 2001). For example, an inter-seeded 

cover crop 3 weeks after sowing soybean reduced weed density by 59% (Uchino et al. 2009). A 

wheat cover crop established after corn harvest in the fall and terminated before planting soybean 

in the spring reduced redroot pigweed and common lambsquarters biomass midseason by 66% 

and 94%, respectively, but had no effect on late season weed biomass of either species 

(Gallagher et al. 2003).  

The cultural practice of crop rotation has many benefits including reduced disease and 

insect pressure, less nutrient inputs, improved soil heath and reduction in weed pressure; these 

benefits have led to 10-15% higher yields (Crookston et al. 1991; Gaudin et al. 2015). The 

utilization of crops with different life cycles allow for different times of seedbed preparation, 

planting dates, and harvest dates which provides an opportunity to control weed species with 

contrasting life cycles. However, agronomic practices initially meant to benefit a cultivated crop 

may also promote closely related weed species which have similar growth requirements 

(Liebman and Dyck 1993). This is undesirable as it is extremely difficult to control without 

injuring or killing the crop, however by planting a different crop the following growing season, 

control measures can be taken. Crop rotation also provides the opportunity to use herbicides with 

many different modes of action associated with each crop which provides the opportunity to 

address different weed species. Cultural practices used within an IWM program can contribute to 

a sustainable weed management program in soybean production.   
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1.1.7 Biological Weed Control 

Biological weed control uses insect and disease pests to help suppress weed populations. 

Biological weed control has been most successful on introduced weeds in non-cropped areas; 

however, there are also applications in agricultural production systems. Species that threaten 

ecosystems often arise when non-native or invasive species are introduced to a new geographical 

location without natural pests, and eventually outcompete the native species for resources. For 

example, purple loosestrife (Lythrum salicaria L.) was introduced to North America in the early 

1800s from Europe and Asia. It rapidly spread across the continent and started to outcompete 

native plants for habitat. In 1992, purple loosestrife was successfully controlled by introducing 

insects from the Neogalerucella spp. family (Ontario Invasive Plant Council 2016). Some 

species of weeds have been controlled by pathogens including common lambsquarters which has 

been controlled by an isolated phytotoxin from Ascochyta caulina (Scheepens et al.1997). 

Biological control of weeds has not gained widespread popularity in agriculture due to the 

inefficiencies and economical risk compared to more effective means of control.   

1.1.8 Chemical Weed Control 

Chemical weed control with herbicides is the most common form of weed control in 

soybean in North America. This method of weed control is popular among soybean producers 

because of excellent efficacy, low cost, ease of application, minimal labour requirements and 

wide margin of crop safety. The use of herbicides has contributed to the increase in no-till 

practices which reduces soil erosion and increases soil health. The correct herbicide for each 

individual field depends on tillage practices, weed species composition, weed size, weed density, 

stage of crop growth, soil characteristics, application timing and environmental conditions.  
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Herbicide application timing is an important component of weed management in 

soybean. Broad-spectrum, non-residual herbicides such as glyphosate can be applied before 

soybean is planted to control any emerged weeds; this practice is referred to as burndown. These 

herbicides are effective on a wide array of weed species and will not cause injury to soybean 

seeded shortly after herbicide application. Preplant broadleaf herbicides in soybean in Ontario 

include saflufenacil or chlorimuron-ethyl; these herbicides are applied to emerged vegetation 

prior to seeding and provide varying lengths of residual weed control (OMAFRA 2016). Some 

herbicides, such as trifluralin, must be applied preplant incorporated (PPI) to reduce the risk of 

herbicide loss through photo-degradation or volatilization (OMAFRA 2016). Preemergence 

herbicides (PRE) are applied after soybean has been planted but before soybean emergence. 

Generally, a rainfall event of 15-20 mm is needed to dissolve the herbicide into soil water 

solution within 10 days so that it can be absorbed by the developing weed seedling (OMAFRA 

2016). These herbicides typically have residual activity in the soil which controls later emerging 

weed seedlings. Residual herbicides are desirable since they provide long lasting weed control; 

however, some herbicides may remain active in the soil for more than one season affecting 

subsequent crops in the rotation. For example, imazethapyr is a common herbicide used for weed 

management in soybean, however recommendations state waiting up to 22 months before 

planting some crops such as oats, barley and canola (OMAFRA 2016). Postemergence (POST) 

herbicides are applied after the crop and weeds have emerged. In general, POST herbicides are 

most efficacious when they are applied to small weeds. Contact POST herbicides provide good 

control of annual weeds while systemic POST herbicides are required for control of perennial 

weeds as the herbicide needs to be able to move to above- and below-ground weed meristems. 



 

 

9 

 

(OMAFRA 2016). It is especially important when applying POST herbicides to follow label 

recommendations on crop stage to minimize crop injury. An effective and common weed control 

practice is to use a two-pass herbicide program of a soil applied PRE residual herbicide followed 

by a POST herbicide. This approach controls early emerging weeds, weed escapes, and decreases 

selection pressure for herbicide resistance by using herbicides with different modes of action 

(MOA) (Craigmyle et al. 2013). Many herbicide options and application timings are available for 

weed control in soybean.  

1.1.9 Genetically Engineered Soybean 

The introduction of glyphosate-resistant (GR) crops drastically changed weed 

management practices in soybean. In 1996, soybean cultivars resistant to the herbicide 

glyphosate were introduced allowing for broad spectrum control of emerged seedling and 

juvenile weeds without harm to the crop (Young 2006). Glyphosate-resistant soybean was 

rapidly adopted by soybean producers across North America, where eventually greater than 95% 

of soybean was seeded with GR cultivars in the USA. The agriculture industry quickly learned 

the benefits of using this system including excellent weed control, wide margin of crop safety, 

wide window of application and low cost (Green and Owen 2011). Additionally, the use of 

glyphosate contributed to the increase in no-till practices, which increased by 227% in the USA 

during the first 8 years after GR soybean was introduced. No-till crop production systems result 

in improved soil structure, increased water holding capacity, and decreased number of passes 

across a field within a season (Cerdeira and Duke 2006). Glyphosate rapidly became the most 

popular form of weed control in soybean, where it was sprayed on 79% of North American 

soybean acres in 2002. In comparison, prior to glyphosate, imazethapyr had been the most 
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widely used herbicide in soybean production; however, during its peak use in 1995 it was applied 

to only 44% of soybean acres (Young 2006). Herbicide diversity decreased from 1995 when 11 

herbicides were applied to greater than 10% of total soybean acres, to 2002 when glyphosate 

became the only widely used chemistry. However, the over reliance of glyphosate resulted in a 

shift in weed species to those that are naturally tolerant to glyphosate and late emerging weeds 

that emerge after the last glyphosate application. With the dramatic increase in the use of GR 

soybean and corn, and the concomitant increase in the use of glyphosate, GR weed biotypes have 

been selected (Johnson et al. 2012a). By the end of 2017, 42 weed species with biotypes resistant 

to glyphosate were found in 29 countries around the world including six species in Canada 

(Heap, 2018). In the USA, herbicide resistant weeds cost US farmers $2 billion annually for 

additional weed management expenses and crop yield loss (Davis 2016). Glyphosate-resistant 

crops have contributed to increased corn and soybean production; however the evolution of GR 

weeds is a negative impact which must be resolved. 

 Currently the agricultural industry is attempting to overcome herbicide-resistant weeds 

with the introduction of new herbicide-resistant traits developed through genetic engineering. 

Since the introduction of GR soybean in 1997 in Canada, glufosinate-resistant and dicamba-

resistant soybean have been commercialized (CFIA 2017). These herbicide-resistance trait 

systems provide additional weed management tools for Canadian soybean producers, but both of 

these herbicides do not provide full-season residual weed control. To fill the gap in the market 

place, the agricultural industry is currently developing soybean cultivars that are resistant to the 

4-hydroxyphenylpyruvate dioxygenase (HPPD) inhibiting herbicide isoxaflutole. Three different 

herbicide-resistant trait combinations are currently under development including those resistant 
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to isoxaflutole and glyphosate known as GT27™, those resistant to isoxaflutole, glyphosate and 

glufosinate known as LibertyLink
®
 GT27™, and finally soybean resistant to isoxaflutole, 

mesotrione, and glufosinate. Soybean cultivars that are resistant to the HPPD inhibitors will 

provide full season residual control of sensitive weed species. Alternatively, this technology 

could be used in a two-pass weed control program, consisting of a soil applied HPPD inhibiting 

herbicide applied PRE followed by a wide-spectrum foliar applied POST herbicide to control 

any weeds escapes. Preliminary studies have demonstrated the use of isoxaflutole with HPPD-

resistant soybean is one option for managing GR weeds such as palmer amaranth (Amaranthus 

palmeri (S.) Wats.), common waterhemp (Amaranthus rudis Sauer), tall waterhemp (Amaranthus 

tuberculatus (Moq.) Sauer), and Canada fleabane (Conyza canadensis (L.) Cronq.) (Meyer et al. 

2015; Ditschun et al. 2016; Schryver et al. 2017a). The use of different herbicide-resistant traits 

in a diversified, long-term crop rotation along with the use of multiple herbicide modes-of-action 

will reduce the selection intensity for herbicide resistant weeds. The commercial registration of 

isoxaflutole-resistant soybean cultivars in future years will provide farmers with additional tools 

to overcome resistant weed populations and when used in rotation can help prevent the evolution 

of new herbicide-resistant weed species.  

1.2 Herbicide Interactions: Antagonistic, Additive, or Synergistic 

1.2.1 Introduction to Herbicide Interactions 

The co-application of herbicides can result in antagonistic, additive, or synergistic 

responses compared to the response of each herbicide alone. The use of multiple herbicide 

modes of action within a tank-mix is a common practice to increase the spectrum of weeds 

controlled, reduce the evolution of herbicide-resistant (HR) weed biotypes, and reduce 
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production costs by decreasing passes across the field (Zhang et al. 1995). While the typical goal 

of applying multiple active ingredients is to achieve complementary action, this does not always 

hold true. In general there are three different ways herbicides can interact: antagonistically, 

additively, or synergistically. Antagonistic interactions occur when the resulting weed control of 

two herbicides applied as a tank-mix is lower than the expected control when applied separately. 

An additive response occurs when the weed control of two herbicides applied alone is equal to 

the expected control achieved when the products are applied together. Synergism occurs when 

the response to herbicides applied together is greater than the expected control from the 

herbicides applied independently. Herbicides used in combination can interact and achieve 

lower, similar, or greater control of target species compared to the expected control when applied 

separately.  

A multitude of factors contribute to the response that ensues after herbicides have been 

used in combination. Antagonistic, additive, or synergistic responses can be influenced by 

herbicide rate. Ditschun et al. (2016) found isoxaflutole plus metribuzin applied at 52.5 + 210 g 

a.i. ha
-1

, respectively, resulted in an additive reduction in Canada fleabane biomass. However, 

when the rates of isoxaflutole and metribuzin were increased to 79 + 316 g a.i. ha
-1

 or 105 + 420 

g a.i. ha
-1

, respectively, the response became synergistic. The timing of evaluations can also 

influence the type of response observed. Abendroth et al. (2006) found synergistic control of 

both tall and short weeds at 6 days after application (DAA) of mesotrione plus photosystem II 

(PSII) inhibitors, whereas by 12 DAA the observed response was additive. Weed growth stages 

can impact herbicide absorption and translocation, which can in turn impact herbicide 

interactions within the plant. Higher levels of absorption and translocation and lower levels of 
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metabolism occur within the roots of Canada thistle (Cirsium arvense (L.) Scop.) at the rosette 

stage compared to bolted plants when mesotrione plus atrazine is applied (Armel et al. 2005). 

Reduced absorption of graminicides can occur when broadleaf herbicides such as bentazon and 

2,4-D are tank-mixed; this is due to the formation of complexes that cannot permeate the cuticle 

as efficiently (Culpepper et al. 1999). The addition of products within a tank-mix can alter 

herbicide interactions. For example, acifluorfen and bentazon applied together give synergistic 

control of common lambsquarters; however, the addition of a crop oil concentrate decreases the 

effective interaction of the herbicides resulting in an overall additive response (Sorensen et al. 

1987). The same combination of acifluorfen and bentazon results in antagonism for the control 

of jimsonweed and redroot pigweed, demonstrating that the weed species can affect the outcome 

of the interaction (Sorensen et al. 1987). In HR weed biotypes, the mechanism of resistance can 

affect the resulting herbicide interaction. For example, when atrazine and mesotrione are applied 

either as a tank-mix or sequentially (PRE followed by POST, respectively), there is synergistic 

control of redroot pigweed when atrazine resistance is due to an altered target site (Woodyard et 

al. 2009b). However, in metabolism-based atrazine-resistant velvetleaf, synergistic interactions 

are observed only when atrazine and mesotrione are applied as a tank-mix. In this case, the lack 

of synergism when atrazine and mesotrione are applied PRE followed by POST, respectively, is 

likely due to atrazine being detoxified prior to the application of mesotrione (Woodyard et al. 

2009b). Whether herbicide combinations have antagonistic, additive, or synergistic responses 

can be attributed to factors such as the herbicide rate, timing of weed control observations, weed 

stage, size, species, differential absorption, additional tank-mix products, and the mechanism of 

resistance. 
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1.2.2 Colby’s Equation 

The Colby’s Equation was developed to classify herbicide interactions as antagonistic, 

additive, or synergistic (Colby 1967). Colby’s Equation has become the benchmark method for 

measuring herbicide interactions. The equation uses the percent inhibition of growth by 

herbicides, and determines interactions using various parameters such as visible weed control, 

weed fresh or dry weights, and weed population counts. Colby’s equation for two herbicides is 

expressed as: 

𝐸 = 𝑋 + 𝑌 −
𝑋𝑌

100
 

Where E is the expected response, and X and Y are the parameter values for each herbicide 

applied alone. The expected response is then compared to the observed response from the 

herbicides applied in combination. The response is deemed antagonistic if the observed value is 

less than expected, additive if observed equals expected, and synergistic if observed is greater 

than expected. In general, the Colby’s Equation identifies the type of interaction present; 

however, a test is still necessary to determine if the interaction is statistically significant. Colby’s 

equation has become a useful tool for weed scientists to determine the nature of herbicide 

interactions.  

1.2.3 Antagonism 

Antagonism can be grouped in four categories based on the mechanism of herbicide 

interaction: biochemical, competitive, physiological, and chemical. Biochemical antagonism 

occurs when one herbicide reduces absorption or translocation, or increases metabolism or 

sequestration of the other herbicide, preventing it from reaching the target site (Green 1989). 
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Similarities have been identified which show biochemical antagonism occurs more frequently 

than synergism when similar tissues are involved in the process. For example, antagonism is 

more likely to occur if the interacting herbicides are both absorbed through the roots or are both 

translocated through the xylem. Competitive antagonism occurs when herbicides share a site of 

action and the less active herbicide binds to the target site, preventing the more active ingredient 

from binding (Green 1989). Herbicides applied together which have opposing mechanisms of 

action can counteract one another negating their effect; this is considered physiological 

antagonism (Green 1989). Chemical antagonism results from the herbicides reacting with one 

another, forming less active complexes and reducing their effectiveness (Green 1989). 

Biochemical, competitive, physiological, and chemical herbicide antagonism are four ways of 

classifying antagonistic interactions.  

Many herbicide combinations are known to antagonize the control of one or more weed 

species. Selective broadleaf herbicides such as chlorimuron, fomesafen, imazaquin and lactofen 

when used in combination with graminicides such as haloxyfop, sethoxydim, quizalofop, and 

fluazifop-P can show antagonistic interactions (Minton et al. 1989). For example, the addition of 

imazaquin to haloxyfop decreases control of red rice (Oryza sativa L.) by 34% compared to 

haloxyfop applied alone (Minton et al. 1989). Similarly, Myers and Coble (1992) found 

antagonism between imazethapyr and many acetyl-CoA carboxylase (ACCase) inhibiting 

herbicides such as clethodim, fluazifop, quizalofop and sethoxydim for control of large crabgrass 

(Digitaria sanguinalis (L.) Scop.), fall panicum (Panicum dichotomiflorum Michx.), and 

broadleaf signalgrass (Urochloa platyphylla (Nash) R.D. Webster). Antagonism between 

aryloxyphenoxypropionates (Fop) and auxin-type herbicides has also been identified, including 
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diclofop-methyl and 2,4-D in wild oat (Avena fatua L.) (O’Sullivan et al. 1977). Additionally, 

antagonism occurs when non-selective foliar herbicides such as glyphosate, glufosinate, and 

paraquat are used in combination with several soil applied herbicides such as atrazine, 

metribuzin, and chlorimuron. Control of rye grass (Secale cereale L.) and Canada fleabane was 

reduced by 27% and 20% respectively when atrazine was tank-mixed with glufosinate; similarly, 

ryegrass control was reduced by 24% when glyphosate was tank-mixed with atrazine, compared 

to either non-selective herbicide applied alone (Wilson et al. 1985). Hydrick and Shaw (1994) 

found that 180 g a.i. ha
-1

 of paraquat tank-mixed with 90 g a.i. ha
-1

 metribuzin and 15 g a.i. ha
-1

 

of chlorimuron antagonized control of sicklepod (Senna obtusifolia (L.) H.S. Irwin & Barneby), 

johnsongrass (Sorghum halepense (L.) Pers.), and entireleaf morningglory (Ipomoea hederacea 

var. integriuscula (L.)). In the same study, antagonism also occurred when low rates of paraquat, 

glufosinate, or glyphosate were tank-mixed with metribuzin. Sulfonylurea (SU) herbicides such 

as nicosulfuron and rimsulfuron provide reduced control of green and yellow foxtail (Setaria 

pumila (Poir.) Roemer & J.A. Schultes) when used in combination with mesotrione or 

mesotrione plus atrazine; the lower control is due to reduced absorption of rimsulfuron by up to 

20% and reduced translocation of rimsulfuron by 6% in each species and reduced absorption of 

nicosulfuron by up to 40% with no effect on translocation of nicosulfuron (Schuster et al. 2004, 

2007). Combinations of nicosulfuron and topramezone cause antagonistic interactions in the 

control of large crabgrass and barnyardgrass however, the antagonism can be overcome with 

increased rates of nicosulfuron, or the addition of atrazine (Kaastra et al. 2008). Antagonistic 

interactions occur when some herbicides are used together, decreasing the control of specific 

weed species.  
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 Herbicide antagonism decreases the effectiveness of the active ingredients but the 

agriculture industry has found ways to utilize or overcome this issue. The most prevalent use of 

antagonistic interactions is to increase the margin of crop safety. The addition of bromoxynil or 

MCPA to fenoxaprop-p-ethyl is recommended in Ontario to increase safety of the latter in spring 

wheat (Triticum aestivum L.) (OMAFRA 2016). Typically a tank-mix of dicamba and 

imazethapyr results in antagonism by reducing absorption of imazethapyr; however, foliar 

absorption is maintained by adding ammonium sulfate to the mixture (Hart and Wax 1996). In 

some cases, increasing the rate of the antagonized herbicide can decrease the effect of 

antagonism. In a previously mentioned study by Hydrick and Shaw (1994), the antagonism of 

paraquat (180 g a.i. ha
-1

) when combined with metribuzin and chlorimuron, was overcome by 

increasing the rate of paraquat to 360 g a.i. ha
-1

. This was also demonstrated by increasing the 

rate of clethodim from 30 to 45 g a.i. ha
-1

 and quizalofop-p-ethyl from 24 to 36 g a.i. ha
-1

 to 

prevent antagonistic affects when used in combination with dicamba (300 g a.i. ha
-1

) 

(Underwood et al. 2016). Antagonistic herbicide interactions can be used to increase crop safety, 

or in some cases one of the herbicide rates can be increased to overcome the loss in weed 

control.  

1.2.4 Synergism  

Herbicides used in combination with synergistic outcomes can be beneficial to weed 

management and crop production. Synergism has been attributed to increased amounts of 

herbicide reaching the site of action through enhanced absorption and/or translocation, as well as 

decreased metabolism. Synergistic interactions can be utilized as a cost saving measure by 

reducing the rate of herbicide needed without compromising weed control (Steibig and Jensen 
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2000; Kudsk and Mathiassen 2004). This economic strategy also reduces the number of passes 

across a field in one season, saving on time, labor and equipment costs. Widening the spectrum 

of weed control is possible when using complementary herbicides and can help manage and 

reduce HR biotypes from developing or spreading by using more than one effective mode of 

action (Diggle et al. 2003). Synergistic herbicides can have favourable outcomes for farmers and 

are used commercially to take advantage of these opportunities. 

Synergism among herbicides has been documented in numerous cases in the literature. 

Synergy occurs when diflufenzopyr is used with auxinic type herbicides improving broadleaf 

weed control in grass crops. For example, synergistic control of Virginia buttonweed (Diodia 

virginiana L.) in corn (Zea mays L.), and perennial weeds in pastures occurs with the use of 

diflufenzopyr and auxin herbicides (Grosssman et al. 2002; Ni et al. 2006). This herbicide 

combination has been commercialized as a pre-mix herbicide available as Distinct® with the 

active ingredients diflufenzopyr and dicamba. Another example of synergism is between 

sulfonylurea herbicides and synthetic auxins with the combination of halosulfuron plus 2, 4-D, 

which results in greater control of common lambsquarters (Isaacs et al. 2006). Dimethenamid-P 

interacts synergistically with imazethapyr and sethoxydim, increasing the control of 

barnyardgrass (Echinochloa crus-galli (L.) Beauv.), broadleaf signalgrass, and johnsongrass 

(Scott et al. 1998). Sorensen et al. (1987) found that combinations of acifluorfen and bentazon 

acted synergistically in the control of common lambsquarters. Synergistic combinations are 

abundant among herbicides to control many weed species.  
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1.2.5 Synergism Between HPPD Inhibitors and PSII Inhibitors 

Herbicide combinations with 4-hydroxyphenylpyruvate dioxygenase (HPPD) inhibitors and 

PSII inhibitors have shown synergism due to the interrelationship between their modes of action, 

improving control of numerous weed species. These two herbicide groups have differing modes 

of action yet both affect the efficiency of electron transport within PSII of sensitive plants (Hess 

2000). HPPD inhibitors such as mesotrione and isoxaflutole inhibit the HPPD enzyme from 

converting HPPD to homogentisate, a precursor of plastoquinone, which is an electron 

transporter in the electron transport chain and an essential cofactor for phytoene desaturase 

within the carotenoid biosynthesis pathway. PSII inhibitors such as atrazine and metribuzin bind 

to the QB niche of the D1 protein, displacing plastoquinone and thereby preventing the flow of 

electrons from PSII to photosystem I (PSI) (Hess 2000). This halt in electron flow causes an 

accumulation of singlet oxygen, singlet chlorophyll and triplet chlorophyll leading to lipid 

peroxidation of cell membranes, and ultimately plant death. The dual action of these two 

herbicides groups working within the electron transport chain creates the synergistic interaction 

(Hess 2000). The synergism between HPPD inhibitors and PSII inhibitors has been documented 

in many weed species including redroot pigweed, velvetleaf, ivyleaf morningglory (Ipomoea 

hederacea Jacq.), sunflower (Helianthus annuus L.), Palmer amaranth (Amaranthus palmeri S. 

Wats.), wild radish (Raphanus raphanistrum L.), common waterhemp (Amaranthus rudis Sauer), 

giant ragweed (Ambrosia trifida L.), and Canada fleabane (Schuster et al. 2004; Abendroth et al. 

2004, 2006; Bollman et al. 2006; Hugie et al. 2008; Woodyard et al. 2009a; Ditschun et al. 2016; 

Kohrt and Sprague 2017). Control of many broadleaf weed species is improved due to the 

synergy between HPPD inhibitor and PSII inhibitor modes-of-action.  
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1.3 Isoxaflutole 

1.3.1 Use and Control 

Isoxaflutole (IFT) or 5-cyclopropyl-4-(2-methylsulfonyl-4-trifluoromemethylbenzoyl)-

isoxazole is an isoxazole, Group 27, 4-hydroxyphenylpyruvate dioxygenase (HPPD) inhibiting 

herbicide that provides annual grass and broadleaf weed control. In Ontario, IFT is registered for 

weed control in field and seed corn and can be applied preplant (PP) up to 14 days prior to 

planting, preemergence (PRE), or postemergence (POST) up to the 3-leaf corn stage 

(Anonymous 2017a). Isoxaflutole controls a wide spectrum of annual and seedling perennial 

broadleaf and annual grass weed species. The length of residual weed control is influenced by, 

but not limited to, application rate, soil type, and weather conditions after application 

(Anonymous 2017a). The recommended rates for IFT application in Ontario are 52.5, 79 and 105 

g a.i. ha
-1

. The low rate is for early season weed control in a planned two-pass weed control 

program; the mid–rate provides full season control of most susceptible weed species, and the 

high rate for season long control of barnyardgrass and green foxtail. Isoxaflutole provides 

exceptional control of woolly cupgrass (Eriochloa villosa (Thunb.) Kunth). In addition, IFT 

provides control of Group 2 (acetolactate synthase (ALS) inhibitors) and Group 5 (Photosystem 

II inhibitors) resistant biotypes. Isoxaflutole, applied PP, PRE or ePOST, provides control of 

annual grass and broadleaf weeds in corn in Ontario. 

Isoxaflutole is always applied in tank-mix with atrazine to increase the spectrum of 

weeds controlled. If weeds have emerged at the time of application, IFT plus atrazine can be 

tank-mixed with glyphosate; glyphosate has activity on all emerged weeds and IFT plus atrazine 

provides residual weed control. This tank-mix can be applied PP in no-till systems or early 
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postemergence (ePOST) on GR corn hybrids. Tank-mixing IFT with atrazine provides improved 

control of many weed species including fall panicum, lady’s thumb (Polygonum persicaria L.), 

proso millet (Panicum miliaceum L.), wild buckwheat (Polygonum convolvulus L.), yellow 

foxtail, giant ragweed, and Canada fleabane.  

1.3.2  Mode of Action 

 Isoxaflutole is a proherbicide which must be converted to the toxic diketonitrile 

derivative (DKN) to be herbicidally active. Isoxaflutole is converted to diketonitrile through the 

opening of the isoxazole ring occurring by nucleophilic attack at the 3-H and cleavage of the N-

O bond as seen in Figure 1 (Pallett et al. 2001). 

 
Figure 1.1 Opening of isoxazole ring converting IFT to DKN (Derived from Pallett et al. 2001) 

 

The herbicide is applied as IFT, rather than the toxic DKN, because IFT is more easily absorbed 

by the roots and leaves (Pallett et al. 2001). Although DKN is more water soluble than IFT, IFT 

is taken up in 5-6 times greater quantity because DKN exists as an anion which is absorbed less 

efficiently by plants compared to non-ionized IFT (Pallett et al. 2001). Isoxaflutole is more 

readily absorbed into germinating seeds than DKN, however when soil applied, IFT and DKN 

provide equivalent control of susceptible weeds (Sprague et al. 1999a). Isoxaflutole is absorbed 

more readily through the foliage than DKN because it is more lipophilic and will cross cell 

membranes with greater ease (Pallett et al. 2001; Briggs et al. 1982). Isoxaflutole and DKN 
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absorption by plant cells continues until the concentration inside and outside the plant reach 

equilibrium, a rapid conversion of IFT to DKN inside the plant allows for continual uptake of 

IFT (Pallett et al. 2001). The first step in the mode of action of IFT is the conversion of the active 

ingredient to the herbicidally active DKN compound. 

The DKN derivative of IFT inhibits the HPPD enzyme in the tocopherol and plastoquinone 

biosynthesis pathway preventing the conversion of 4-hydroxyphenylpyruvic acid into 

homogentisate and ultimately depleting tocopherol and plastoquinone levels (Pallett et al. 1998). 

Lower levels of tocopherol, or vitamin E, are not directly linked to herbicide injury; rather, 

tocopherol quenches reactive oxygen species, generated by high intensity light which would 

otherwise cause lipid peroxidation (Maeda and DellaPenna 2007). Additionally, tocopherols are 

important for the development of phloem parenchyma cells, which transport photosynthates from 

leaf tissue throughout the plant. A reduction in this function causes accumulation of sugars and 

glycogen within leaf tissue resulting in macronutrient deficiency that prevents further plant 

growth and development (Sakuragi et al. 2006). Plastoquinone carries electrons from 

photosystem II to photosystem I. A decrease in electron transport causes a buildup of electrons, 

creating free radicals which cause lipid peroxidation leading to cell membrane destruction. 

Additionally, reduced plastoquinone levels prevent activation of phytoene desaturase, an enzyme 

responsible for two desaturation steps in the conversion of the colourless carotenoid precursor 

phytoene into coloured carotenoids (Pallet et al. 1998). Carotenoids protect chlorophyll against 

photo oxidation by singlet oxygen formed through triplet chlorophyll (Anderson and Robertson, 

1960). The reduction in carotenoid levels due to the application of IFT will result in depletion of 

all coloured plastidic pigments in new growth, causing bleached foliage. The subsequent lack of 
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protection from free radicals will cause lipid peroxidation of cell membranes leading to plant 

death (Sandman et al. 1991). Inhibition of HPPD by DKN prevents new carotenoid production. 

Carotenoids protect chlorophyll by quenching free radicals which would otherwise cause lipid 

peroxidation of organelle and cell membranes resulting in bleached plant tissue and plant death.  

1.3.3 Translocation 

Isoxaflutole is an apoplastically and symplastically translocated herbicide. Isoxaflutole is 

translocated at similar levels in both the xylem and phloem within the first 24 hours after uptake 

by the root; however it is commonly referred to as an apoplastically translocated herbicide 

(Young and Hart 2000, 1998; Pallett et al. 1998). Diketonitrile is more mobile than IFT through 

the xylem and phloem, resulting in improved weed control since the more toxic compound can 

reach the actively growing tissue and inhibit further carotenoid development (Young and Hart 

2000). Movement of IFT and DKN occurs through apoplastic and symplastic translocation in 

plants. 

1.3.4 Metabolism within the Plant  

Metabolism of IFT is the primary basis of selectivity in tolerant plant species. After 

application of IFT plants absorb the proherbicide and rapidly convert it into toxic DKN. Within 

24 hours after application no detectable IFT is found in corn. Of the applied IFT, 72% is 

converted to DKN in tolerant corn and the remaining 28% is further broken down through 

hydrolytic cleavage into inactive metabolites including benzoic acid. Six days after application 

an additional 43% DKN is detoxified (Pallett et al. 1998). Comparatively, the amount of IFT 

converted into DKN 24 hours after application in morningglory and velvetleaf was 77 and 89%, 

respectively. Six days after application only 20 and 7% of DKN was detoxified in morningglory 
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and velvetleaf, respectively (Pallett et al. 1998). Aubert and Pallett (2000) found the rate of 

detoxification of DKN into benzoic acid within susceptible pea seedlings was 0.5 nmol d
-1 

g
-1

 of 

wet weight. Multiple studies have detected further degradation of benzoic acid, however they 

have not been able to characterize or identify these metabolites. Generally, the tolerance of plants 

to IFT corresponds to the rate at which it can metabolize DKN to nontoxic metabolites. The 

metabolism of DKN into nontoxic metabolites is influenced by temperature; lower temperatures 

slow metabolism within the plant and limits recovery after IFT application (Martini et al. 2014; 

Viger et al. 1991). After application of IFT, rapid herbicide metabolism to nontoxic metabolites 

is necessary for successful growth and development of HPPD-tolerant crops.  

1.3.5 Interaction of IFT with the Environment  

 Soil characteristics such as organic matter, pH, texture, and moisture influence the 

sorption and degradation of IFT. Isoxaflutole is adsorbed onto soil organic matter, in which case 

it will not be available for plant uptake (Mitra et al. 1999). Low pH soils adsorb IFT due to the 

basicity of the isoxazole ring which enables proton addition and binding to the acidic soil (Mitra 

et al. 1999). Greater corn injury, such as reduction in root and shoot weight, can occur in high pH 

soil with adequate moisture and warm temperatures due to reduced adsorption of IFT (Beltran et 

al. 2000/2001; Soukup et al. 2004). Soil texture including clay content, does not affect the 

availability of the herbicide within the soil which is dissimilar to other soil applied herbicides 

(Mitra et al. 1999). Isoxaflutole adsorbs to soil more readily than DKN enabling longer 

persistence of the non-toxic compound (Taylor-Lovell et al. 2000). During dry periods IFT is 

adsorbed to the soil and is unavailable to the plant, however following a rain event desorption 

occurs, and IFT is converted to DKN through hydrolysis which reactivates the herbicide 
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promoting weed control throughout the growing season (Taylor-Lovell et al. 2000). Similar to 

many organic chemicals, IFT degradation within the soil is stimulated by the presence of water 

(Taylor- Lovell et al. 2002; Fuesler and Hanafey 1990). Just like within plants, in soil, IFT is 

converted to DKN and further broken down to benzoic acids and other metabolites which are 

then mineralized within the soil (Luscombe and Pallet 1996). The fate of IFT is influenced by 

soil characteristics and weather conditions which influences herbicide efficacy and crop 

response.  

 All herbicides must go through rigorous testing before they are commercialized with 

evidence that they do not provide any major risks to human health, off target species, or the 

environment. Isoxaflutole has many desirable characteristics which have made it safe to use 

including a low use rate, rapid degradation in the environment, and low mammalian toxicity 

(Luscombe and Pallet 1996). The oral lethal dose (LD50) of IFT of test rats was greater than 5000 

mg kg
-1

, which was the highest dose tested. No test subjects died at this rate, concluding that IFT 

has very low toxicity to mammals (EFSA 2016). Isoxaflutole is non-volatile; therefore, there is 

no risk to off target movement after application due to volatilization. Residue studies have shown 

there is little to no IFT in seed or stalks at maturity, however metabolites of IFT can be found in 

higher concentrations. Hydrolysis of IFT in the soil is influenced by soil pH; for example, at a 

soil pH of 5 the half-life of IFT is 11.1 hours, and 20.1 hours at a pH of 7, but decreases to 3.2 

hours at a pH of 9. Degradation by photolysis occurs within 23 hours in the soil and 6.7 hours 

when IFT is dissolved in water. These results conclude that IFT is not persistent in the soil. 

Concern has been raised over IFT and its metabolites mobility in soil water solution 

contaminating surface and ground water (EPA 1998). Therefore, IFT is not registered in areas 
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with a low water table and other areas with water contamination concerns. Isoxaflutole, when 

used according to label directions is safe to use with limited concerns of exposure to humans, 

animals and the environment; however regional regulations have been implemented to prevent 

contamination of ground and surface water.  

1.3.6 Rotational Crops and Crop Safety  

One year after application, limited IFT residues in soil are present although some 

sensitive rotational crops may show signs of injury. Cabbage and sugar beet are especially 

sensitive to isoxaflutole residues the year after application, reducing shoot dry weight up to 27 

and 57% and yield up to 28% and 60%, respectively (Soltani et al. 2005). However the same 

study showed no negative effects of IFT residues from the previous year on processing pea, 

potato and tomato suggesting cabbage and sugar beet are more sensitive to isoxaflutole. Nelson 

and Penner (2005) arranged the following crops in order from most to least sensitive to IFT 

residues from application the previous year: black bean (Phaseolus vulgaris L.), navy bean 

(Phaseolus vulgaris L.), sugar beet (Beta vulgaris L.), cucumber (Cucumis sativus L.), alfalfa 

(Medicago sativa L.) carrot (Daucus carota L. ssp. sativus Hoffm.), tomato (Lycopersicon 

esculentum Mill.), adzuki bean (Vigna angularis Willd.), and onion (Allium cepa L). Isoxaflutole 

residues do not negatively affect soybean and cereal crops the year after application; the two 

most common crops grown in rotation with corn in Ontario (OMAFRA 2016). However, dry 

bean cultivars may show injury the year after application therefore the recommendation is to wait 

two years after application prior to planting these sensitive crops (Anonymous 2017a). Injury 

may arise in the event of replanting to another crop in the same season after a corn failure 
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(OMAFRA 2016). After application of IFT it is recommended to wait until the second growing 

season to plant sensitive rotational crops such as cabbage, sugarbeet, and dry bean. 

1.3.7 Isoxaflutole-Resistant Soybean 

Isoxaflutole-resistant soybean is a new transgenic soybean with traits that confer 

resistance to some HPPD-inhibiting herbicides. The first HPPD-resistant soybean, or GT27™ 

soybean, was developed through the introduction of the hppdPfW336 gene by biolistic-mediated 

transformation (CFIA 2012). The gene was derived from the bacterium, Pseudomonas 

fluorescens and contains a glycine to tryptophan amino acid substitution at position 336 which 

renders the HPPD enzyme insensitive to DKN (Health Canada 2015a). The mesotrione, 

glufosinate, isoxaflutole (MGI) soybean, was developed using Agrobacterium tumefaciens 

mediated transformation to insert the avhppd-03 gene derived from oat (Avena sativa L.), which 

produces enzymes that functions in place of the native protein (Health Canada 2015b). MGI 

soybean is resistant to IFT because DKN has reduced binding affinity for the AvHPPD-03 

protein. IFT resistant soybean is the second transgenic crop with resistance to herbicides via 

target site resistance. GT27™ and MGI soybean are transgenic soybean with traits that confer 

resistance to IFT.  

The introduction of IFT-resistant soybean will expand the use pattern for HPPD-

inhibiting herbicides and provide a new mode of action for use on soybean. Similar to corn, IFT 

can be applied to HPPD-resistant soybean either PP (up to 14 days before application) or PRE. 

Unlike corn, IFT cannot be applied POST to HPPD-resistant soybean. The same rates of IFT 

(i.e., 52.5, 79, and 105 g a.i. ha
-1

) that are used for weed management in corn are recommended 

for use in soybean. The availability of IFT-resistant soybean will allow producers to introduce 
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greater diversity in their weed management programs and thereby reduce the selection intensity 

for group 2, 5, and 9 resistant biotypes.  

1.4 Metribuzin 

1.4.1 Use and Control 

Metribuzin, or 4-amino-6-tert-butyl-3-(methylthio)-as-triazine-5(4H)-one, is an 

asymmetrical triazine, WSSA Group 5, photosystem II (PSII) inhibiting herbicide. Metribuzin 

can be applied PPI, PP, or PRE for the control of annual broadleaf and grass weeds in soybean, 

potato, tomato, asparagus, tree fruit, and corn. Soybean injury from metribuzin may be due to 

sensitive cultivars, coarse textured soils with less than 2% organic matter, high pH soils, cold, 

wet conditions after planting, multiple rain events after application, or shallow planting 

(Anonymous 2017b; Coble and Schrader 1973). The length of residual weed control is dependent 

on rate applied, weather conditions after application, soil type, and application timing. 

Metribuzin provides excellent control of Canada fleabane, lady’s thumb, mustard species, and 

pigweed species but is weak on velvetleaf, common ragweed, and eastern black nightshade 

(OMAFRA 2016). Herbicide efficacy is influenced in part, by the rate of metabolism; the 

inability of a plant to metabolize metribuzin will result in injury and death (Shimabukuro 1967). 

Typical metribuzin injury symptoms include interveinal chlorosis, beginning on older leaf tissue, 

followed by necrosis within 2-5 days of being in direct sunlight (Shaner 2014). Guidelines are in 

place to minimize injury to rotational crops that show high metribuzin sensitivity. Crops such as 

brassica species, tobacco (Nicotiana tabacum L.), beets, celery (Apium graveolens L.), vine 

crops, peppers, and spinach should not be planted within 22 months after metribuzin application 

(OMAFRA 2016). Injury may also occur if spring cereal crops, fall rye, sunflowers, carrots, 
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legumes, seed and sweet corn, garlic, and herbs are planted within 10 months of metribuzin 

being applied. Metribuzin is used for broadleaf and grass control primarily in soybean, tomato 

and potato production in Ontario.  

1.4.2 Mode of Action 

Photosystem II inhibitors, such as metribuzin, displace an electron transporter in the 

photosynthetic electron transport chain, causing a buildup of electrons at PSII which ultimately 

leads to plant death. Photosystem II is the first protein complex in the light-dependent reactions 

of photosynthesis found within the thylakoid membrane of the chloroplast. It is responsible for 

the oxidation of water to obtain electrons which are boosted to a high energy state by the P680 

reaction center (Van Rensen 1989). Electrons are then moved from the QA to QB binding sites 

where they are transported by plastoquinone out of the PSII protein complex. However, a PSII 

inhibitor, such as metribuzin, binds to the QB binding niche of the D1 protein of PSII where 

plastoquinone would typically bind, thus displacing the electron transporter and preventing the 

transfer of electrons from QA to QB, stopping CO2 fixation and production of ATP and NADPH2 

(Trebst 2008; Shaner 2014). This buildup of excited electrons at QA promotes the development 

of triplet chlorophyll and singlet oxygen, in turn leading to lipid peroxidation of organelle and 

cell membranes, causing cells to leak and disintegrate, ultimately causing plant death. The 

formation of free radicals at QA and resulting membrane degradation is the cause of plant death 

from PSII inhibitors such as metribuzin. 

1.4.3 Absorption and Translocation 

Metribuzin is absorbed by the roots and is apoplastically translocated through the xylem. 

Plant roots absorb metribuzin dissolved in soil water solution through diffusion at a rate directly 
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proportional to the rate of transpiration by the plant (Shaner 2014; Hatzios and Penner 1988). 

The rate of transpiration, and subsequent absorption of metribuzin, is influenced by temperature, 

humidity, light intensity, and stomatal aperture (Devlin et al. 1987; Fortino and Splittstoesser 

1974). Differential absorption of metribuzin may account for the differential sensitivity of crop 

and weed species to metribuzin. For example, Buman et al. (1992) found that absorption of 

metribuzin was 15-25% lower in wheat compared to the more susceptible species, downy brome 

(Bromus tectorum L.) and jointed goatgrass (Aegilops cylindrica Host). Another study found a 

correlation between metribuzin absorption and soybean cultivar tolerance: the cultivars that 

absorbed lower amounts of metribuzin displayed fewer herbicide injury symptoms (Abusteit et 

al. 1985). Once inside the plant, metribuzin is translocated acropetally to foliar tissue (Smith and 

Wilkinson 1974). Similar to absorption, translocation of metribuzin is influenced by temperature. 

An increase in temperature results in a surge of herbicide translocated to the shoots (Buman et al. 

1992). Differential translocation also plays a role in a plant’s tolerance to metribuzin. Jointed 

goatgrass is more susceptible to metribuzin than downy brome and wheat, in part because it has 

greater translocation of the herbicide to the shoots. In mature plants, metribuzin concentration is 

highest in roots, stems, and leaves and lowest in fruits and seeds (Shaner 2014). Metribuzin is 

primarily absorbed through the roots after soil applications, and is translocated apoplastically in 

the xylem primarily to older leaf tissue.  

1.4.4 Metabolism within the Plant 

Soybean tolerance to metribuzin is dependent on the ability of the cultivar to metabolize 

the herbicide into non-toxic compounds. Three major metabolites of metribuzin detoxification 

are deaminated-metribuzin (DA), diketo-metribuzin (DK), and deaminated diketo-metribuzin 
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(DADK) (Fedtke 1986). The first metabolite, DA, is formed with the removal of an N-terminus 

amino group from the herbicide, and the rate of this reaction is the major indicator of a soybean 

cultivar’s tolerance to metribuzin (Fedtke 1986; Frear et al. 1985). Diketo-metribuzin is formed 

from sulfoxidation of metribuzin, followed by a demethylthiolation reaction. This metabolite is 

conjugated with malonate and then deaminated to form DADK. Intermediate metabolites have 

been identified as β-D-(N-glucoside) and malonyl β-D-(N-glucoside), which are created through 

glycosylation and an additional malonylation for β-D-(N-glucoside) and malonyl β-D-(N-

glucoside), respectively; this is the primary reaction in tomato metabolism (Frear et al. 1983). In 

soybean, another important reaction for the metabolism of metribuzin involves the conjugation 

of metribuzin with homoglutathione (Frear et al. 1985). The relative tolerance of soybean 

cultivars to metribuzin is correlated with the ability to detoxify and break down the herbicide 

into secondary metabolites.  

1.4.5 Interaction with Environment 

Soil characteristics such as pH, organic matter content, and texture influence the amount 

and rate of metribuzin adsorption, its mobility within the soil, and availability for uptake in 

plants, which can impact crop safety and weed control efficacy. Metribuzin adsorption is greatly 

impacted by soil pH; as soil pH decreases, there is an increase in binding affinity for the 

herbicide (Ladlie et al. 1976; Peek and Appleby 1989). Specifically, there is an increase in the 

protonated form of the alkaline metribuzin at low pH, thus increasing the amount of herbicide the 

soil can retain through cation exchange. On higher pH soils, less adsorption occurs and 

metribuzin is more mobile, increasing availability for uptake by plants (Ladlie et al. 1976). 
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Moomaw and Martin (1978) observed greater soybean injury from metribuzin when applied to 

soils with pH 8.8 compared to pH 6.6.  

Adsorption of metribuzin increases with soil organic matter levels; an increase in soil 

organic matter of 6% increases the relative adsorption of metribuzin 8-fold (Savage 1977). Coble 

and Schrader (1973) reported up to 95% soybean injury after the application of metribuzin (1680 

g a.i. h
-1

)
 
to soil with 1.1% organic matter; injury decreased to 32% with soil organic matter 

between 3.3 and 7.7%, and little to no soybean injury was observed when organic matter was 

greater than 16.8%. Similarly, an Ontario study showed decreased soybean injury from 

metribuzin as organic matter increased (Sharom and Stephenson 1976).  

Finally, soil texture affects the adsorption of metribuzin. Little adsorption occurs on 

coarse textured sandy soils, making it very mobile and available for uptake by both weed and 

crops species (Savage 1977). The opposite effect occurs on clay soils where the herbicide is 

adsorbed to the soil colloids and is not as available for plant uptake. In contrast, Savage (1977) 

found an interaction between clay and organic matter resulting in competition for binding sites 

which would otherwise be available for metribuzin adsorption. Metribuzin availability, mobility, 

and adsorption within the soil are influenced by soil pH, organic matter, and soil texture.  

After application, metribuzin is primarily degraded through soil microbial activity. 

Within the first 3-4 weeks after application degradation occurs at a rapid rate, followed by a 

period of slower degradation. This trend follows the first order kinetics of herbicide degradation 

(Hyzak and Zimdahl 1974; Savage 1977; Pettygrove and Naylor 1985). The rate of herbicide 

degradation is influenced by pH, with increased breakdown in soils having a higher pH (Ladlie et 
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al. 1976). This may be due to metribuzin binding less tightly to soil with higher pH, increasing 

its availability to microorganisms. Photodegradation of metribuzin is insignificant, and minimal 

degradation through chemical hydrolysis has been observed in soil (Shaner 2014). When 

temperature, moisture, and soil conditions for degradation are ideal, the half-life of metribuzin is 

as short as 14 days. However its half-life in soil is more typically 30-60 days and can be up to 4 

months depending on soil type, weather conditions, and time of application. Breakdown of 

metribuzin by microorganisms in the soil is the main method of degradation in the environment.  

Metribuzin is considered slightly toxic by the EPA, and is classified as a category III 

toxin. The oral LD50 of metribuzin is 1090-2379 mg kg
-1

 in rats, 698-711mg kg
-1

 in mice, and 

245-274 mg kg
-1

 in guinea pigs (EPA 1998). Comparatively, the dermal LD50 in rats is greater 

than 5000 mg kg
-1

, and the inhalation LD50 in rats is greater than 20000 mg 
-3

,
 
suggesting 

metribuzin is relatively low risk for negative effects through dermal and inhalation routes of 

exposure. Metribuzin can be mobile under certain soil conditions and there is risk for leaching 

and contamination of water sources. Washington State is the only state to detect levels of 

metribuzin above the minimum reporting level at 0.1 µg L
-1

 in drinking water; however, this is 

far below the health reference level of 91µg L
-1

, which is the level at which there are no adverse 

health risks when ingested over various periods of time (EPA 2003). Results show common carp 

(Cypinus carpio L.) exposed to metribuzin at 32 mg L
-1

 for 30 days have increased mortality, 

reduced growth rate, reduction in body length and weight, and changes in liver and kidney; 

therefore, environment and ecosystem health is a concern at this concentration (Štêpánová et al. 

2012). Metribuzin is a slightly toxic compound but through many years of use has been proven 

to be of low toxicity to animals and not to persist in the environment. 
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1.4.6 Triazine Resistance 

Triazine resistant weed biotypes have evolved since the commercial introduction of 

atrazine in 1958 and metribuzin 15 years later. The first triazine resistant weed discovered was 

common groundsel in Washington State in 1970 (Heap 2017). An additional 72 weed species 

have been identified as resistant to triazines worldwide. In Ontario, 11 weed species with triazine 

resistant biotypes have been identified including lambsquarters, common ragweed, late flowering 

goosefoot (Chenopodium album L. var. striatum), green pigweed (Amaranthus powellii S. 

Watson), redroot pigweed, barnyardgrass, witchgrass (Panicum capillare L.), yellow foxtail, 

wild mustard (Sinapis arvensis L.), common groundsel and waterhemp. The most common 

mechanism of triazine resistance is a serine to glycine amino acid substitution at the 264 position 

on the D1 protein of PSII, which changes the conformation of the protein and decreases the 

binding affinity of the herbicide (Trebst 2008). However, this change in the target site reduces 

the fitness and health of resistant plants, resulting in decreased shoot dry weight, leaf area, and 

number of seeds compared to a susceptible biotype (Park and Smith 2005). Under conditions 

where no herbicide is applied, the susceptible biotype has a competitive advantage over the 

resistant biotype to grow and produce viable seeds. Biotypes with the Ser264Gly mutation have 

been shown to have a resistance factor of 1000 at the binding site on the D1 protein and 100 at 

the whole plant level (Pfister and Arntzen 1979; Fuerst et al. 1986). Alternatively, some weeds 

have developed resistance to atrazine through enhanced metabolism of the herbicide by 

glutathione-S-transferase (GST) (Anderson and Gronwald 1991). Atrazine-resistant velvetleaf is 

10-fold more resistant to atrazine than the susceptible biotype, and even though inhibition of 

electron transport is similar in each biotype, the rate of GST activity is higher in the resistant 
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biotype (Gronwald et al. 1989). Weed biotypes are resistant to triazine herbicides such as 

metribuzin through target site mutations or enhanced herbicide metabolism.  

1.5 Soil-Applied Herbicides for Grass Control 

1.5.1 Impact of Grass Species on Soybean 

Grass weed species compete with soybean for water, nutrients and sunlight, ultimately 

reducing soybean yield when present in high densities over an extended period of time. 

Johnsongrass is one of the most competitive grass weed species. As few as 16 Johnsongrass 

plants within a 10 m span of crop row can cause a 48% yield reduction, and when heavy 

populations are competing with soybean for the duration of the growing season, yield losses of 

up to 88% have been reported (McWhorter and Hartwig 1972; Williams and Hayes 1984). 

Johnsongrass can also result in foreign material within harvested grain, an increase in soybean 

moisture at harvest and the potential for damaged seed (McWhorter and Hartwig 1972). 

Quackgrass (Elymus repens (L.) Gould) densities as high as 910 shoots m
-2

 can reduce soybean 

yield by up to 55% through reduced number of pod producing branches, number of pods, seeds 

per plant and soybean height; however, densities of quackgrass lower than 160 shoots m
-2

 did not 

impact yield (Young et al. 1982). The longer quackgrass is left uncontrolled in a soybean field, 

the greater the impact on yield. An 11% reduction in soybean yield occurs after 6 weeks of 

competition with quackgrass at a density of 265 shoots m
-2

, a further 12% is lost after an 

additional 2 weeks, and if left unmanaged throughout the growing season, a yield loss of up to 

33% can occur (Young et al. 1982). Giant foxtail (Setaria faberi Herrm.) can impact soybean 

yield at densities as low as 10 plants per meter of soybean row and a density of 177 plants per 

meter of row reduced yield by 28% (Knake and Slife 1962). Soybean yield loss due to giant 
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foxtail interference is influenced by the relative time of crop and weed emergence; greater yield 

losses occur when weeds emerge early in the growing season. There is little to no soybean yield 

loss from giant foxtail that emerges later in the season (Knake and Slife 1969). Giant green 

foxtail (Setaria viridis L. P. Beauv. var. major Gaudin Pospichal) and fall panicum in 

combination reduced soybean yield by 21 and 41% when present at densities of 67 and 100 

plants per meter of crop row, respectively (Harris and Ritter 1987). Grass weeds in soybean can 

decrease crop yield; the extent of yield loss is influenced by weed species, weed density, relative 

time of weed and crop emergence, the length of time the weeds compete with the crop, soil 

nutrient levels and weather conditions.  

1.5.2 Soil Applied Herbicides for Grass Weed Control in Soybean 

Continuous and widespread usage of broadleaf herbicides has resulted in changes in weed 

species composition over the past half century, which has led to the introduction of a number of 

soil-applied grass herbicides. Phenoxy carboxylic acids were the first family of herbicides 

available for commercial use in the 1940s and included herbicides such as 2,4-D. There was 

heavy reliance on this herbicide for broadleaf weed control due to its safety, ease of use, and 

effective weed control. However, since 2,4-D only has activity on broadleaf weeds there was a 

weed shift to grass species taking over the landscape (Triplett and Lytle 1972). To combat this 

issue, herbicides that provided grass control were developed in the 1950s, including 

thiocarbamates such as EPTC. This chemistry, although effective at diminishing the widespread 

grass pressure, has limitations. It must be applied PPI due to high volatility and provides short 

residual weed control (OMAFRA 2016). During the 1960s, additional herbicides were developed 

for grass weed control, including the Group 3 (dinitroaniline) and Group 15 (chloroacetanilide 
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and chloroacetamide) herbicides. Herbicides within these families are still widely used for soil 

applied grass control in major crops such as corn and soybean, including trifluralin and 

pendimethalin (dinitroanilines), and dimethenamid-P and S-metolachlor (chloroacetamide and 

chloroacetanilide, respectively). Pyroxasulfone, developed in the early 2000s is another Group 

15 herbicide that belongs to a new herbicide family, the isoxazolines. Development of soil 

applied herbicides over the past half century in the thiocarbamate, dinitroaniline, 

chloroacetamide, chloroacetanilide and isoxazoline families has provided a range of grass control 

options in agricultural crops. 

1.5.3 Microtubule Polymerization Inhibitors 

Dinitroaniline herbicides are microtubule polymerization inhibitors. Microtubules are 

filamentous subcellular structures found in mitotic and meiotic spindles. They are made up of 

heterodimeric protein tubulin and are responsible for processes in cell division, expansion, shape 

and intracellular transport (Appleby and Valverde 1989). Specific roles of microtubules include 

aiding in chromosome migration, cell plate formation, vesicle transport and microfibril 

deposition within the developing cell wall (Morejohn et al. 1987; Gunning and Hardham 1982). 

Microtubule polymerization inhibiting herbicides are absorbed through roots and coleoptiles of 

emerging plants and are not translocated throughout the plant; the herbicidal action takes place in 

the meristematic regions near the absorption site. When the herbicide enters a dividing cell, it 

binds to plant tubulin, thereby inhibiting microtubule assembly and limiting the function of 

microtubules in the cell (Hugdahl and Morejohn 1993). Ultimately, cell division in the 

meristematic regions of roots and shoots is affected and susceptible seedling plants show reduced 

growth of primary and lateral roots and can develop swollen root tips (Appleby and Valverde 
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1989; Morejohn et al. 1987). Microtubule polymerization inhibitors prevent cell division in 

meristematic regions, inhibiting growth of the plant eventually leading to plant death. 

Trifluralin is a microtubule polymerization inhibitor within the dinitroaniline family. It 

was first sold as an herbicide in 1960 (Shaner 2014). In Ontario, it is currently sold under the 

names Bonanza, Treflan and Rival, and is registered in winter wheat, legume crops, brassica 

species, many vegetable crops and woody and perennial plants as a PPI herbicide for the control 

of annual grasses such as barnyardgrass, crabgrass, fall panicum, foxtails and witchgrass as well 

as some small seeded broadleaf weeds such as pigweed and lambsquarters (OMAFRA 2016). 

Trifluralin is weak on ragweed, annual nightshades, lady’s thumb and mustards. Trifluralin is 

highly susceptible to photodegradation, is moderately volatile and has low water solubility; the 

herbicide must therefore be incorporated after application to reduce loss and ensure effectiveness 

(Spencer and Cliath 1974). Herbicide potency is up to eight times greater when incorporated into 

the top few centimeters of soil compared to no incorporation; as a result, trifluralin is not 

recommended for use in no-till cropping systems (Powell et al. 1967). In soybean, trifluralin can 

be tank-mixed with flumetsulam, imazethapyr or metribuzin to increase the spectrum of weeds 

controlled, specifically greater broadleaf weed control (OMAFRA 2016). Trifluralin is a 

microtubule polymerization inhibitor which is applied PPI for annual grass weed control. 

Pendimethalin is a microtubule polymerization inhibiting herbicide within the 

dinitroaniline family and was commercialized in 1975. Formulations of the herbicide sold as 

Prowl 400 and Prowl H20 in Ontario are registered on vegetable crops such as carrots, onions 

and leeks, edible beans, soybean and field corn and can be applied PPI, PRE and ePOST 

depending on crop (OMAFRA 2016). Pendimethalin has a similar weed spectrum to trifluralin, it 
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provides control of barnyardgrass, crabgrass, foxtails, lambsquarters and pigweeds. In soybean, 

tank-mixes include glyphosate for a burndown with residual control, and imazethapyr for 

additional broadleaf weed control. The rate of pendimethalin is crop species dependent; in corn 

and soybean the use rate is 1680 and 1000 g ai ha
-1

 respectively, thus only early season weed 

control is provided in soybean. Additionally, in order to obtain effective weed control, rainfall 

must occur within 7 days to dissolve the herbicide in soil water solution so it can be absorbed by 

roots of emerging seedlings. Some soybean cultivars have shown sensitivity to pendimethalin, 

which can result in stem breakage, lodging and swollen hypocotyls (Glover and Schapaugh 

2002). Pendimethalin is used in many crops in Ontario for the control of annual grass species. 

1.5.4 VLCFA Elongases Inhibitors  

Very long chain fatty acid (VLCFA) elongases inhibitors are herbicides which prevent 

chain elongation in fatty acids. In plants, VLCFAs are found in seeds as storage lipids which 

provide the energy to germinate, help form membranes, function as signaling molecules and are 

essential for the development of cuticular waxes and suberin (Bach and Faure 2010). After 

application, a VLCFA inhibiting herbicide binds with the condensing elongase enzyme and a 

nucleophilic attack occurs, preventing further elongation steps between 20-30 carbons in length 

of fatty acids (Boger et al. 2010; Trenkamp et al. 2004). The subsequent shortage of fatty acids 

and lipids is phytotoxic due to cell membrane disruption and loss of cell integrity, and affected 

plants ultimately die. Additionally, the lack of VLCFAs stops accumulation of wax during leaf 

development, resulting in the loss of a protective barrier and the ability to regulate water 

retention (Rhee et al. 1998). VLCFA elongases inhibitors are absorbed by the coleoptile and 

hypocotyl of emerging plants and translocated apoplastically through the xylem (Shaner 2014).  
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This group of herbicides inhibits the early development of weeds, preventing germinating 

seeds and developing seedlings from emerging after absorbing a lethal dose. In the cases where 

some plants emerge, the first leaves can be malformed; grasses appear twisted and tightly rolled 

in the whorl and broadleaf weeds display a drawstring effect where the midrib does not elongate 

at the same rate as the rest of the leaf, causing the leaf to be heart shaped (Shaner 2014). 

Typically when minor symptoms are seen, the plant or crop will grow out of the injury. Fatty 

acid chain elongation can be inhibited by herbicides, preventing the successful growth of annual 

grass and some broadleaf plant species.  

S-metolachlor is a herbicide within the chloroacetanilide family which inhibits VLCFA 

elongases. It was first available in 1977 as metolachlor which contained multiple stereoisomers; 

by 1997 the more herbicidally active S-isomer pair was isolated for commercial use (Shaner 

2014; Muller et al. 2001). Through the isolation of the effective isomer, only 65% of the 

metolachlor use rate is needed for equivalent efficacy when using S-metolachlor, thus reducing 

environment loading (O’Connell et al. 1998). In Ontario, S-metolachlor is sold under the trade 

name Dual II Magnum and is used PPI, PP, and PRE in corn, soybean, edible beans, brassica 

species and a number of fruit and vegetable crops (OMAFRA 2016). S-metolachlor has activity 

on many annual grass species such as barnyardgrass, crabgrass, fall panicum, foxtail species and 

witchgrass. It is also effective on some broadleaf weeds such as nightshades, pigweeds, 

lambsquarters and, when applied PPI, provides nutsedge suppression. This herbicide has been 

incorporated into multiple premixes and can be tank-mixed with flumetsulam, clomazone, 

linuron, metribuzin and imazethapyr for additional broadleaf weed control in soybean. The use 

of S-metolachlor in a diversified, integrated weed management program is one strategy to reduce 
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the selection intensity for HR weeds. A combination of soil applied S-metolachlor and 

metribuzin (1943 g a.i. ha
-1

) controlled GR waterhemp 87% in soybean, in corn S-

metolachlor/atrazine/bicyclopyrone/mesotrione controlled GR waterhemp 90% (Schryver et al. 

2017b; Sarangi and Jhala 2017). For over four decades, S-metolachlor has provided effective 

control of annual grass and some broadleaf weeds in a variety of crops. 

Dimethenamid-P is a chloroacetamide herbicide that was registered in Canada in 1994. 

Similar to S-metolachlor, dimethenamid-P also contains the S isomer which has shown greater 

herbicidal activity compared to the R isomer (Couderchet et al. 1997). It has a similar control 

spectrum as S-metolachlor, with efficacy on multiple annual grass species in addition to 

pigweeds, nightshades and lambsquarters (OMAFRA 2016). Dimethenamid-P is registered as 

Frontier Max and Outlook for use in corn, dry beans, soybean, peanuts, cabbage, onions, 

ornamentals, grapes and potatoes in Ontario. Dimethenamid-P has been an important herbicide 

to help combat HR weed biotypes in soybean especially when used in combination with 

saflufenacil. In a study examining GR waterhemp control, dimethenamid-P (950 g a.i. ha
-1

) plus 

saflufenacil (25 g a.i. ha
-1

) followed by glufosinate (594 g a.i. ha
-1

) provided greater than 95% 

control throughout the growing season (Jhala et al. 2017). At 4 WAA, dimethenamid-

P/saflufenacil (245 g a.i ha
-1

) plus glyphosate (900 g a.i. ha
-1

) controlled GR Canada fleabane by 

87% in soybean (Byker et al. 2013). Dimethenamid-P is registered for use on a wide range of 

crops, is effective on a wide range of annual grass and broadleaf weeds, and is an important 

herbicide to delay the selection of HR weeds.   

Pethoxamid is a chloroacetanilide herbicide not currently registered for use in Canada; 

however, pethoxamid is registered in Europe (Anonymous 2017c). Like other chloroacetanilide 
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herbicides, it controls annual grass species such as crabgrass, barnyardgrass, foxtail species, 

small-seeded annual broadleaf weeds such as pigweed species and carpetweed, and can suppress 

lambsquarters, velvetleaf and prickly sida (Sida spinosa L.). Pethoxamid, applied PRE, is safe to 

use in soybean and cotton, but can cause injury in corn and rice depending on soil and 

environmental conditions. When applied POST, pethoxamid is safe on a range of different crops 

because it acts on emerging plants, thus those already established have a high degree of 

tolerance. For effective weed control, this herbicide requires 15-20 mm of rainfall within 7 days 

after application. Pethoxamid provides up to 4 weeks residual weed control, shorter than other 

chloroacetanilide herbicides. Pethoxamid will be a herbicide option for control of annual grasses 

and small-seeded broadleaf weeds in corn and soybean when commercially available in Ontario. 

Pyroxasulfone is a member of the isoxazoline herbicide family, which inhibits VLCFA 

elongases. It has recently been registered in Canada and is sold under the trade name Zidua. 

Previously in Canada, it was only available in premixes or co-packs with carfentrazone, 

flumioxazin and sulfentrazone. Pyroxasulfone is registered for use in corn and soybean applied 

PRE or ePOST, and similar to other VLCFA elongases inhibitors, controls annual grasses and 

some broadleaf weeds. In comparison to the chloroacetanilide family of herbicides, 

pyroxasulfone is used at lower use rates, has lower water solubility, and lower vapor pressure. 

Yamaji et al. (2014) found that for 90% barnyardgrass control, PRE applications of 

pyroxasulfone and S-metolachlor required 26.7 and 127 g a.i. ha
-1

, respectively, whereas POST 

applications required 174.5 and 1144 g a.i. ha
-1

, respectively. At 28 DAA, pyroxasulfone (125 g 

a.i. ha
-1

) applied PRE controlled 100% of barnyardgrass, green foxtail, giant foxtail, yellow 

foxtail, broadleaf signalgrass, Johnsongrass, large crabgrass, fall panicum, goosegrass (Eleusine 
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indica (L.) Gaertn.), woolly cupgrass (Eriochloa villosa (Thunb.) Kunth), yellow nutsedge, 

redroot pigweed and lambsquarters, and provided greater than 90% control for velvetleaf, black 

nightshade (Solanum nigrum L.), pale smartweed Persicaria lapathifolia (L.) Delarbre) and 

ivyleaf morningglory. Pyroxasulfone is an efficacious soybean and corn herbicide, controlling 

the widest spectrum of weed species among the VLCFA elongases inhibiting herbicides. 
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1.6 Hypotheses and Objectives 

1.6.1 Hypotheses 

1. The addition of metribuzin to isoxaflutole will result in a synergistic increase in weed 

control in isoxaflutole-resistant soybean. 

 

2. The addition of a soil applied grass herbicide to isoxaflutole + metribuzin will increase 

annual grass and broadleaf weed control in isoxaflutole-resistant soybean. 

 

3. Isoxaflutole + metribuzin applied PRE followed by glyphosate POST will provide full 

season control of annual grass and broadleaf weeds in isoxaflutole-resistant soybean. 

1.6.2 Objectives 

1. To determine the efficacy of isoxaflutole, metribuzin and isoxaflutole + metribuzin for 

the control of common annual grass and broadleaf weeds in isoxaflutole-resistant 

soybean in Ontario. 

 

2. To determine the influence of soil characteristics on the efficacy of isoxaflutole, 

metribuzin and isoxaflutole + metribuzin. 

 

3. To determine if the interaction of isoxaflutole + metribuzin is antagonistic, additive or 

synergistic. 

 

4. To determine if there is a benefit of adding a soil applied grass herbicide to isoxaflutole + 

metribuzin (52.5+ 210 g a.i. ha
-1

) compared to increasing the rate of isoxaflutole + 

metribuzin  

 

5. To determine which soil applied grass herbicide (pendimethalin, dimethenamid-P, 

pethoxamid, pyroxasulfone or S-metolachlor) when used in combination with isoxaflutole 

+ metribuzin (52.5+ 210 g a.i. ha
-1

) provides the best control of annual grass and 

broadleaf weeds in isoxaflutole-resistant soybean.  

 

6. To determine the efficacy of isoxaflutole + metribuzin (52.5+210, 79+315, and 105+ 420 

g a.i. ha
-1

) applied PRE followed by glyphosate (900g a.e. ha
-1

) applied POST in 

isoxaflutole-resistant soybean.  
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Chapter 2. Isoxaflutole and Metribuzin Interactions in Isoxaflutole-Resistant 

Soybean 

2.1 Abstract 

Herbicide-resistant weeds are a growing concern globally; in response, new herbicide 

resistance traits are being inserted into crops. Isoxaflutole-resistant soybean will provide a new 

mode of action for use in soybean. Ten experiments were conducted over a two-year period 

(2017, 2018) to determine herbicide interactions between isoxaflutole and metribuzin on soybean 

injury, weed control efficacy and soybean yield on a range of soil types. Soybean leaf bleaching 

injury caused by isoxaflutole was most severe at sites with higher levels of rainfall after 

application. Control of weed species with isoxaflutole (52.5, 79, and 105 g a.i. ha
-1

) and 

metribuzin (210, 315, and 420 g a.i. ha
-1

) differed by site based on amount of rainfall after 

application. At sites where there was sufficient rainfall for herbicide activation, isoxaflutole at all 

rates controlled common lambsquarters, pigweed spp., common ragweed, and velvetleaf >90%; 

metribuzin at all rates controlled pigweed spp., and witchgrass >80%. Control of every weed 

species evaluated was reduced when there was limited rainfall after herbicide application. The 

co-application of isoxaflutole + metribuzin resulted in additive or synergistic interactions for the 

control of common lambsquarters, common ragweed, velvetleaf, foxtail spp., barnyardgrass and 

witchgrass, and there were antagonistic, additive or synergistic interactions for the control of 

pigweed spp. Isoxaflutole and metribuzin can be an effective management strategy for common 

annual broadleaf and grass weeds in Ontario if timely rainfall events occur after herbicide 

application. 
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2.2 Introduction 

Weeds must be controlled during the critical weed-free period (CWFP) to avoid yield loss 

in soybean (Glycine max L. Merr.). If North American soybean producers did not implement any 

weed management strategies, weed interference would reduce soybean yield an average of 52% 

or USD16.5 billion annually (Soltani et al. 2017). The soybean yield component most 

prominently impacted by weed interference is pod numbers m
-2

 which can be reduced by up to 

64% under season long weed interference (Van Acker et al. 1993a). Based on the CWFP for 

soybean in Ontario developed by Van Acker et al. (1993b) a yield loss of ≤ 5% occurs if soybean 

is maintained weed-free between the V2 and V3 growth stages in Ontario. Employing integrated 

weed management strategies, including cultural, biological, mechanical and chemical practices, 

which eliminate weed interference during the CWFP helps to mitigate soybean yield loss. 

Since its introduction in 1996, there has been rapid adoption of glyphosate-resistant (GR) 

soybean; by 2006, 95% of soybean in the US was seeded to GR cultivars (Young 2006). The 

broad spectrum and reliable weed control with glyphosate led to it being the sole herbicide 

applied on many hectares across North America; glyphosate was frequently the only weed 

control measure implemented. This dependence on glyphosate contributed to the evolution of 

more than 40 GR weed species worldwide, including six species in Canada: giant ragweed 

(Ambrosia trifida L.), Canada fleabane (Conyza canadensis (L.) Cronq.), common ragweed 

(Ambrosia artemisiifolia L.), waterhemp (Amaranthus tuberculatus (Moq.) J. D. Sauer), kochia 

(Bassia americana (S.Watson) A.J. Scott) and birdsrape mustard (Brassica rapa L.) (Heap 

2018). Glyphosate-resistant weeds cost US farmers US$2 billion dollars annually from crop 

yield loss and additional weed management costs (Davis 2014). To address herbicide-resistant 
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(HR) weeds, innovative strategies must be implemented to reduce the selection intensity for 

additional HR weeds and slow down the geographical spread of resistant biotypes. 

New transgenic soybean cultivars that confer resistance to isoxaflutole are currently 

under development. In addition to isoxaflutole-resistance, a suite of herbicide resistant traits will 

be incorporated into these cultivars, including resistance to glyphosate, glyphosate and 

glufosinate, and glufosinate and mesotrione. Preliminary studies have shown potential for 

isoxaflutole-resistant (IR) soybean to be used as a tool to manage GR weeds. At 4 and 7 WAA, a 

tank-mix of isoxaflutole (105 g a.i. ha
-1

), metribuzin (420 or 630 g a.i. ha
-1

) and S-metolachlor 

(1068 g a.i. ha
-1

) controlled GR Palmer amaranth (Amaranthus palmeri S. Watson) 95 and 85%, 

respectively (Meyer et al. 2015). At 8 WAA, isoxaflutole (105 g a.i. ha
-1

) plus metribuzin (420 g 

a.i. ha
-1

) controlled GR waterhemp 75% and GR Canada fleabane 78% (Ditschun et al. 2015; 

Schryver et al. 2017a). Limitations of these studies included that due to the unavailability of IR 

seed no soybean was planted which may underestimate the control.  

Isoxaflutole inhibits the 4-hydroxyphenylpyruvate dioxygenase (HPPD) enzyme, which 

is essential for tocopherol and plastoquinone biosynthesis (Pallett et al. 1998). Typically, 

isoxaflutole is applied preemergence (PRE) or early post-emergence (ePOST) in corn (Zea mays 

L.) and sugar cane (Saccharum officinarum L.) production; however, the development of IR 

soybean will expand its use in soybean, applied PRE. According to the herbicide label, 

isoxaflutole (105 g a.i. ha
-1

) provides full-season residual control of a broad spectrum of annual 

grass and broadleaf weed species
 
(Anonymous 2017a). Isoxaflutole applied at lower rates of 52.5 

and 79 g a.i. ha
-1

 controls a narrower spectrum of weeds and provides shorter residual weed 

control. In corn isoxaflutole is commonly applied in combination with atrazine, which increases 
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the spectrum of weeds controlled and improves control of annual grass and broadleaf weeds. 

However, soybean is not tolerant to atrazine, therefore metribuzin is proposed to be used with 

isoxaflutole in IR soybean (pers. com. Kaastra 2017). Metribuzin is a photosystem II (PSII) 

inhibitor that binds to the QB binding niche on the D1 protein of PSII, displacing the electron 

transporter; plastoquinone, causing a buildup of high energy electrons which leads to lipid 

peroxidation of organelle and cell membranes (Trebst 2008; Shaner 2014).  

Herbicides applied as a tank-mix may interact within the tank before application or 

afterwards within the plant, resulting in an antagonistic, additive, or synergistic response. The 

interaction is classified as antagonistic, additive, or synergistic by comparing the actual response 

of the herbicides applied together to the expected response when applied alone determined by the 

Colby’s equation (Colby 1967). Antagonism occurs when the actual response of the herbicides 

applied together is lower than the expected response, additive responses occur when the expected 

and actual responses are similar, and synergy occurs when the actual response is greater than the 

expected. Synergism has been documented with combinations of HPPD- and PSII-inhibiting 

herbicides. There was a synergistic increase in the control of Canada fleabane with isoxaflutole + 

metribuzin at 79 + 316 g a.i. ha
-1 

and 105 + 410 g a.i. ha
-1

, respectively (Ditschun et al. 2016). 

Limited research has been conducted using isoxaflutole and metribuzin in IR soybean, 

especially studying the interaction of the two herbicides on annual weeds. The objectives of this 

research was to determine: a) the spectrum of weeds controlled with isoxaflutole and metribuzin, 

b) the interaction between isoxaflutole and metribuzin for the control of annual grass and 

broadleaf weeds and c) the tolerance of IR soybean to isoxaflutole and metribuzin applied alone 

and in a tank-mix on five different soil types in Ontario.  
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2.3 Materials and Methods 

Ten field experiments were conducted over a two-year period (2017, 2018) at four sites 

near Ridgetown (two trials per year), Exeter, Ennotville and Cambridge, Ontario. The sites were 

chosen to represent some common soil types found in Ontario. Soil characteristics, planting date 

and application dates are presented in Table 2.1. The land was conventionally tilled prior to 

planting. Regionally appropriate IR soybean cultivars were planted to a depth of approximately 5 

cm deep at approximately 372500 seeds per hectare. Plots were 3.0 m wide (4 rows spaced 76 

cm apart) and 8 or 10 m long. 

Treatments were arranged in a randomized complete block design, with four replications 

at each location. Herbicides were applied PRE using a CO2 compressed backpack sprayer 

calibrated to deliver 200 L ha
-1

 at 240 kPa equipped with a 1.5 m boom with four 120-02 ultra-

low drift nozzles (Hypro ULD 120-02, New Brighton, MN) spaced 50 cm apart producing a 

spray width of 2.0 m. An untreated and weed-free control were included in each replicate; the 

weed-free control was treated with imazethapyr (100 g a.i. ha
-1

) and metribuzin (400 g a.i. ha
-1

) 

applied PRE followed by glyphosate (900 g a.e. ha
-1

) applied POST, followed by hand weeding 

as needed for the remainder of the season. Herbicide treatments included isoxaflutole at 52.5, 79 

and 105 g a.i. ha
-1

, hereafter referred to as the low, medium and high rates of isoxaflutole, 

respectively; metribuzin at 210, 316 and 420 g a.i. ha
-1

, hereafter referred to as the low, medium 

and high rates of metribuzin, respectively, and a tank-mix of the low, medium and high rates of 

isoxaflutole and metribuzin. 
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 Soybean injury was visually evaluated at 1, 2 and 4 weeks after emergence (WAE) on a 

scale of 0-100 based on percent effected leaf area, where 0 represented no visible soybean injury 

and 100 represented soybean death. Weed control of naturally occurring weed species was 

visually estimated at 4, 8 and 12 weeks after application (WAA) on a scale of 0-100, where 0 

was no decrease in weed biomass relative to the weedy control, and 100 was complete control. 

At 8 WAA, weed density and biomass were measured by counting the number of weeds, by 

species, from two, 0.5 m
2 

quadrats per plot. The weeds were cut at the soil surface, placed in a 

paper bag by species, dried at 60°C to constant moisture and then weighed. The centre two rows 

of soybean were harvested with a small-plot research combine. The seed weight and moisture 

were recorded and weights were adjusted to 13% moisture prior to analysis. 

Data were analyzed in SAS software (ver. 9.4., SAS Institute, Inc., Cary, NC) using the 

GLIMMIX procedure. An initial mixed model analysis was conducted when analyzing injury, 

weed control at 4 WAA and yield to determine if there was a significant site by treatment 

interaction. The fixed effects were treatment, site and the site by treatment interaction and the 

random effect was replication within site. If there was a significant site by treatment interaction, 

a Tukey-Kramer multiple means comparison test was performed to determine how the sites 

grouped. The same site groupings were used for control 8 and 12 WAA, density and biomass 

analyses. If there was not a significant site by treatment interaction, sites were pooled for the 

remaining analyses. Once sites were organized into groups that responded similarly, a second 

mixed model analysis was conducted on each group to determine treatment effects on soybean 

injury, visible weed control at 4, 8, 12 WAA, weed density, biomass and soybean yield. In this 

second mixed model analysis, the fixed effect was treatment and the random effects were site, 



 

 

51 

 

site by treatment interactions, and replication within site. An F-test was performed to test the 

significance of fixed effects, and a Wald test was used to test the significance of random effects. 

Residual plots were used to test that variances were randomly distributed, independent and 

homogenous across treatments. To test the assumption that residuals were normally distributed, a 

Shapiro-Wilk test was conducted. Natural log and arcsine square root transformations were used 

when necessary to normalize data; transformed means were transformed back to the original 

scale for presentation of results. A Tukey-Kramer test was conducted to compare means at a 

confidence level of 0.05. To determine the interactions of isoxaflutole and metribuzin, the 

Colby’s equation was used to calculate the expected injury, control, density and biomass. The 

expected values were then compared to the observed values using a t-test. If the values did not 

differ the interaction was considered additive; however, if there was a significant difference in 

the expected and observed values, the interaction was classified as antagonistic or synergistic. 

2.4 Results and Discussion  

2.4.1 Injury 

At 1 WAE, no soybean injury was observed at any sites in this study (Table 2.2). At 2 

WAE, soybean leaf bleaching occurred at site 6 (Table 2.2). Isoxaflutole at the medium rate 

caused 2% bleaching injury. Isoxaflutole + metribuzin at the low, medium and high rate caused 

0, 1 and 2% soybean bleaching, respectively. Based on Colby’s equation, the interaction was 

additive.  

 At 4 WAE, soybean bleaching symptoms occurred at 7 sites (Table 2.2). There was a 

significant site by treatment interaction (data not shown), therefore sites 1 and 2 were combined, 

sites 3, 4, 7 and 9 were combined and site 6 was analyzed separately. At sites 1 and 2, 
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isoxaflutole at the high rate caused 4% soybean injury. Isoxaflutole + metribuzin at the medium 

and high rate caused 3 and 5% injury, respectively. The addition of metribuzin to isoxaflutole at 

the medium and high rate caused a synergistic increase in soybean injury. At sites 3, 4, 7 and 9, 

isoxaflutole at the low, medium and high rate caused 1, 4 and 8% injury, respectively. The 

addition of metribuzin to isoxaflutole at the low, medium and high rates caused a synergistic 

increase in soybean injury to 3, 5 and 10%, respectively. At site 6, isoxaflutole at the low, 

medium and high rate caused 17, 26 and 27% soybean bleaching, respectively. Isoxaflutole + 

metribuzin at the low, medium and high rate caused a synergistic increase in soybean injury to 

20, 27 and 34%, respectively.  

2.4.2 Lambsquarters 

Common lambsquarters (Chenopodium album L.) populations were at 7 sites in this 

study. Due to a significant site by treatment interaction (data not shown) site 3 was analyzed 

separately, sites 5, 9 and 10 were combined, and sites 1, 4 and 6 were combined and analyzed 

separately.  

 At 4 WAA, at site 3, isoxaflutole and metribuzin at the low, medium and high rates 

controlled common lambsquarters 7-48% and 2-7%, respectively (Table 2.3). The combination 

of isoxaflutole + metribuzin at the low, medium and high rate controlled common lambsquarters 

36, 12 and 92%, respectively. The addition of isoxaflutole to metribuzin at the high rate 

increased control 86% compared to metribuzin alone. No differences occurred between the 

observed and expected values for the combination of isoxaflutole + metribuzin at the low and 

medium rate; however, there was a synergistic increase in common lambsquarters control when 

isoxaflutole + metribuzin was co-applied at the high rate. At sites 5, 9 and 10, isoxaflutole 
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controlled common lambsquarters 61-90% while metribuzin controlled common lambsquarters 

18-51%. Isoxaflutole + metribuzin at the low, medium and high rates controlled common 

lambsquarters 76-98%. There were no differences between the expected and observed common 

lambsquarters control with the low and high rates of isoxaflutole + metribuzin. In contrast, 

observed control with isoxaflutole + metribuzin at the medium rate was 12% higher than the 

expected, indicating a synergistic improvement in common lambsquarters control. At sites 1, 4 

and 6, isoxaflutole at the low, medium and high rates controlled common lambsquarters 89-98%. 

Metribuzin at the low, medium and high rates controlled common lambsquarters 16, 74 and 86%, 

respectively. Metribuzin at the low and high rate differed; however, the medium rate did not 

differ from the low or high rate. Isoxaflutole + metribuzin controlled common lambsquarters 97-

99%. The observed and expected values for common lambsquarters control with isoxaflutole + 

metribuzin were similar indicating an additive interaction at these sites.  

At 8 WAA at site 3, isoxaflutole and metribuzin controlled common lambsquarters 26-

76% and 1-26%, respectively; there was no difference among the three rates of isoxaflutole and 

metribuzin (Table 2.3). Isoxaflutole + metribuzin at the low, medium and high rate controlled 

common lambsquarters 71-98%. Additive control occurred with the application of the low and 

medium rates of isoxaflutole + metribuzin and a synergistic increase in common lambsquarters 

control occurred with the high rate of isoxaflutole + metribuzin. At sites 5, 9 and 10, isoxaflutole 

and metribuzin at the three rates controlled common lambsquarters 72-95% and 32-58%, 

respectively. Isoxaflutole + metribuzin controlled common lambsquarters 80-100%. The 

combination of isoxaflutole + metribuzin at the medium and high rate caused a synergistic 

increase for common lambsquarters control. At sites 1, 4 and 6, all treatments provided 84-99% 



 

 

54 

 

control with the exception of the low rate of metribuzin which controlled common lambsquarters 

19%. The combination of isoxaflutole + metribuzin at the low rate provided a synergistic 

increase in common lambsquarters control, whereas the medium and high rates had an additive 

interaction.  

At 12 WAA, at site 3, isoxaflutole and metribuzin at the varying rates controlled common 

lambsquarters 45-85% and 10-19%, respectively (Table 2.3). The combination of isoxaflutole + 

metribuzin at the low, medium and high rate controlled common lambsquarters 64-95%. All 

interactions of isoxaflutole + metribuzin were additive. At sites 5, 9 and 10, isoxaflutole and 

metribuzin controlled common lambsquarters 66-94% and 29-48%, respectively. Isoxaflutole + 

metribuzin at the varying rates controlled common lambsquarters 79-99%. The combination of 

isoxaflutole + metribuzin at the medium rate caused a synergistic increase in common 

lambsquarters control. At sites 1, 4 and 6, isoxaflutole and metribuzin at the low, medium and 

high rate controlled common lambsquarters 93-99% and 52-88%, respectively. The combination 

of isoxaflutole + metribuzin at the three rates controlled common lambsquarters 98-99%, the 

interactions were additive. 

At 8 WAA, at site 3, isoxaflutole + metribuzin at the low rate reduced common 

lambsquarters density 93% (Table 2.4). No other treatment reduced lambsquarters density 

compared to the untreated control or differed from the low rate of isoxaflutole + metribuzin. At 

sites 5, 9 and 10, no treatment reduced common lambsquarters density compared to the untreated 

control. At sites 1, 4 and 6, isoxaflutole at the low and medium rates did not reduce common 

lambsquarters density; the high rate reduced density 90%. Metribuzin at the low, medium or high 

rate did not reduce common lambsquarters density. Isoxaflutole + metribuzin at the low, medium 
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and high rate reduced common lambsquarters density 93-98%. The co-application of isoxaflutole 

+ metribuzin at all site groups caused an additive reduction in common lambsquarters density.  

At 8 WAA, at site 3, and sites 5, 9 and 10, none of the herbicide treatments reduced 

common lambsquarters biomass (Table 2.4). At sites 1, 4 and 6, the high rate of isoxaflutole 

reduced common lambsquarters biomass 89% compared to the untreated control. Metribuzin at 

the low, medium or high rate did not reduce common lambsquarters biomass. Isoxaflutole + 

metribuzin at the low rate did not reduce common lambsquarters biomass; however, the medium 

and high rates reduced biomass 91-94% compared to the untreated control. Observed common 

lambsquarters biomass values did not differ from expected values with the combination of 

isoxaflutole + metribuzin therefore the interactions were additive.  

In summary, common lambsquarters control was lowest at site 3. This site had one of the 

lowest levels of rainfall of 2.7 mm 0-7 DAA (days after application) (Table 2.1). This probably 

reduced the amount of herbicide dissolved in the soil water solution so that it could be absorbed 

by common lambsquarters seedlings. The other sites where common lambsquarters was 

evaluated had higher levels of control. Most of these sites received >5 mm of rainfall 0-7 DAA, 

with the exception of site 6 that only received 0.8 mm and had delayed weed emergence likely 

because of lack of moisture. This site received 12.5 mm within 0-14 DAA, allowing for the 

herbicides to be dissolved into soil water solution and absorbed by the emerging weed seedlings. 

Similar results were suggested by Sprague et al. (1999c) where limited rainfall after application 

in one year reduced control of common lambsquarters with isoxaflutole (79 and 105 g a.i. ha
-1

) 

by up to 63%. Increasing rates of isoxaflutole, metribuzin or the tank-mix of isoxaflutole + 

metribuzin rarely resulted in a significant increase in common lambsquarters control. Bhowmik 
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et al. (1999) determined the effective dose of isoxaflutole to reduce common lambsquarters 

biomass 80% (ED80) was 13 g a.i. ha
-1

, which suggests that this species is very sensitive to 

isoxaflutole and would be controlled at the rated evaluated in this study. In contrast, Knezevic et 

al. (1999) determined the ED80 of isoxaflutole for common lambsquarters to be 60-130 g a.i. ha
-1

. 

Results in our study suggest that at sites with the highest level of control (sites 1, 4 and 6), the 

ED80 would be between 79 and 105 g a.i. ha
-1

. Generally, isoxaflutole provided greater numerical 

control of lambsquarters compared to metribuzin at all site groups. The combination of 

isoxaflutole + metribuzin had additive or synergistic interactions for lambsquarters control and 

reduction in density or biomass. The combination of isoxaflutole + metribuzin rarely provided a 

higher level of common lambsquarters control compared to isoxaflutole or metribuzin alone at 

any rate. However, 100% control was only obtained at sites 1, 5 and 10 at 8 WAA with 

isoxaflutole + metribuzin at the high rate, which suggests that at most sites common 

lambsquarters seeds would be returned to the soil seed bank and contributed to weed 

management challenges in subsequent years.  

2.4.3 Pigweed  

Green pigweed (Amaranthus powellii S. Watson) and redroot pigweed (Amaranthus 

retroflexus L.) were combined during weed control ratings at 9 sites in this study. There was a 

significant treatment by site interaction (data not shown) so sites 3, 5 and 7 were analyzed 

independently and sites 1, 4, 6, 8, 9 and 10 were combined.  

 At 4 WAA, at site 3, isoxaflutole or metribuzin at the low, medium and high rates 

controlled pigweed spp. 11-44%; there was no difference in control (Table 2.5). Isoxaflutole + 

metribuzin at the low and medium rates controlled pigweed spp. 46 and 32%, respectively and 
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did not provide superior control over isoxaflutole or metribuzin applied alone. Isoxaflutole + 

metribuzin at the high rate controlled pigweed spp. 75% which was 31-64% higher than 

isoxaflutole or metribuzin applied alone. Isoxaflutole + metribuzin at the low and high rate 

caused additive interactions for pigweed control; however, the medium rate caused antagonistic 

control of pigweed spp. At site 5, isoxaflutole at the low, medium and high rate controlled 

pigweed spp. 27, 45 and 84%, respectively. The high rate provided superior control over the low 

rate; however, the medium rate did not differ from the low or high rate. Metribuzin at the varying 

rates controlled pigweed spp. 24-60%. Isoxaflutole + metribuzin at the low, medium and high 

rate controlled pigweed spp. 42, 76 and 87%, respectively. The high rate provided superior 

control compared to the low rate; however, the medium rate did not differ between the low or 

high rate. The expected control from isoxaflutole + metribuzin at the high rate was 94% whereas 

the observed control was 87%, suggesting an antagonistic interaction. The low and medium rates 

caused additive interactions. At sites 1, 4, 6, 8, 9 and 10, isoxaflutole at the varying rates 

controlled pigweed spp. 75-88%. Metribuzin at the low, medium and high rate controlled 

pigweed spp. 39, 63 and 82%, respectively. The high rate of metribuzin provided superior 

control compared to the low rate; however, the medium rate did not differ from either the low or 

high rate. Isoxaflutole + metribuzin provided additive interactions at each rate, controlling 

pigweed spp. 90-99%. At site 7, isoxaflutole at the three rates controlled pigweed spp. 94-99%. 

Metribuzin at the low, medium and high rate controlled pigweed spp. 73-93%. The combination 

of isoxaflutole + metribuzin displayed additive interactions at each rate and controlled pigweed 

spp. 100%.  
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 At 8 WAA, at site 3, isoxaflutole and metribuzin at the three rates controlled pigweed 

spp. 34-69% and 5-12%, respectively (Table 2.5). The combination of isoxaflutole + metribuzin 

had an additive interaction at each rate and controlled pigweed spp. 63-85%. Isoxaflutole + 

metribuzin at the varying rates provided 55-80% greater pigweed spp. control than metribuzin 

alone at the low or medium rate. At site 5, isoxaflutole and metribuzin at the three rates 

controlled pigweed spp. 44-80% and 22-61%, respectively. The co-application of isoxaflutole + 

metribuzin at the low, medium and high rate exhibited an additive interaction controlling 

pigweed spp. 40, 88 and 98%. The medium and high rate provided superior control compared to 

the low rate. Isoxaflutole + metribuzin at the high rate provided 37-76% greater control than 

isoxaflutole at the low rate and metribuzin at all three rates. At site 1, 4, 6, 8, 9 and 10, 

isoxaflutole and metribuzin at the three rates controlled pigweed spp. 62-88% and 40-79%, 

respectively. The combination of isoxaflutole + metribuzin at the three rates provided additive 

interactions and controlled pigweed spp. 93-99%. Isoxaflutole + metribuzin at the high rate 

provided 27-59% greater control than isoxaflutole at the low rate and metribuzin at the low and 

medium rates. At site 7, isoxaflutole at the low, medium and high rates controlled pigweed spp. 

87-99%. Metribuzin at the three rates controlled pigweed spp. 75-96%. Isoxaflutole + metribuzin 

at the low rate caused a synergistic increase in pigweed spp. control whereas the medium and 

high rate had additive interactions. The three rates provided 99-100% pigweed spp. control.  

 At 12 WAA, at site 3, isoxaflutole and metribuzin at the three rates controlled pigweed 

spp. 30-55% and 8-19%, respectively (Table 2.5). The co-application of isoxaflutole + 

metribuzin resulted in an additive interaction at the three rate combinations and controlled 

pigweed spp. 54-79%. Isoxaflutole + metribuzin at the low rate did not improve pigweed spp. 
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control compared to isoxaflutole at all three rates, or metribuzin at the medium or high rate; 

however, improved control 46% compared to metribuzin at the low rate. Alternatively, the 

medium and high rate provided 42-71% improved control compared to any rate of metribuzin; 

however, provided equivalent control compared to the medium and high rate of isoxaflutole. At 

site 5, isoxaflutole at the low, medium and high rate controlled pigweed spp. 34, 73 and 85%, 

respectively. The medium and high rate provided better control than the low rate. Metribuzin at 

the varying rates controlled pigweed spp. 42- 69%. The combination of isoxaflutole + metribuzin 

had an additive interaction at each rate and controlled pigweed spp. 56, 91 and 98% at the low, 

medium and high rate, respectively. The medium and high rate provided a higher level of 

pigweed spp. control than the low rate. Isoxaflutole + metribuzin at the low rate did not differ 

from any rate of isoxaflutole or metribuzin alone, the medium rate provided 49-57% higher 

control than isoxaflutole at the low rate or metribuzin at the low or medium rate and isoxaflutole 

+ metribuzin at the high rate improved pigweed spp. control 25-64% compared to isoxaflutole at 

the low and medium rate and metribuzin at all rates. At sites 1, 4, 6, 8, 9 and 10, isoxaflutole 

controlled pigweed spp. 79-91%. Metribuzin at the low, medium and high rate controlled 

pigweed spp. 49, 69 and 84%, respectively. The high rate of metribuzin provided a greater 

pigweed spp. control compared to the low rate, the medium rate did not differ from the low or 

high rate. The combination of isoxaflutole + metribuzin had an additive interaction at each rate 

and controlled pigweed spp. 94-99%. Isoxaflutole + metribuzin at the low rate provided 25-45% 

higher control than metribuzin at the low and medium rate; the medium rate of isoxaflutole + 

metribuzin controlled pigweed spp. 19-49% better than isoxaflutole at the low rate and 

metribuzin at the low and medium rate. Isoxaflutole + metribuzin at the high rate controlled 
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pigweed spp. 15-50% better than isoxaflutole at the low rate or any rate of metribuzin. At site 7, 

isoxaflutole and metribuzin controlled pigweed spp. 87-98% and 81-96%, respectively. 

Isoxaflutole + metribuzin at the varying rates controlled pigweed spp. 99-100%. The 

combination of isoxaflutole + metribuzin at the low rate had a synergistic interaction whereas the 

medium and high provided additive control of pigweed spp. The medium and high rate of 

isoxaflutole or metribuzin alone did not differ from any rate of the combination of isoxaflutole + 

metribuzin. Isoxaflutole + metribuzin at the high rate provided 13-19% improved control 

compared to the low rate of isoxaflutole or metribuzin alone.  

 At 8 WAA, at site 3, isoxaflutole + metribuzin at the high rate reduce pigweed spp. 

density 90% compared to the untreated control (Table 2.6). Each rate of isoxaflutole + 

metribuzin displayed an additive interaction. At site 5, no treatment reduced pigweed density 

compared to the untreated control. The combination of isoxaflutole + metribuzin provided 

additive interactions at each rate. At sites 1, 4, 6, 8, 9 and 10, all herbicide treatments reduced 

pigweed density compared to the untreated control. Isoxaflutole and metribuzin at the three rates 

reduced density 88-94% and 80-89%, respectively. There was an additive interaction with 

isoxaflutole + metribuzin at each rate and reduced pigweed spp. density 95-99% compared to the 

untreated control. Isoxaflutole + metribuzin at the low rate provided an additional 15% reduction 

in pigweed spp. density than metribuzin at the low rate. Isoxaflutole + metribuzin at the medium 

rate provided a 14-17% greater reduction in density than metribuzin at the low and medium rate. 

Isoxaflutole + metribuzin at the high rate reduced density 9-19% more than isoxaflutole at the 

low and medium rates and metribuzin at each rate. At site 7, every herbicide treatment reduced 

pigweed spp. density compared to the untreated control. Isoxaflutole at the low, medium and 
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high rate reduced pigweed spp. density 88, 95 and 99% compared to the untreated control. The 

high rate provided a greater reduction in density compared to the low rate; the medium rate did 

not differ from the low or high rate. Metribuzin at the three rates reduced density 91-98% 

compared to the untreated control. The combination of isoxaflutole + metribuzin at the three 

rates had an additive interaction and reduced density 99% compared to the untreated control. 

Isoxaflutole + metribuzin at all three rates reduced pigweed density 12% more than the low rate 

of isoxaflutole.  

 At 8 WAA, at sites 3 and 5, no herbicide treatment reduced pigweed spp. biomass 

compared to the untreated control (Table 2.6). At both sites, the combination of isoxaflutole + 

metribuzin produced additive interactions. At sites 1, 4, 6, 8, 9 and 10, isoxaflutole at the three 

rates reduced pigweed spp. biomass 77-87%. Metribuzin at the high rate reduced pigweed spp. 

biomass 78%. The combination of isoxaflutole + metribuzin at the low and medium rates had 

additive interactions and the high rate had a synergistic interaction. Isoxaflutole + metribuzin at 

the low, medium and high rate reduced pigweed spp. biomass 83, 92 and 99% compared to the 

untreated control. The high rate provided a greater reduction in pigweed spp. biomass compared 

to the low rate; the medium rate did not differ from the low or high rate. Isoxaflutole + 

metribuzin reduced pigweed spp. biomass similar to isoxaflutole or metribuzin alone. 

Isoxaflutole + metribuzin at the high rate reduced pigweed spp. biomass 20-31% more than 

isoxaflutole at the low and medium rate and metribuzin at all three rates. At site 7, isoxaflutole at 

the low rate and metribuzin at the low and high rate did not reduce pigweed spp. biomass 

compared to the untreated control. Isoxaflutole at the medium and high rate, metribuzin at the 

medium rate, and isoxaflutole + metribuzin at all three rates reduced biomass 99% compared to 
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the untreated control. The combination of isoxaflutole + metribuzin resulted in additive 

interactions.  

 In summary, there was the lowest level of pigweed spp. control at site 3, followed by site 

5, sites 1, 4, 6, 8, 9 and 10 and site 7. The authors think variable control may be attributed to 

varying rainfall amounts after herbicide application across sites. Site 3 only received 2.7 mm of 

rain 0-7 DAA, which was lower than the other sites except for site 6 (Table 2.1). Adequate 

rainfall is needed for activation of many soil applied herbicides including isoxaflutole and 

metribuzin. The rainfall at site 3 was probably insufficient to dissolve the herbicide into soil 

water solution so that it could be taken up by the pigweed spp. seedlings, resulting in reduced 

control. Site 6 received only 0.6 mm of rain 0-7 DAA; however, this was likely not enough 

rainfall for weed seed germination, therefore, when more rain occurred after 7 DAA, the 

herbicides were likely activated and absorbed by the emerging weed seedlings. Differences in 

levels of pigweed control with isoxaflutole across sites and years have been described by 

Sprague et al. (1999c), where isoxaflutole (79 g a.i. ha
-1

) controlled pigweed 8% at a site with 

limited rainfall; in contrast pigweed control was 88% higher at sites that received an activating 

rainfall. Isoxaflutole and metribuzin applied alone at the respective rates did not differ; however, 

numerically, isoxaflutole usually provided better control than metribuzin. An application of 

isoxaflutole or metribuzin at the medium and high rates rarely increased pigweed spp. control. 

Knezevic et al. (1998) determined the ED90 of isoxaflutole to reduce pigweed biomass was 100 g 

a.i. ha
-1

, in our study only site 7 had >90% reduction in biomass with isoxaflutole at the high rate 

(105 g a.i. ha
-1

). Results at site 7 in this study are also consistent with Zhao et al. (2017), where 

redroot pigweed was controlled 92-95% with isoxaflutole at 100 g a.i. ha
-1

 30 DAA when 8.9 
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and 97.7 mm of rainfall was received 0-7 DAA in the two years of their study. Sweat et al. 

(1998) obtained 8% greater redroot pigweed control with metribuzin at 420 g a.i. ha
-1

 28 DAA 

than the same treatment at site 7 at 4 WAA in this study. At 4 WAA the combination of 

isoxaflutole + metribuzin at sites 3 or 5 resulted in additive or antagonistic control of pigweed 

spp. By 8 and 12 WAA, at sites 3 and 5, tank-mixes of isoxaflutole + metribuzin resulted in 

additive interactions. At all evaluation timings, the remaining groups of sites had additive or 

synergistic control with the combination of isoxaflutole + metribuzin. The combination of 

isoxaflutole + metribuzin at the low rate usually did not provide any benefit in pigweed spp. 

control compared to isoxaflutole or metribuzin applied alone. However, in many cases, the 

medium and high rate of isoxaflutole + metribuzin provided enhanced pigweed spp. control 

compared to isoxaflutole or metribuzin applied alone. 

2.4.4 Common Ragweed 

Common ragweed (Ambrosia artemisiifolia L.) was evaluated at 4 sites in this study. 

There was a significant treatment by site interaction (data not shown); therefore, sites 2 and 6 

were analyzed separately and sites 1 and 4 were combined for analysis.  

At 4 WAA, at site 2, isoxaflutole and metribuzin at the three rates controlled common 

ragweed 13-33% and 0-13%, respectively (Table 2.7). The combination of isoxaflutole + 

metribuzin had additive interactions at the low and medium rates. The observed value for 

isoxaflutole + metribuzin at the high rate was significantly higher than the expected value 

indicating a synergistic interaction. Isoxaflutole + metribuzin at the low, medium and high rates 

controlled common ragweed 22, 64 and 73%, respectively; the medium and high rate provided 

greater control than the low rate. Isoxaflutole + metribuzin at the low rate provided 22% greater 
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control than metribuzin at the low rate. Isoxaflutole + metribuzin at the high rate controlled 

common ragweed 40-60% and 60-73% more than isoxaflutole or metribuzin applied alone, 

respectively. At site 1 and 4, isoxaflutole and metribuzin at the three rates controlled common 

ragweed 47-80% and 1-6%, respectively. Isoxaflutole + metribuzin at the low rate had a 

synergistic increase in common ragweed control, whereas the medium and high rate showed an 

additive response. Isoxaflutole + metribuzin at the three rates controlled common ragweed 76-

90%. The low and medium rate of isoxaflutole + metribuzin did not differ from any rate of 

isoxaflutole or metribuzin applied alone, the high rate provided 89% greater control than 

metribuzin at the low rate. At site 6, isoxaflutole at the three rates controlled common ragweed 

88-98%. Metribuzin at the low, medium and high rates controlled common ragweed 0, 79 and 

97%, respectively. The medium and high rate of metribuzin provided higher common ragweed 

control compared to the low rate. The combination of isoxaflutole + metribuzin resulted in an 

additive interaction and controlled common ragweed 98-100%. Isoxaflutole + metribuzin at the 

low rate controlled common ragweed 98% greater than the low rate of metribuzin. The medium 

and high rate of isoxaflutole + metribuzin controlled common ragweed 21-100% more than 

isoxaflutole at the low rate and metribuzin at the low and medium rates.  

At 8 WAA, at site 2, isoxaflutole and metribuzin controlled common ragweed 77-93% 

and 4-47%, respectively (Table 2.7). An additive interaction occurred with isoxaflutole + 

metribuzin at all three rates and controlled common ragweed 90-100%. Isoxaflutole + metribuzin 

at the low rate controlled common ragweed 86% more than the low rate of metribuzin. 

Isoxaflutole + metribuzin at the medium rate controlled common ragweed 67-94% more than 

metribuzin at the low and medium rate. The high rate of isoxaflutole + metribuzin controlled 
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common ragweed 53-96% higher than metribuzin at any rate. At sites 1 and 4, isoxaflutole and 

metribuzin at the three rates controlled common ragweed 84-98% and 4-29%, respectively. The 

combination of isoxaflutole + metribuzin resulted in additive activity and controlled common 

ragweed 95-100%. Isoxaflutole + metribuzin at the low, medium and high rates controlled 

common ragweed 66-96% greater than metribuzin; however, did not provide higher control than 

any rate of isoxaflutole. At site 6, isoxaflutole controlled common ragweed 97-100%. There was 

increased common ragweed control with increasing rates of metribuzin; the low, medium and 

high rates controlled common ragweed 0, 60 and 97%, respectively. The combination of 

isoxaflutole + metribuzin at each rate had an additive interaction and controlled common 

ragweed 100%. Isoxaflutole + metribuzin at any rate controlled common ragweed 100 and 40% 

greater than metribuzin at the low and medium rates, respectively.  

At 12 WAA, at site 2, isoxaflutole and metribuzin at the three rates controlled common 

ragweed 59-95% and 9-43%, respectively (Table 2.7). The combination of isoxaflutole + 

metribuzin at the low and high rate resulted in additive interactions; however, at the medium rate 

there was a synergistic increase in common ragweed control when isoxaflutole and metribuzin 

were co-applied. Isoxaflutole + metribuzin at the three rates controlled common ragweed 84-

100%. Isoxaflutole + metribuzin at the low rate controlled common ragweed 75 and 62% greater 

than metribuzin at the low and medium rate, respectively. Isoxaflutole + metribuzin at the 

medium rate provided 54-88% greater control than metribuzin at any rate. The high rate of 

isoxaflutole + metribuzin increased common ragweed control 57-91% compared to isoxaflutole 

at the low rate and metribuzin at any of the three rates. At sites 1 and 4, isoxaflutole at the low, 

medium and high rate controlled common ragweed 89, 93 and 99%, respectively; the high rate 
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provided greater control than the low rate and the medium rate did not differ from the low or 

high rate. Metribuzin at the three rates controlled common ragweed 23-40%. Isoxaflutole + 

metribuzin combinations at each rate resulted in additive interactions. The three rates of 

isoxaflutole + metribuzin controlled common ragweed 95-100% and provided 55-77% greater 

control than any rate of metribuzin alone. The high rate of isoxaflutole + metribuzin provided a 

7-11% increase in common ragweed control compared to isoxaflutole at the low and medium 

rate. At site 6, isoxaflutole controlled common ragweed 91-99%. Common ragweed control 

increased as the rate of metribuzin was increased; the low, medium and high rate controlled 

common ragweed 25, 58 and 97%, respectively. The co-application of isoxaflutole + metribuzin 

at the low and medium rate resulted in a synergistic increase in common ragweed control, while 

the high rate had an additive response. Control of common ragweed with all rates of isoxaflutole 

+ metribuzin was 100%. 

At 8 WAA, at site 2, common ragweed density was reduced 95-99% and 88-98% with all 

rates of isoxaflutole and isoxaflutole + metribuzin, respectively (Table 2.8). Metribuzin did not 

reduce common ragweed density. Similarly at sites 1 and 4, all rates of isoxaflutole and 

isoxaflutole + metribuzin reduced density compared to the untreated control; however, 

metribuzin was not effective. Isoxaflutole and isoxaflutole + metribuzin reduced common 

ragweed density 96-99% and 99%, respectively. At site 6, all herbicide treatments reduced 

common ragweed density compared to the untreated control. There were no treatment 

differences among the herbicides; all herbicides reduced density 94-99%.  

At 8 WAA, at site 2, the herbicide treatments evaluated did not decrease common 

ragweed biomass compared to the untreated control (Table 2.8). At sites 1 and 4, all rates of 
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isoxaflutole and isoxaflutole + metribuzin reduced common ragweed biomass 88-97% compared 

to the untreated control. In contrast, metribuzin did not reduce biomass. At site 6, isoxaflutole at 

all three rates, metribuzin at the high rate and isoxaflutole + metribuzin at all three rates reduced 

biomass 99% compared to the untreated control.  

In summary, herbicides at site 2 provided the lowest common ragweed control; greater 

control was achieved at sites 1 and 4 and the highest level of control occurred at site 6. Sites, 2, 

1, 4 and 6 received 35.2, 58.4, 42.6 and 84.8 mm of rain 0-28 DAA, respectively (Table 2.1). 

Improved common ragweed control can likely be attributed to higher levels of rainfall, especially 

considering the theorized ‘reactivation’ or ‘recharge’ activity of isoxaflutole. Isoxaflutole is 

stable and unavailable for uptake by plants under relatively dry conditions because isoxaflutole is 

readily adsorbed to soil colloids. When rainfall moves isoxaflutole into soil water solution, 

isoxaflutole is converted into diketonitrile, a more phytotoxic metabolite, which is not as highly 

adsorbed by soil colloids and is more available for uptake by plants. This results in control of 

susceptible species after each rain event while isoxaflutole remains in the seed germination zone 

(Taylor-Lovell et al. 2000). Due to this phenomenon, rainfall received up to 28 DAA may be 

important for the control of late weed flushes and small seedling weeds. The repeated rain events 

and soybean canopy may explain the increase in common ragweed control at sites 1, 2 and 4, 

from 4 WAA to 8 WAA. Common ragweed was more susceptible to isoxaflutole at the medium 

and high rate than metribuzin at the low and medium rate at many of the groups of sites and 

evaluation timings. This finding is not surprising as Byker et al. (2018) found the ED90 for 

metribuzin to control GR common ragweed at 4 WAA was 824 g a.i. ha
-1 

which is much higher 

than any rate used in this study. Greater than 90% control was obtained at site 6 with metribuzin 
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at 420 g a.i. ha
-1

; the increased rainfall may have contributed to the improved control at this site. 

Common ragweed was effectively controlled with isoxaflutole at the rates used in this study 

which is corroborated by Sprague et al. (1999b; 1999c) where isoxaflutole at 79 and 105 g a.i. 

ha
-1

 controlled common ragweed >95%. The interaction for the co-application of isoxaflutole + 

metribuzin was mostly additive for common ragweed control although in a few instances the 

interaction was synergistic. By 8 and 12 WAA isoxaflutole + metribuzin at the high rate 

controlled common ragweed 100% at each group of sites preventing any weed seed to return to 

the soil seedbank.  

2.4.5 Velvetleaf 

Velvetleaf (Abutilion theophrasti Medik.) was assessed at 3 sites in this study. There was 

a significant treatment by site interaction (data not shown) therefore sites 2 and 3 were combined 

and site 1 was analyzed independently.  

At 4 WAA, at sites 2 and 3, isoxaflutole and metribuzin at the low, medium and high rate 

controlled velvetleaf 28-68% and 0-14%, respectively (Table 2.9). The combination of 

isoxaflutole + metribuzin resulted in synergistic increase in velvetleaf control at the low and high 

rates. The medium rate of isoxaflutole + metribuzin had an additive interaction. Isoxaflutole + 

metribuzin at the three rates controlled velvetleaf 56-95%. Isoxaflutole + metribuzin controlled 

velvetleaf similar to each rate of isoxaflutole alone; it provided 56-58% better control than 

metribuzin at the low and medium rate. The high rate of isoxaflutole + metribuzin provided 67% 

higher control than isoxaflutole at the low rate and 81-95% higher control than metribuzin at all 

three rates. At site 1, isoxaflutole and metribuzin controlled velvetleaf 86-97% and 0-13%, 

respectively. Isoxaflutole + metribuzin combinations at the low and medium rate resulted in an 
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additive interaction while there was a synergistic increase in control with the high rates. 

Isoxaflutole + metribuzin at the three rates controlled velvetleaf 91-100%. Isoxaflutole and 

isoxaflutole + metribuzin at all three rates controlled velvetleaf 78-100% more than metribuzin at 

the low, medium and high rate.  

At 8 WAA, at the two site groupings, control did not differ between isoxaflutole applied 

alone and with the addition of metribuzin at any of the rates (Table 2.9). At site 2 and 3 

isoxaflutole and isoxaflutole + metribuzin controlled velvetleaf 82-99%, at site 1, velvetleaf 

control was 95-100%. At site 2 and 3 metribuzin controlled velvetleaf 0-16% and did not provide 

equivalent control to isoxaflutole or isoxaflutole + metribuzin. At site 1, metribuzin at the low 

and medium rate controlled velvetleaf 2%; increasing the rate provided 30% greater control. At 

site 2 and 3 the high rate of isoxaflutole + metribuzin controlled velvetleaf synergistically. All 

other combinations of isoxaflutole + metribuzin at either of the groups of sites had additive 

interactions.  

At 12 WAA, velvetleaf control followed the same pattern as 8 WAA for both groups of 

sites (Table 2.9). Metribuzin provided poorer control of velvetleaf compared to isoxaflutole or 

isoxaflutole + metribuzin, which did not differ. At sites 2 and 3, isoxaflutole and isoxaflutole + 

metribuzin controlled velvetleaf 89-100%. Metribuzin at the varying rates controlled velvetleaf 

2-15%. The combinations of isoxaflutole + metribuzin at the low and medium rate had an 

additive interaction while at the high rate there was a synergistic increase in velvetleaf control. 

At site 1, isoxaflutole and metribuzin controlled velvetleaf 94-100% and 0-16%, respectively. 

There was an additive interaction for velvetleaf control when isoxaflutole + metribuzin were co-

applied; control was 95-100%.  
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At 8 WAA, at sites 2 and 3, there was no decrease in velvetleaf density with the herbicide 

treatments evaluated (Table 2.10). At site 1, isoxaflutole at the low, medium and high rate 

reduced velvetleaf density 88, 97 and 99%, respectively. The high rate reduced density more 

than the low rate; however, the medium rate did not differ from the low or high rate. Metribuzin 

at the three rates did not decrease velvetleaf density compared to the untreated control. 

Isoxaflutole + metribuzin at the low, medium and high rate reduced velvetleaf density 97-99% 

compared to the untreated control.  

At 8 WAA, at sites 2 and 3, there was no decrease in velvetleaf biomass with the 

herbicide treatments evaluated compared to the untreated control, consistent with density data 

(Table 2.10). At site 1, isoxaflutole at the low, medium and high rate reduced velvetleaf biomass 

89, 97 and 99%, respectively. Metribuzin at each rate did not reduce velvetleaf biomass 

compared to the untreated control. Isoxaflutole + metribuzin at the three rates reduced velvetleaf 

biomass 99%. Isoxaflutole + metribuzin at the low, medium and high rate did not differ in 

biomass reduction compared to any rate of isoxaflutole; however, reduced velvetleaf biomass an 

additional 44-89% compared to the three rates of metribuzin.  

In summary, at sites 2 and 3 there was poorer velvetleaf control than at site 1, especially 

at 4 WAA. This was probably due to the rainfall received at each site from 0-7 DAA (Table 2.1). 

Site 1 had received 6 and 3 times more rainfall than sites 2 and 3, respectfully. By 8 and 12 

WAA, differences in velvetleaf control among the two groups of sites diminished which can 

partially be explained by the similar rainfall 0-28 DAA of 35.2, 46.4 and 58.4 mm at sites 2, 3 

and 1 allowing for herbicide activation and velvetleaf control. The results from this study are 

consistent with Sprague et al. (1999c) where isoxaflutole at 79 and 105 g a.i. ha
-1

 controlled 
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velvetleaf 15 and 35%, respectively in a year that received 17 mm of rainfall 0-28 DAA, in 

comparison to 95-99% control with isoxaflutole at 79 and 105 g a.i. ha
-1

, in years receiving 53-

93 mm 0-28 DAA. Velvetleaf is more sensitive to isoxaflutole than metribuzin. Metribuzin 

across all sites and assessment timings controlled velvetleaf 0-32%, while isoxaflutole controlled 

velvetleaf 28-100%. In contrast, Oliveira et al. (2017) reported that metribuzin at 280 g a.i. ha
-1

 

controlled velvetleaf 97 and 96% at 40 and 60 DAA, respectively, which is much higher than in 

this study. Knezevic et al. (1999) determined the ED90 for isoxaflutole to reduce velvetleaf 

biomass was 90 g a.i. ha
-1

.
 
Bhowmik et al. (1999) found the ED80 for isoxaflutole to reduce 

velvetleaf biomass was only 6.1g a.i. ha
-1

. Results from this study do not align with results from 

either Knezevic et al. or Bhowmik et al. At site 2 and 3 there was an 89% reduction in biomass 

with isoxaflutole at the high rate (105 g a.i. ha
-1

); however, these sites had relatively low pressure 

of velvetleaf in comparison to site 1 where there were higher velvetleaf populations and the low, 

medium and high rates of isoxaflutole (52.5, 79 and 105 g a.i. ha
-1

) reduced biomass 89, 97 and 

99%, respectively. The combination of isoxaflutole + metribuzin resulted in mostly additive 

interactions; however, synergistic increases in velvetleaf control occurred in a few instances. At 

sites 2 and 3, isoxaflutole + metribuzin at the high rate consistently had synergistic responses 

across all evaluation timings. Tank-mixes of isoxaflutole + metribuzin at each rate typically 

provided better control than metribuzin alone at the three rates; however, equivalent control to 

isoxaflutole at the three rates. Complete velvetleaf control was obtained with isoxaflutole + 

metribuzin with the high rate at site 1 at all evaluation timings, at 12 WAA the same treatment at 

sites 2 and 3 controlled velvetleaf 100%. At site 1, isoxaflutole alone at the high rate controlled 

velvetleaf 100%, 8 and 12 WAA; additionally, the medium rate of isoxaflutole alone controlled 
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velvetleaf perfectly by 12 WAA. Although velvetleaf can be effectively controlled with 

isoxaflutole alone it is not recommended as other weed species are likely present in the field and 

the use of two modes of action will help to delay the evolution of HR weed biotypes.  

2.4.6 Foxtail 

Green foxtail (Setaria viridis L. P. Beauv.) and giant foxtail (Setaria faberi Herrm.) were 

combined during field evaluations at 8 sites in this study. There was a significant treatment by 

site interaction therefore sites 2, 3, 5 and 8 were combined, sites 1, 4 and 10 were combined and 

site 6 was analyzed independently.  

At 4 WAA, at sites 2, 3, 5 and 8, isoxaflutole and metribuzin at the three rates controlled 

foxtail spp. 2-21% and 0-5%, respectively (Table 2.11). There was a synergistic increase in 

foxtail spp. control when isoxaflutole + metribuzin were co-applied at the low rate, whereas the 

medium and high rate had an additive response. Isoxaflutole + metribuzin controlled foxtail spp. 

28-50%. Isoxaflutole + metribuzin at the high rate controlled foxtail spp. 45-50% greater than 

isoxaflutole at the low rate and each rate of metribuzin. At sites 1, 4 and 10, isoxaflutole and 

metribuzin at the three rates controlled foxtail spp. 41-62% and 9-18%, respectively. 

Combinations of isoxaflutole + metribuzin at the low and medium rate resulted in additive 

control while at the high rate there was a synergistic increase in foxtail spp. control. Isoxaflutole 

+ metribuzin at the low, medium and high rate controlled foxtail spp. 62-92%. The low and 

medium rate did not differ from any rate of isoxaflutole or metribuzin applied alone. In contrast, 

the high rate provided 83% greater control than the medium rate of metribuzin. At site 6, 

isoxaflutole at the low, medium and high rate controlled foxtail spp. 8, 79 and 90%, respectively. 

The medium and high rate controlled foxtail spp. better than the low rate. There was an increase 
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in control with every increase of metribuzin rate; the low, medium and high rate controlled 

foxtail spp. 0, 65 and 97%, respectively. Isoxaflutole + metribuzin at the three rates controlled 

foxtail spp. 94-100%. There was a synergistic increase in foxtail spp. control with the co-

application of the low rate of isoxaflutole + metribuzin while the medium and high rates 

controlled foxtail spp. additively. The three rates of isoxaflutole + metribuzin provided 29-100% 

greater control than isoxaflutole at the low rate and metribuzin at the low and medium rates.  

At 8 WAA, at sites 2, 3, 5 and 8 isoxaflutole and metribuzin at the three rates controlled 

foxtail spp. 24-52% and 5-25%, respectively (Table 2.11). The combination of isoxaflutole + 

metribuzin at the low rate resulted in a synergistic increase in foxtail spp. control while the 

medium and high rates had an additive interaction. Isoxaflutole + metribuzin at the low, medium 

and high rate controlled foxtail spp. 53-76%. Isoxaflutole + metribuzin at the low rate provided 

33-48% better control than the low and medium rate of metribuzin. The medium rate of 

isoxaflutole + metribuzin controlled foxtail spp. 42-62% greater than isoxaflutole at the low rate 

and metribuzin at the low and medium rates. At sites 1, 4 and 10, isoxaflutole and metribuzin 

controlled foxtail spp. 58-79% and 36-50%, respectively. Combinations of isoxaflutole + 

metribuzin at the low and medium rate had additive control of foxtail spp. and the high rate had a 

synergistic interaction. Isoxaflutole + metribuzin at the three rates controlled foxtail spp. 78-

96%. The high rate controlled foxtail spp. 58-60% more than the low and medium rates of 

metribuzin; otherwise there were no treatment differences. At site 6, isoxaflutole at the low, 

medium and high rate controlled foxtail spp. 33, 76 and 83%. The high rate provided greater 

control compared to the low rate, and the medium rate did not differ from the low or high rate. 

Metribuzin at the low, medium and high rates controlled foxtail spp. 25, 55 and 96%, 
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respectively. The high rate of metribuzin provided better foxtail spp. control than the low or 

medium rate which did not differ. The co-application of isoxaflutole + metribuzin at the low and 

medium rates resulted in a synergistic increase in foxtail spp. control, there was an additive 

interaction at the high rate. The three rates of isoxaflutole + metribuzin controlled foxtail spp. 

96-100%. 

At 12 WAA, at sites 2, 3, 5 and 8, isoxaflutole at the low, medium and high rate 

controlled foxtail spp. 43, 63 and 71%, respectively (Table 2.11). The high rate provided better 

control than the low rate, the medium rate did not differ from the low or high rates. Metribuzin at 

the three rates controlled foxtail spp. 12-30%. The combination of isoxaflutole + metribuzin at 

all three rates had an additive interaction and controlled foxtail spp. 64-85%. The low rate of 

isoxaflutole + metribuzin provided 34-52% greater control than the three rates of metribuzin. 

Isoxaflutole + metribuzin at the medium and high rate controlled foxtail spp. 33-73% more than 

isoxaflutole at the low rate and metribuzin at all three rates. At sites 1, 4 and 10, isoxaflutole and 

metribuzin at the low, medium and high rates controlled foxtail spp. 66-86% and 40-50%, 

respectively. The combination of isoxaflutole + metribuzin resulted in additive interactions at 

each rate and controlled foxtail spp. 80-97%. Isoxaflutole + metribuzin at the high rate controlled 

foxtail spp. 53-57% more than metribuzin at the low and medium rates; otherwise there were no 

treatment differences. At site 6, isoxaflutole at the low, medium and high rates controlled foxtail 

spp. 27, 72 and 78%, respectively. Isoxaflutole at the medium and high rate provided a higher 

level of foxtail spp. control than the low rate. Metribuzin at the low, medium and high rate 

controlled foxtail spp. 60, 75 and 100%. The combination of isoxaflutole + metribuzin at the low 

and high rate had an additive interaction while the co-application of the medium rate resulted in a 
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synergistic increase in foxtail spp. control. Isoxaflutole + metribuzin at the three rates controlled 

foxtail spp. 93-100%. The low rate of isoxaflutole + metribuzin provided 66% higher control 

than the low rate of isoxaflutole alone. The medium and high rate of isoxaflutole + metribuzin 

controlled foxtail spp. 22-73% more than the three rates of isoxaflutole and the low and medium 

rates of metribuzin.  

At 8 WAA, at sites 2, 3, 5 and 8, isoxaflutole at the low and medium rate did not reduce 

foxtail spp. density relative to the untreated control, isoxaflutole at the high rate reduced density 

75% (Table 2.12). Metribuzin did not reduce foxtail spp. density. Isoxaflutole + metribuzin at the 

low rate did not reduce foxtail spp. density; however, the medium and high rate reduced density 

77-81%. At sites 1, 4 and 10, isoxaflutole + metribuzin at the high rate was the only treatment 

that reduced foxtail spp. density compared to the untreated control; this treatment reduced 

density 91%. At site 6, isoxaflutole and metribuzin at the low, medium and high rate reduced 

foxtail density 80-94% and 87-97%, respectively. Isoxaflutole + metribuzin at the three rates 

reduced foxtail density 99% and provided a greater reduction in density than isoxaflutole and 

metribuzin at the low, medium and high rates.  

At 8 WAA, at sites 2, 3, 5 and 8, isoxaflutole at the low and medium rate did not reduce 

foxtail spp. biomass; the high rate reduced biomass 79% compared to the untreated control 

(Table 2.12). Metribuzin at the three rates did not reduce biomass compared to the untreated 

control. Isoxaflutole + metribuzin at the low rate did not reduce foxtail spp. biomass; however, 

the medium and high rate reduced foxtail spp. biomass 75-88%. The co-application of 

isoxaflutole + metribuzin at the low and high rate resulted in an additive reduction in biomass 

and the medium rate had a synergistic interaction. At sites 1, 4 and 10, no herbicide treatment 
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reduced foxtail spp. biomass compared to the untreated control; however, isoxaflutole + 

metribuzin at the high rate reduced biomass compared to metribuzin at the low and medium 

rates. The combination of isoxaflutole + metribuzin at the medium rate caused a synergistic 

interaction whereas the low and high rates had an additive interaction. At site 6, isoxaflutole at 

the low rate did not reduce biomass compared to the untreated control. Isoxaflutole at the 

medium and high rate decreased foxtail spp. biomass 93-95% compared to the untreated control. 

Isoxaflutole at the high rate provided 42% greater reduction in biomass compared to the low rate; 

the medium rate did not differ from the low or high rate. Similarly, metribuzin at the low rate did 

not reduce biomass compared to the untreated control although, the medium and high rate 

reduced biomass 87-98%. Metribuzin at the high rate provided 44% greater reduction in foxtail 

spp. biomass than the low rate; the medium rate did not differ from the low or high rate. 

Isoxaflutole + metribuzin at the three rates reduced biomass 96-99% compared to the untreated 

control. Isoxaflutole + metribuzin at all rates provided 42-46% greater reduction in biomass than 

the low rates of isoxaflutole and metribuzin applied alone.  

In summary, herbicides at sites 2, 3, 5 and 8 provided the lowest foxtail spp. control; 

control increased at sites 1, 4 and 10, and foxtail spp. control was highest at site 6.The rainfall 

amount 0-28 DAA (Table 2.1) probably contributed to the variable foxtail spp. control. Sites 2, 

3, 5 and 8 received an average of 39.5 mm, sites 1, 4 and 10 received an average of 53 mm, and 

site 6 received 84.8 mm of rainfall 0-28 DAA. Similar results were found by Sprague et al. 

(1999c) where giant foxtail was controlled 23 and 48% with isoxaflutole at 79 and 105 g a.i. ha
-1

,
 

respectively, in a year when only 17 mm of rainfall occurred 0-28 DAA compared to 77-89% 

and 84-87% control with isoxaflutole at 79 and 105 g a.i. ha
-1

, respectively, in years when 53-93 
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mm of rainfall occurred 0-28 DAA. Interestingly, Johnson et al. (2012b) reported up to 53% 

lower control of giant foxtail when conditions were wet after planting which they suggested was 

due to herbicide dilution due to surface runoff. In addition to rainfall, foxtail density may have 

had an impact on foxtail spp. control. Sites 1, 4 and 10 which on average had the lowest foxtail 

spp. density had higher levels of control with isoxaflutole at the low rate compared to the other 

groups of sites with the same treatment. Populations >100 foxtail spp. m
-2

 may have been too 

dense for isoxaflutole at the low rate to control effectively. Control of foxtail spp. with 

isoxaflutole and metribuzin at the three rates was more variable than control of the broadleaf 

weed species in this study. For example at 4 WAA, at site 6, metribuzin at the low, medium and 

high rate controlled foxtail spp. 0, 65 and 97%, respectively. Combinations of isoxaflutole + 

metribuzin increased foxtail spp. control numerically, and in some cases significantly, compared 

to isoxaflutole and metribuzin applied alone at the corresponding rates. The combined action of 

isoxaflutole + metribuzin resulted in additive and synergistic interactions. At site 6, the medium 

and high rates effectively controlled foxtail spp. 100% for the entire season. 

2.4.7 Barnyardgrass 

 Barnyardgrass (Echinochloa crus-galli L. P. Beauv) was evaluated at 7 sites in this study. 

There was a significant treatment by site interaction (data not shown) therefore sites 1, 2, 5 and 8 

were combined and sites 4, 6 and 10 were combined for analysis.  

 At 4 WAA, at sites 1, 2, 5 and 8, isoxaflutole and metribuzin at the low, medium and 

high rate controlled barnyardgrass 1-6% and 0-1%, respectively (Table 2.13). The co-application 

of isoxaflutole + metribuzin at the low and medium rate resulted in a synergistic increase in 

barnyardgrass control; there was an additive interaction at the high rate. Isoxaflutole + 
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metribuzin at the low rate did not differ from any rate of isoxaflutole or metribuzin applied 

alone. Isoxaflutole + metribuzin at the medium and high rate provided 32-45% greater control 

than isoxaflutole at the low rate and metribuzin at all three rates. Isoxaflutole + metribuzin at the 

three rates controlled barnyardgrass 17-45%. At sites 4, 6 and 10, isoxaflutole and metribuzin at 

the three rates controlled barnyardgrass 36-79% and 25-55%, respectively. The co-application of 

isoxaflutole + metribuzin at the low and medium rates had an additive interaction and the high 

rate controlled barnyardgrass synergistically. Isoxaflutole + metribuzin at the low, medium and 

high rate controlled barnyardgrass 80-98%. Isoxaflutole + metribuzin at the low rate did not 

provide any additional control compared to isoxaflutole or metribuzin applied alone at any rate. 

Isoxaflutole + metribuzin at the medium rate provided 69% greater control than metribuzin at the 

low rate. The high rate of isoxaflutole + metribuzin controlled barnyardgrass 62-73% greater 

than isoxaflutole at the low rate and metribuzin at the low and medium rates.  

 At 8 WAA, at sites 1, 2, 5 and 8, isoxaflutole at the low, medium and high rates 

controlled barnyardgrass 37, 71 and 89%, respectively (Table 2.13). The high rate provided 

greater control compared to the low rate; the medium rate did not differ between the low or high 

rate. Metribuzin at the three rates controlled barnyardgrass 14-48%. The co-application of 

isoxaflutole + metribuzin at the low rate resulted in a synergistic increase in barnyardgrass 

control, the medium and high rate had an additive interaction. Isoxaflutole + metribuzin at the 

three rates controlled barnyardgrass 83-95%. The low rate of isoxaflutole + metribuzin provided 

69% greater control than metribuzin at the low rate. Isoxaflutole + metribuzin at the medium rate 

controlled barnyardgrass 52-75% more than isoxaflutole at the low rate or metribuzin at the low 

or medium rate. The high rate of isoxaflutole + metribuzin provided 47-81% greater control of 
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barnyardgrass than isoxaflutole at the low rate and metribuzin at all three rates. At sites 4, 6 and 

10, isoxaflutole and metribuzin at the three rates controlled barnyardgrass 53-87% and 32-62%, 

respectively. The co-application of isoxaflutole + metribuzin at the three rates had additive 

interactions and controlled barnyardgrass 83-98%. The low rate of isoxaflutole + metribuzin did 

not differ from any rate of isoxaflutole or metribuzin applied alone and the medium and high rate 

provided 62-66% greater control than the low and medium rate of metribuzin.  

 At 12 WAA, isoxaflutole and metribuzin at the three rates controlled barnyardgrass 50-

85% and 19-45%, respectively (Table 2.13). Isoxaflutole + metribuzin applied as a tank-mix at 

each rate resulted in additive interactions and controlled barnyardgrass 74-92%. Isoxaflutole + 

metribuzin at the low and medium rate provided 55-61% higher control than the low rate of 

metribuzin alone. The high rate of isoxaflutole + metribuzin provided 42-73% higher control 

than isoxaflutole at the low rate and metribuzin at all three rates. At sites 4, 6 and 10, isoxaflutole 

and metribuzin at the three rates controlled barnyardgrass 70-89% and 33-71%, respectively. The 

co-application of isoxaflutole + metribuzin had additive interactions at each rate and controlled 

barnyardgrass 81-99%. The low rate of isoxaflutole + metribuzin did not differ from any rate of 

isoxaflutole or metribuzin when applied alone. The medium and high rates of isoxaflutole + 

metribuzin controlled barnyardgrass 57-66% more than metribuzin at the low and medium rates.  

 At 8 WAA, at both groups of sites, no herbicide treatment reduced barnyardgrass density 

or biomass compared to the untreated control (Table 2.14).  

 In summary, sites 1, 2, 5 and 8 had lower barnyardgrass control than at sites 4, 6 and 10. 

On average sites 1, 2, 5 and 8 received 42.5 mm of rainfall 0-28 DAA whereas sites 4, 6 and 10 
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received 61.8 mm on average. The higher level of control at sites 4, 6 and 10 was probably a 

result of more rainfall. Metribuzin alone at the three rates suppressed barnyardgrass; however, 

provided up to 71% control across all rates and evaluation timings. Oliveira et al. (2017) reported 

that metribuzin (280 g a.i. ha
-1

) controlled barnyardgrass 73% which is much higher than the 

maximum control of 39% with metribuzin at 315 g a.i. ha
-1

 in this study. Isoxaflutole at the low, 

medium and high rates controlled barnyardgrass up to 70, 83, and 89%. In contrast, isoxaflutole 

at 72 g a.i. ha
-1

 controlled 99% of barnyardgrass (Bhowmik et al. 1999), which is higher than 

control obtained in this study. Different results were also found by Meyer et al. (2016) where 

isoxaflutole (100 g a.i. ha
-1

) controlled barnyardgrass 99% 4 WAA; however, at 7 WAA 

barnyardgrass had decreased to 75% with the same treatment. The same study also found a 9% 

reduction in control over the same time period with application of isoxaflutole + metribuzin (100 

+ 414 g a.i. ha
-1

). There was no appreciable decrease in barnyardgrass control over time in this 

study. Additive and synergistic interactions occurred with the application of isoxaflutole + 

metribuzin. The tank-mix at the high rate provided the best control, and had improved control 

compared to metribuzin at the low and medium rates. In contrast, isoxaflutole and metribuzin 

applied alone at the high rates generally provided equivalent control to the tank-mixes. 

2.4.8 Witchgrass 

Witchgrass (Panicum capillare L.) was assessed at 4 sites in this study. A significant 

treatment by site interaction occurred (data not shown) therefore site 8 was analyzed 

independently and sites 7, 9 and 10 were combined.  

At 4 WAA, at site 8, isoxaflutole and metribuzin applied independently at the three rates 

controlled witchgrass 0-7% (Table 2.15). The tank-mix of isoxaflutole + metribuzin at the low 
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and high rate resulted in an additive interaction, whereas there was a synergistic increase in 

witchgrass control at the medium rate. Isoxaflutole + metribuzin at the low, medium and high 

rate controlled witchgrass 46-95%. Isoxaflutole + metribuzin at the low rate provided 46% 

greater control than isoxaflutole at the low rate and metribuzin at the low and medium rate. 

Isoxaflutole + metribuzin at the medium and high rate provided 76-95% greater control of 

witchgrass than isoxaflutole or metribuzin at any rate. At sites 7, 9 and 10, isoxaflutole and 

metribuzin at the three rates controlled witchgrass 62-88% and 50-91%, respectively. The tank-

mix of isoxaflutole + metribuzin at the low and high rate resulted in additive control of 

witchgrass; there was a synergistic increase in witchgrass control with the medium rate. 

Isoxaflutole + metribuzin at the three rates controlled witchgrass 90-100%. Isoxaflutole + 

metribuzin at the low rate did not differ from any rate of isoxaflutole or metribuzin applied 

independently. The medium rate of isoxaflutole + metribuzin provided 49% higher control than 

the low rate of metribuzin. Isoxaflutole + metribuzin at the high rate controlled witchgrass 38-

50% greater than isoxaflutole or metribuzin at the low rate.  

At 8 WAA, at site 8, isoxaflutole and metribuzin at the varying rates controlled 

witchgrass 61-91% and 47-88%, respectively (Table 2.15). The tank-mix of isoxaflutole + 

metribuzin resulted in additive control of witchgrass at each rate and provided 98-99% control. 

The low rate of isoxaflutole + metribuzin did not provide any additional control compared to 

independent applications of isoxaflutole or metribuzin at any rate. The medium and high rate 

controlled witchgrass 52% more than the low rate of metribuzin. At sites 7, 9 and 10, 

isoxaflutole and metribuzin at the three rates controlled witchgrass 76-98% and 81-99%, 

respectively. The tank-mix of isoxaflutole + metribuzin at the three rates resulted in an additive 
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interaction and controlled witchgrass 98-100%. Isoxaflutole + metribuzin at the low rate did not 

provide superior control compared to any rate of isoxaflutole or metribuzin applied 

independently, while the high rate provide greater control than isoxaflutole or metribuzin applied 

at the low rate. 

At 12 WAA, at site 8, isoxaflutole and metribuzin at the low, medium and high rates 

controlled witchgrass 80-92% and 72-92%, respectively (Table 2.15). The co-application of 

isoxaflutole + metribuzin had additive interactions at each rate and controlled witchgrass 91-

100%. Isoxaflutole + metribuzin at the low rate did not provide an increase in control compared 

to isoxaflutole or metribuzin applied independently at any rate. The medium rate of isoxaflutole 

+ metribuzin provided 19-27% superior control compared to the low rates of isoxaflutole or 

metribuzin. The high rate of isoxaflutole + metribuzin provided 12-28% superior control 

compared to the low and medium rates of isoxaflutole or metribuzin. At sites 7, 9 and 10, 

isoxaflutole and metribuzin at the low, medium and high rate controlled witchgrass 79-92% and 

88-98%, respectively. Tank-mixes of isoxaflutole + metribuzin resulted in additive interactions 

and controlled witchgrass 97-100%. Isoxaflutole + metribuzin at the low and medium rate did 

not differ from any rate of isoxaflutole or metribuzin applied alone. The high rate of isoxaflutole 

+ metribuzin provided 21% superior control compared to isoxaflutole at the low rate.  

At 8 WAA, at site 8, no herbicide treatment reduced witchgrass density relative to the 

untreated control (Table 2.16). At sites 7, 9 and 10, the three rates of isoxaflutole did not reduce 

witchgrass density compared to the untreated control. Metribuzin at the low and medium rate did 

not reduce witchgrass density; however, the high rate reduced witchgrass density 96%.The 

combination of isoxaflutole + metribuzin at the low rate had a synergistic reduction in witchgrass 
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density, whereas the medium and high rate had an additive response. Isoxaflutole + metribuzin at 

the low, medium and high rate reduced witchgrass density 94-99% compared to the untreated 

control.  

At 8 WAA, at site 8, there were no differences in witchgrass biomass among the 

treatments (Table 2.16). At sites 7, 9 and 10, isoxaflutole at the low, medium and high rate did 

not reduce witchgrass biomass compared to the untreated control. Metribuzin at the low rate did 

not affect witchgrass biomass; however, the medium and high rate reduced witchgrass biomass 

94-98%. Similarly, isoxaflutole + metribuzin at the low rate did not reduce witchgrass biomass; 

isoxaflutole + metribuzin at the medium and high rates reduced witchgrass biomass 99%.  

In summary, at site 8, isoxaflutole and metribuzin controlled witchgrass less than at sites 

7, 9 and 10. Site 8 received 48.2 mm of rainfall 0-28 DAA, which was lower than the rainfall at 

sites 7, 9 and 10, which received 114, 70.5 and 58 mm of rain, respectively. The lower rainfall at 

site 7 probably limited the control of witchgrass by isoxaflutole and metribuzin. At site 8, there 

was a large increase in control from 4 WAA to 8 WAA; this was probably due to reactivation of 

isoxaflutole during the 21-28 DAA timeframe, as injury symptoms would not have shown up at 

the 4 WAA evaluations. Additionally the increase in control was probably due to competition 

with other weed species and soybean as control with metribuzin also increased during this time 

period. At sites 7, 9 and 10, witchgrass control ranged from 62-98% across the three rates, and 

assessment timings. A study by DeCauwer et al. (2014) determined the ED90 of isoxaflutole 

applied POST was 231.2 ± 84.68 g a.i. ha
-1

. In this study, >90% control was achieved with 

isoxaflutole at 105 g a.i. ha
-1

 suggesting the ED90 is lower than findings from DeCauwer et al. 

(2014). The combination of isoxaflutole + metribuzin resulted in mostly additive interactions 
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with the exception of a synergistic response at the 4 WAA evaluation timing at both groups of 

sites.  

2.4.9 Soybean Yield 

There was a significant site by treatment interaction (data not shown) for yield therefore 

yield at sites 10 and 9 were analyzed independently, sites 1, 3 and 6 were combined, sites 2, 4, 5 

and 7 were combined and site 8 was analyzed independently. 

 At site 10, weed interference reduced soybean yield 76%. Weed interference with 

isoxaflutole at the low, medium and high rate reduced soybean yield 60, 55 and 42%, 

respectively; the low rate did not differ from the untreated control (Table 2.17). Weed 

interference with metribuzin at all three rates reduced soybean yield 58%. Weed interference 

with isoxaflutole + metribuzin at the low, medium and high rate reduced soybean yield 55, 23 

and 13%, respectively. Soybean yield was similar to the weed-free control with isoxaflutole + 

metribuzin at the medium and high rate and was higher than the low rate of isoxaflutole + 

metribuzin. At site 9, weed interference reduced yield by 32%, soybean yield in the weed-free 

control was 1.1 T ha
-1

 higher than the untreated control. Weed interference with isoxaflutole at 

the medium rate reduced soybean yield 21%. Weed interference with metribuzin at the low, 

medium and high rate reduced soybean yield 21, 29 and 24%, respectively, and with isoxaflutole 

+ metribuzin at the low and high rate 18 and 21%, respectively. At sites 1, 3 and 6, weed 

interference reduced soybean yield 29%. Weed interference with metribuzin applied at the low 

and medium rate reduced soybean yield 24 and 17%, respectively. Reduced weed interference 

with isoxaflutole and isoxaflutole + metribuzin at all three rates resulted in soybean yield that 

was similar to the weed-free control. At site 2, 4, 5 and 7, weed interference reduced soybean 
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yield 33%. Weed interference with isoxaflutole at the low rate reduced soybean yield 17%. Weed 

interference with metribuzin at the low, medium and high rate reduced soybean yield 27, 23 and 

19%, respectively. Weed interference with isoxaflutole + metribuzin at the low rate reduced 

soybean yield 15%, the medium and high rates had reduced weed interference which resulted in 

soybean yield that was similar to the weed-free control. At site 8, weed interference reduced 

soybean yield 32%. Weed interference with isoxaflutole at the low, medium and high rate 

reduced soybean yield 25, 15 and 18%, respectively. Weed interference with metribuzin at the 

low, medium and high rate reduced soybean yield 28, 26 and 20%, respectively. Weed 

interference with isoxaflutole + metribuzin at the low, medium and high rate reduced soybean 

yield 20, 14 and 18%, respectively.  

2.5 Conclusions 

Isoxaflutole applied PRE at the low, medium and high rate provided >85% control of 

common lambsquarters, pigweed spp., common ragweed, and velvetleaf and >70% control of 

barnyardgrass and witchgrass at 12 WAA at sites where sufficient rainfall for activation occurred 

after application. Isoxaflutole at the low rate controlled foxtail spp. <66%; however, the medium 

and high rate provided >72% control 12 WAA when sufficient rainfall for activation occurred. 

Metribuzin at the low, medium and high rates had the potential to control pigweed spp. and 

witchgrass >81% 12 WAA at sites that received an activating rainfall. The medium and high 

rates were required to sufficiently control common lambsquarters and foxtail spp. >75%, 12 

WAA at sites where an activating rainfall had occurred after application. Metribuzin at the high 

rate was required for >71% control of common ragweed and barnyardgrass 12 WAA at sites 

where an activating rainfall had occurred after application. Metribuzin at the low, medium and 
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high rate did not control velvetleaf. When adequate rainfall was received after application, 

isoxaflutole + metribuzin co-applied at the low, medium and high rate provided >91% control of 

common lambsquarters, pigweed spp., common ragweed, velvetleaf, foxtail spp. and witchgrass 

12 WAA. Isoxaflutole + metribuzin at the low rate controlled barnyardgrass up to 81%; however, 

the medium and high rate provided up to 96 and 99% control respectively, 12 WAA, when the 

herbicides had been activated by rainfall after application. Control of every species was reduced 

at sites where there was a lack of adequate rainfall for herbicide activation. 

 The co-application of isoxaflutole + metribuzin generally provided additive control of 

each species. A synergistic weed control interaction occurred a number of times in this study 

where the observed control was greater than the expected. Synergism can increase the spectrum 

of weeds controlled and improve the level of control. In this study, a synergistic increase in weed 

control was observed when isoxaflutole + metribuzin provided an increase in grass control, 

especially foxtail spp. For example, at 4 WAA, at site 6, isoxaflutole and metribuzin at the low 

rate controlled foxtail spp. 8 and 0%, respectively; however, the combination of the two 

herbicides provided 93% control. Herbicide synergism benefits crop producers by increasing the 

spectrum of weeds controlled, increasing the level of weed control, decreasing weed 

interference, and increasing crop yield and net returns. In addition, the co-application of 

synergistic herbicides may be a cost savings measure reducing the number of herbicide passes in 

the field when herbicides are tank-mixed saving on time, labour and equipment costs. Caution 

should be used when applying low herbicide rates, as sub-lethal doses have shown to increase the 

evolution of herbicide-resistant weeds (Powles and Busi 2009). Alternatively, application of 
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synergistic herbicides with multiple effective modes of action can be used as a tool to help 

prevent the selection of resistant biotypes. 

2.6 Tables 

  



 

 

88 

 

Table 2.1. Soil characteristics, planting date, application dates, and rainfall of 10 field experiments in Ontario, Canada, in 2017 and 2018. 

# Location Year Soil Type % 

Sand 

% 

Silt 

% 

Clay 

% 

OM 

 

pH 

CEC 

(meq 100g
-1

) 

Planting 

Date 

Application 

Date 

Rainfall (mm) 

0-7 DAA 0-14 DAA 0-28 DAA 

1 Ridgetown  2017 Clay Loam 33 30 37 4.0 7.0 24 June 9 June 13 17.1 34.8 58.4 

2 Ridgetown  2018 Clay Loam 35 30 35 4.2 6.7 19 May 25 May 29 5 7.3 35.2 

3 Ridgetown  2017 Clay Loam 41 28 31 4.0 7.1 14 June 2 June 7 2.7 24.8 46.4 

4 Ridgetown  2018 Clay Loam 43 26 31 3.6 6.8 16 May 31 June 1 4.9 7.2 42.6 

5 Exeter 2018 Loam 41 35 24 2.9 7.7 27 May 18 May22 5.2 14.7 28.3 

6 Exeter 2017 Loam 35 43 22 3.9 7.8 30 June 3 June 5 0.8 12.5 84.8 

7 Ennotville 2017 Silt Loam 41 52 7 3.8 7.8 18 May 31 June 2 9.8 22.7 114 

8 Ennotville 2018 Silt Loam 41 52 7 3.8 7.8 18 May 25 May 28 14.9 15.8 48.2 

9 Cambridge 2017 Sandy Loam 68 26 6 2.2 7.2 9 May 31 June 2 5.9 7.3 70.5 

10 Cambridge 2018 Sandy Loam 68 26 6 2.2 7.2 9 May 25 May 28 10.8 14 58 
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Table 2.2. Soybean leaf bleaching injury symptoms 1, 2 and 4 WAE from 10 field experiments conducted 

in Ontario, Canada in 2017 and 2018. 

  1 WAE  2 WAE  4 WAE 

Treatment Rate 

g a.i. ha
-1

 

All 

sites 

 Site 

6 

 Sites 

1,2 

Sites 

3,4,7,9 

Site 

6 

Observed  Visible Bleaching Injury (%)  

Isoxaflutole  52.5 0  0a  0abc 1b 17b  

Isoxaflutole  79 0  2b  0abc 4cd 26cd  

Isoxaflutole  105 0  0ab  4bc 8ef 27de  

Metribuzin 210 0  0a  0a 0a 0a  

Metribuzin 315 0  0a  0a 0a 0a  

Metribuzin  420 0  0a  0a 0a 0a  

Isoxaflutole + Metribuzin 52.5 +210 0  0ab  0abc 3bc 20bc  

Isoxaflutole + Metribuzin 79 + 315 0  1ab  3abc 5ef 27de  

Isoxaflutole + Metribuzin 105 +420 0  2b  5c 10f 34e  

Expected Ɛ          

Isoxaflutole + Metribuzin 52.5 +210 0  0  0 1* 17*  

Isoxaflutole + Metribuzin 79 + 315 0  2  0* 4* 26*  

Isoxaflutole + Metribuzin 105 +420 0  0  4* 8* 27*  

Means followed by the same letter within a column are not significantly different according to the Tukey-

Kramer multiple range test at p=0.05. 

Ɛ Expected value determined by the Colby’s equation: E= X+Y – (
𝑋𝑌

100
), where E is the expected injury with 

isoxaflutole + metribuzin; and X and Y are the observed percent injury of isoxaflutole + metribuzin, 

respectively.   

*Expected values significantly lower than observed value (p<0.05) as determined by a t-test, indicating 

synergistic interactions of isoxaflutole + metribuzin 
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Table 2.3. Common lambsquarters control at 4, 8 and 12 WAA from 7 field experiments conducted in Ontario, Canada in 2017 and 2018. 

  4 WAA  8 WAA  12 WAA 

Treatment Rate 

g a.i. ha
-1

 

Site 

3 

Sites 

5,9,10 

Sites 

1,4,6 

 Site 

3 

Sites 

5,9,10 

Sites 

1,4,6 

 Site 

3 

Sites 

5,9,10 

Sites 

1,4,6 

Observed  Visible Control (%) 

Isoxaflutole  52.5 7bc 61ab 89a  26abc 72bcd 88a  45bcd 66abc 93a 

Isoxaflutole  79 20bc 69ab 94a  49abc 84abc 96a  64abc 83ab 98a 

Isoxaflutole  105 48ab 90a 98a  76ab 95ab 98a  85ab 94a 99a 

Metribuzin 210 7bc 45ab 16b  1c 41cd 19b  15d 44bc 52b 

Metribuzin 315 2c 18b 74ab  4bc 32d 84a  10d 29c 86ab 

Metribuzin  420 6bc 51ab 86a  26abc 58cd 84a  19cd 48bc 88ab 

Isoxaflutole + Metribuzin 52.5 +210 36abc 76ab 97a  71abc 80abc 99a  64abc 79abc 98a 

Isoxaflutole + Metribuzin 79 + 315 12bc 93a 98a  62abc 97ab 95a  86ab 97a 99a 

Isoxaflutole + Metribuzin 105 +420 92a 98a 99a  98a 100a 99a  95a 99a 99a 

Expected Ɛ             

Isoxaflutole + Metribuzin 52.5 +210 13 78 93  27 84 92*  54 84 97 

Isoxaflutole + Metribuzin 79 + 315 25 81* 99  53 90* 99  68 88* 100 

Isoxaflutole + Metribuzin 105 +420 51* 95 100  82* 98* 100  88 97 100 

Means followed by the same letter within a column are not significantly different according to the Tukey-Kramer multiple range test at p=0.05. 

Ɛ Expected value determined by the Colby’s equation: E= X+Y – (
𝑋𝑌

100
), where E is the expected control with isoxaflutole + metribuzin; and X 

and Y are the observed percent control of isoxaflutole + metribuzin, respectively.   

*Expected values significantly lower than observed value (p<0.05) as determined by a t-test, indicating synergistic interactions of isoxaflutole 

+ metribuzin. 
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Table 2.4. Common lambsquarters density and biomass 8 WAA from 7 field experiments in Ontario, Canada in 2017 and 2018. 

  Density  Biomass 

Treatment Rate 

g a.i. ha
-1

 

Site 

3 

Sites 

5,9,10 

Sites 

1,4,6 

 Site 

3 

Sites 

5,9,10 

Sites 

1,4,6 

Observed  # m 
-2

  g m
-2

 

Untreated  51.7b 27.5a 97.6c  29.8a 38.3a 20.1c 

Isoxaflutole  52.5 16.9ab 35.5a 31.5bc  15.8a 39.5a 8.9abc 

Isoxaflutole  79 11.0ab 28.6a 13.9abc  9.9a 31.4a 5.4abc 

Isoxaflutole  105 10.6ab 18.0a 9.8ab  9.1a 23.6a 2.2ab 

Metribuzin 210 24.7ab 27.0a 47.0bc  6.3a 33.6a 22.1c 

Metribuzin 315 13.1ab 29.7a 31.6bc  12.9a 57.5a 13.6bc 

Metribuzin  420 26.7ab 16.5a 18.abc  17.7a 29.2a 6.9abc 

Isoxaflutole + Metribuzin 52.5 +210 3.7a 42.1a 6.7ab  3.5a 51.7a 5.5abc 

Isoxaflutole + Metribuzin 79 + 315 4.8ab 15.6a 2.8a  2.7a 19.9a 1.8ab 

Isoxaflutole + Metribuzin 105 +420 5.9ab 14.2a 2.0a  14.5a 18.7a 1.3a 

Expected Ɛ         

Isoxaflutole + Metribuzin 52.5 +210 1.1 8.1 0.1  3.4 33.8 0.3 

Isoxaflutole + Metribuzin 79 + 315 1.7 7.4 0.1  3.2 14.0 0.4 

Isoxaflutole + Metribuzin 105 +420 1.0 1.0 0.04  0.7 1.8 0.2 

Means followed by the same letter within a column are not significantly different according to the Tukey-Kramer multiple range 

test at p=0.05. 

Ɛ Expected value determined by E= (
𝑋𝑌

𝑍
), where E is the expected density or biomass with isoxaflutole + metribuzin; X and Y 

are the observed density or biomass of isoxaflutole + metribuzin, respectively and Z is the density or biomass of the untreated 

control. 

*Expected values significantly higher than observed value (p<0.05) as determined by a t-test, indicating synergistic interactions 

of isoxaflutole + metribuzin. 
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Table 2.5. Pigweed spp. control at 4, 8 and 12 WAA from 9 field experiments conducted in Ontario, Canada in 2017 and 2018. 

  4 WAA  8 WAA  12 WAA 

Treatment Rate 

g a.i. ha
-1

 

Site 

3 

Sites 

5 

Site 

1,4,6,8,9,10 

Site 

7 

 Site 

3 

Sites 

5 

Site 

1,4,6,8,9,10 

Site 

7 

 Site 

3 

Sites 

5 

Site 

1,4,6,8,9,10 

Site 

7 

Observed  Visible Control (%) 

Isoxaflutole  52.5 11b 27c 75bcd 94ab  34abcd 44cde 62cd 87bc  30bcde 34e 79cd 87bc 

Isoxaflutole  79 31b 45abc 84abc 96ab  56abc 73abcd 83abc 98ab  55abc 73bcd 86abcd 95abc 

Isoxaflutole  105 44ab 84ab 88abc 99a  69a 80abc 88abc 99ab  55abc 85abc 91abcd 98abc 

Metribuzin 210 11b 24c 39d 73b  8cd 22e 40d 75c  8e 42de 49e 81c 

Metribuzin 315 26b 58abc 63cd 93ab  5d 35de 67bcd 96abc  15de 42de 69de 96abc 

Metribuzin  420 12b 60abc 82abc 91ab  12bcd 61bcde 79abcd 87bc  19cde 69bcd 84bcd 94abc 

Isoxaflutole + Metribuzin 52.5 +210 46ab 42bc 90abc 100a  68a 40de 93abc 100a  54abcd 56cde 94abc 100ab 

Isoxaflutole + Metribuzin 79 + 315 32b 76ab 97ab 100a  63ab 88ab 98ab 99ab  61ab 91ab 98ab 99ab 

Isoxaflutole + Metribuzin 105 +420 75a 87a 99a 100a  85a 98a 99a 100a  79a 98a 99a 100a 

Expected Ɛ                

Isoxaflutole +Metribuzin 52.5 + 210 20 49 87 99  46 57 76 98*  39 63 91 98* 

Isoxaflutole +Metribuzin 79 + 315 53ϯ 76 96 100  62 83 96 100  62 85 96 100 

Isoxaflutole +Metribuzin 105 + 420 52 94ϯ 98 100  73 92 98 100  64 96 99 100 

Means followed by the same letter within a column are not significantly different according to the Tukey-Kramer multiple range test at p=0.05. 

Ɛ Expected value determined by the Colby’s equation: E= X+Y – (
𝑋𝑌

100
), where E is the expected control with isoxaflutole + metribuzin; and X and Y are the observed percent 

control of isoxaflutole and metribuzin, respectively.   

*Expected values significantly lower than observed value (p<0.05) as determined by a t-test, indicating synergistic interactions of isoxaflutole + metribuzin. 

ϮExpected values significantly higher than observed value (p<0.05) as determined by a t-test, indicating antagonistic interactions of isoxaflutole + metribuzin. 
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Table 2.6. Pigweed spp. density and biomass 8 WAA from 9 field experiments in Ontario, Canada in 2017 and 2018. 

  Density  Biomass 

Treatment Rate 

g a.i. ha
-1

 

Site 

3 

Site 

5 

Sites 

1,4,6,8,9,10 

Site 

7 

 Site 

3 

Site 

5 

Sites 

1,4,6,8,9,10 

Site 

7 

Observed  # m 
-2

  g m
-2

 

Untreated  71.1b 3.5a 34.0e 29.2c  142.6a 22.7a 28.7c 172.7c 

Isoxaflutole  52.5 38.0ab 3.5a 4.1bcd 3.6b  68.7a 16.3a 6.6b 20.8bc 

Isoxaflutole  79 17.8ab 3.3a 3.5bcd 1.5ab  32.1a 17.4a 6.2b 1.5ab 

Isoxaflutole  105 16.7ab 1.7a 1.9abcd 0.03a  34.5a 4.4a 3.8ab 0.2a 

Metribuzin 210 23.0ab 1.5a 6.7d 2.5ab  58.2a 19.0a 9.4bc 12.6abc 

Metribuzin 315 8.8ab 0.6a 5.7cd 0.5ab  62.1a 1.6a 7.1bc 1.6ab 

Metribuzin  420 35.5ab 0.8a 3.7bcd 2.4ab  61.4a 6.9a 6.4b 18.7bc 

Isoxaflutole + Metribuzin 52.5 +210 9.1ab 2.1a 1.7abc 0.03a  40.5a 21.6a 4.8b 0.2a 

Isoxaflutole + Metribuzin 79 + 315 19.9ab 0.8a 1.0ab 0.03a  34.2a 0.9a 2.2ab 0.2a 

Isoxaflutole + Metribuzin 105 +420 7.0a 0.5a 0.3a 0.03a  29.6a 1.1a 0.4a 0.2a 

Expected Ɛ           

Isoxaflutole +Metribuzin 52.5 +210 14.9 3.0 1.5 0.4  27.9 15.8 4.1 2.1 

Isoxaflutole +Metribuzin 79 + 315 3.6 1.3 1.0 0.03  13.8 1.7 2.0 0.1 

Isoxaflutole +Metribuzin 105 +420 11.1 0.2 0.4 0.003  14.8 2.8 2.0* 0.1 

Means followed by the same letter within a column are not significantly different according to the Tukey-Kramer multiple range 

test at p=0.05. 

Ɛ Expected value determined by E= (
𝑋𝑌

𝑍
), where E is the expected density or biomass with isoxaflutole + metribuzin; X and Y are 

the observed density or biomass of isoxaflutole + metribuzin, respectively and Z is the density or biomass of the untreated control. 

*Expected values significantly higher than observed value (p<0.05) as determined by a t-test, indicating synergistic interactions of 

isoxaflutole + metribuzin. 
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Table 2.7. Common ragweed control at 4, 8 and 12 WAA from 4 field experiments conducted in Ontario, Canada in 2017 and 2018. 

  4 WAA  8 WAA  12 WAA 

Treatment Rate 

g a.i. ha
-1

 

Site 

2 

Sites 

1,4 

Site 

6 

 Site 

2 

Sites 

1,4 

Site 

6 

 Site 

2 

Sites 

1,4 

Site 

6 

Observed  Visible Control (%) 

Isoxaflutole  52.5 13cde 47ab 88b  77abc 84a 97a  59bcde 89c 91b 

Isoxaflutole  79 26c 71ab 97ab  82abc 90a 100a  72abcd 93bc 95ab 

Isoxaflutole  105 33bc 80ab 98ab  93abc 98a 100a  95abc 99ab 99ab 

Metribuzin 210 0e 1b 0c  4d 4b 0c  9e 23d 25d 

Metribuzin 315 2de 6ab 79b  31cd 15b 60b  22de 23d 58c 

Metribuzin  420 13cde 4ab 97ab  47bcd 29b 97a  43cde 40d 97ab 

Isoxaflutole + Metribuzin 52.5 +210 22cd 76ab 98ab  90abc 95a 100a  84abc 95abc 100ab 

Isoxaflutole + Metribuzin 79 + 315 64ab 85ab 100a  98ab 98a 100a  97ab 97abc 100a 

Isoxaflutole + Metribuzin 105 +420 73a 90a 100a  100a 100a 100a  100a 100a 100a 

Expected Ɛ              

Isoxaflutole + Metribuzin 52.5 +210 14 50* 85  81 86 97  65 92 94* 

Isoxaflutole + Metribuzin 79 + 315 29 76 99  89 93 100  81* 95 98* 

Isoxaflutole + Metribuzin 105 +420 42* 83 100  97 99 100  98 99 100 

Means followed by the same letter within a column are not significantly different according to the Tukey-Kramer multiple range 

test at p=0.05.  

Ɛ Expected value determined by the Colby’s equation: E= X+Y – (
𝑋𝑌

100
), where E is the expected control with isoxaflutole + 

metribuzin; and X and Y are the observed percent control of isoxaflutole and metribuzin, respectively. 

*Expected values significantly lower than observed value (p<0.05) as determined by a t-test, indicating synergistic interactions of 

herbicides A and B. 
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Table 2.8. Common ragweed density and biomass 8 WAA from 4 field experiments in Ontario, Canada in 2017 and 2018. 

  Density  Biomass 

Treatment Rate 

g a.i. ha
-1

 

Site 

2 

Sites 

1,4 

Site 

6 

Site 

2 

Sites 

1,4 

Site 

6 

Observed  # m 
-2

  g m
-2

 

Untreated  17.2d 48.5b 45.8b 2.4ab 15.4b 35.2b 

Isoxaflutole  52.5 0.9ab 2.0a 0.7a 0.8ab 1.8a 0.3a 

Isoxaflutole  79 0.3a 0.7a 0.5a 0.1a 0.4a 0.1a 

Isoxaflutole  105 0.05a 0.6a 0.3a 0.1a 0.4a 0.1a 

Metribuzin 210 7.6bcd 50.3b 2.7a 1.5ab 18.7b 19.6b 

Metribuzin 315 9.0cd 36.7b 2.6a 2.1ab 19.6b 6.2ab 

Metribuzin  420 3.2abcd 27.3b 0.5a 1.7ab 14.1b 0.4a 

Isoxaflutole + Metribuzin 52.5 +210 2.0abc 0.7a 0.4a 10.5b 0.4a 0.1a 

Isoxaflutole + Metribuzin 79 + 315 0.3a 0.7a 0.06a 1.5ab 0.4a 0.1a 

Isoxaflutole + Metribuzin 105 +420 0.5a 0.3a 0.06a 0.5ab 0.4a 0.1a 

Expected Ɛ        

Isoxaflutole + Metribuzin 52.5 +210 0.3 2.1 0.2 2.4 2.2 0.3 

Isoxaflutole + Metribuzin 79 + 315 0.1 0.4 0.1 0.2 0.5 0.01 

Isoxaflutole + Metribuzin 105 +420 0.01 0.4 0.02 0.2 0.5 0.01 

Means followed by the same letter within a column are not significantly different according to the Tukey-Kramer multiple 

range test at p=0.05. 

Ɛ Expected value determined by E= (
𝑋𝑌

𝑍
), where E is the expected density or biomass with isoxaflutole + metribuzin; X and 

Y are the observed density or biomass of isoxaflutole + metribuzin, respectively and Z is the density or biomass of the 

untreated control. 

*Expected values significantly higher than observed value (p<0.05) as determined by a t-test, indicating synergistic 

interactions of isoxaflutole + metribuzin. 
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Table 2.9. Velvetleaf control at 4, 8 and 12 WAA from 3 field experiments conducted in Ontario, Canada in 2017 and 2018.  

   4 WAA  8 WAA  12 WAA 

Treatment Rate 

g a.i. ha
-1

 

 Sites 2,3 Site 1 Sites 2,3 Site 1 Sites 2,3 Site 1 

Observed   Visible Control (%) 

Isoxaflutole  52.5  28bcd 86a 82a 95a 89a 94a 

Isoxaflutole  79  38abcd 96a 96a 98a 97a 100a 

Isoxaflutole  105  68ab 97a 93a 100a 95a 100a 

Metribuzin 210  0d 1b 16b 2c 2b 2b 

Metribuzin 315  0cd 0b 0b 2c 9b 0b 

Metribuzin  420  14bcd 13b 15b 32b 15b 16b 

Isoxaflutole +Metribuzin 52.5 + 210  58ab 91a 98a 97a 97a 96a 

Isoxaflutole +Metribuzin 79 + 315  56abc 95a 97a 97a 98a 95a 

Isoxaflutole +Metribuzin 105 + 420  95a 100a 99a 100a 100a 100a 

Expected Ɛ         

Isoxaflutole +Metribuzin 52.5 + 210  29* 87 93 96 91 95 

Isoxaflutole +Metribuzin 79 + 315  39 96 96 98 98 100 

Isoxaflutole +Metribuzin 105 + 420  75* 97* 96* 100 97* 100 

Means followed by the same letter within a column are not significantly different according to the Tukey-Kramer multiple 

range test at p=0.05. 

Ɛ Expected value determined by the Colby’s equation: E= X+Y – (
XY

100
), where E is the expected control with isoxaflutole + 

metribuzin; and X and Y are the observed percent control of isoxaflutole and metribuzin, respectively. 

*Expected values significantly lower than observed value (p<0.05) as determined by a t-test, indicating synergistic 

interactions of isoxaflutole + metribuzin. 
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Table 2.10. Velvetleaf density and biomass 8 WAA from 3 field experiments in Ontario, 

Canada in 2017 and 2018. 

  Density  Biomass 

Treatment Rate 

g a.i. ha
-1

 

Sites 

2,3 

Site 

1 

 Sites 

2,3 

Site 

1 

Observed  # m
-2

  g m
-2

 

Untreated Control - 6.2a 31.7d  4.3a 27.8d 

Isoxaflutole  52.5 1.3a 3.9bc  1.3a 3.1bc 

Isoxaflutole  79 0.6a 0.9ab  1.1a 0.8ab 

Isoxaflutole  105 0.4a 0.04a  0.5a 0.05a 

Metribuzin 210 6.2a 26.2d  4.9a 15.1cd 

Metribuzin 315 4.3a 18.6d  5.9a 25.0d 

Metribuzin  420 4.2a 12.9cd  2.7a 12.6cd 

Isoxaflutole + Metribuzin 52.5 +210 0.3a 0.7ab  1.0a 0.3ab 

Isoxaflutole + Metribuzin 79 + 315 1.2a 0.9ab  2.3a 0.3ab 

Isoxaflutole + Metribuzin 105 +420 0.2a 0.2a  0.6a 0.2ab 

Expected Ɛ       

Isoxaflutole +Metribuzin 52.5 + 210 2.5 3.2  3.3 1.8 

Isoxaflutole +Metribuzin 79 + 315 0.6 0.7  2.5 1.1 

Isoxaflutole +Metribuzin 105 + 420 0.4 0.04  0.6 0.1 

Means followed by the same letter within a column are not significantly different according to 

the Tukey-Kramer multiple range test at p=0.05. 

Ɛ Expected value determined by E= (
𝑋𝑌

𝑍
), where E is the expected density or biomass with 

isoxaflutole + metribuzin; X and Y are the observed density or biomass of isoxaflutole + 

metribuzin, respectively and Z is the density or biomass of the untreated control. 

*Expected values significantly higher than observed value (p<0.05) as determined by a t-test, 

indicating synergistic interactions of isoxaflutole + metribuzin.  
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Table 2.11. Foxtail Spp. control at 4, 8 and 12 WAA from 8 field experiments conducted in Ontario, Canada in 2017 and 2018. 

  4 WAA  8 WAA  12 WAA 

Treatment Rate 

g a.i. ha
-1

 

Site 

2,3,5,8 

Sites 

1,4,10 

Site 

6 

 Site 

2,3,5,8 

Sites 

1,4,10 

Site 

6 

 Site 

2,3,5,8 

Sites 

1,4,10 

Site 

6 

Observed  Visible Control (%) 

Isoxaflutole  52.5 2b 41ab 8c  24cde 58ab 33cd  43bc 66ab 27c 

Isoxaflutole  79 18ab 54ab 78ab  41bcd 75ab 76abc  63ab 78ab 72b 

Isoxaflutole  105 21ab 62ab 90ab  52abc 79ab 83ab  71a 86ab 78b 

Metribuzin 210 0b 12ab 0c  5e 36b 25d  12d 40b 60bc 

Metribuzin 315 2b 9b 65b  20de 38b 55bcd  18d 44b 75b 

Metribuzin  420 5b 18ab 97a  25cde 50ab 96a  30cd 50ab 100a 

Isoxaflutole + Metribuzin 52.5 +210 28ab 62ab 94ab  53abc 78ab 96a  64ab 80ab 93ab 

Isoxaflutole + Metribuzin 79 + 315 25ab 82ab 100a  67ab 91ab 100a  76a 92ab 100a 

Isoxaflutole + Metribuzin 105 +420 50a 92a 100a  76a 96a 100a  85a 97a 100a 

Expected Ɛ             

Isoxaflutole + Metribuzin 52.5 +210 2* 59 3*  35* 78 56*  52 81 72 

Isoxaflutole + Metribuzin 79 + 315 22 71 91  58 87 91*  71 90 93* 

Isoxaflutole + Metribuzin 105 +420 27 79* 100  66 92* 99  80 95 100 

Means followed by the same letter within a column are not significantly different according to the Tukey-Kramer multiple range test at p=0.05. 

Ɛ Expected value determined by the Colby’s equation: E= X+Y – (
𝑋𝑌

100
), where E is the expected control with isoxaflutole + metribuzin; and X and Y are the observed 

percent control of isoxaflutole and metribuzin, respectively.   

*Expected values significantly lower than observed value (p<0.05) as determined by a t-test, indicating synergistic interactions of isoxaflutole + metribuzin. 
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Table 2.12. Foxtail spp. density and biomass 8 WAA from 4 field experiments in Ontario, Canada in 2017 and 2018. 

  Density  Biomass 

Treatment Rate 

g a.i. ha
-1

 

Site 

2,3,5,8 

Sites 

1,4,10 

Site 

6 

 Site 

2,3,5,8 

Sites 

1,4,10 

Site 

6 

Observed  # m 
-2

  g m
-2

 

Untreated  101.4b 48.6b 116.7e  51.1d 15.8ab 16.7c 

Isoxaflutole  52.5 40.0ab 35.5ab 23.4d  22.0abcd 13.8ab 7.8bc 

Isoxaflutole  79 46.2ab 20.0ab 11.7cd  17.7abcd 13.8ab 1.1ab 

Isoxaflutole  105 25.4a 15.4ab 6.6cd  10.6ab 9.1ab 0.8a 

Metribuzin 210 44.4ab 49.6b 14.8cd  22.8abcd 23.2b 7.6bc 

Metribuzin 315 47.1ab 60.1b 3.2bc  42.7cd 29.4b 2.2ab 

Metribuzin  420 47.6ab 26.8ab 4.5bc  35.3bcd 18.2ab 0.2a 

Isoxaflutole + Metribuzin 52.5 +210 27.1ab 23.3ab 0.6ab  16.0abcd 21.0ab 0.6a 

Isoxaflutole + Metribuzin 79 + 315 18.8a 8.5ab 0.04a  5.9a 5.5ab 0.06a 

Isoxaflutole + Metribuzin 105 +420 23.7a 4.4a 0.04a  13.0abc 3.1a 0.06a 

Expected Ɛ         

Isoxaflutole + Metribuzin 52.5 +210 17.3 40.8 3.0  12.0 32.0 3.3 

Isoxaflutole + Metribuzin 79 + 315 19.3 30.1 0.4  18.1* 34.8* 0.2 

Isoxaflutole + Metribuzin 105 +420 14.5 12.3 0.3  9.6 14.3 0.03 

Means followed by the same letter within a column are not significantly different according to the Tukey-Kramer multiple range test 

at p=0.05. 

Ɛ Expected value determined by E= (
𝑋𝑌

𝑍
), where E is the expected density or biomass with isoxaflutole + metribuzin; X and Y are the 

observed density or biomass of isoxaflutole + metribuzin, respectively and Z is the density or biomass of the untreated control. 

*Expected values significantly higher than observed value (p<0.05) as determined by a t-test, indicating synergistic interactions of 

isoxaflutole + metribuzin. 
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Table 2.13. Barnyardgrass control at 4, 8 and 12 WAA from 7 field experiments conducted in Ontario, Canada in 2017 and 2018. 

  4 WAA  8 WAA  12 WAA 

Treatment Rate 

g a.i. ha
-1

 

Sites 

1,2,5,8 

Sites 

4,6,10 

Sites 

1,2,5,8 

Sites 

4,6,10 

Sites 

1,2,5,8 

Sites 

4,6,10 

Observed  Visible Control (%) 

Isoxaflutole  52.5 1b 36bc 37cd 53ab 50bcd 70ab 

Isoxaflutole  79 6ab 70abc 71abc 81ab 68abc 83ab 

Isoxaflutole  105 6ab 79abc 89ab 87ab 85ab 89ab 

Metribuzin 210 0b 25c 14d 32b 19d 33b 

Metribuzin 315 1b 34bc 37cd 33b 37cd 39b 

Metribuzin  420 0b 55abc 48bcd 62ab 45bcd 71ab 

Isoxaflutole + Metribuzin 52.5 +210 17ab 80abc 83abc 83ab 74abc 81ab 

Isoxaflutole + Metribuzin 79 + 315 38a 94ab 89ab 95a 80abc 96a 

Isoxaflutole + Metribuzin 105 +420 45a 98a 95a 98a 92a 99a 

Expected Ɛ        

Isoxaflutole + Metribuzin 52.5 +210 1* 56 47* 73 60 82 

Isoxaflutole + Metribuzin 79 + 315 3* 82 80 90 81 91 

Isoxaflutole + Metribuzin 105 +420 5 90* 93 95 93 97 

Means followed by the same letter within a column are not significantly different according to the Tukey-Kramer multiple range 

test at p=0.05. 

Ɛ Expected value determined by the Colby’s equation E= X+Y – (
XY

100
), where E is the expected control with isoxaflutole + 

metribuzin; and X and Y are the observed percent control of isoxaflutole and metribuzin, respectively. 

*Expected values significantly lower than observed value (p<0.05) as determined by a t-test, indicating synergistic interactions of 

herbicides isoxaflutole + metribuzin. 



 

 

101 

 

Table 2.14. Barnyardgrass density and biomass 8 WAA from 7 field experiments in Ontario, Canada 

in 2017 and 2018. 

  Density  Biomass 

Treatment Rate 

g a.i. ha
-1

 

Sites 

1,2,5,8 

Sites 

4,6,10 

 Sites 

1,2,5,8 

Sites 

4,6,10 

Observed  # m
-2

  g m
-2

 

Weedy Control - 6.1a 5.3a  4.2a 3.0a 

Isoxaflutole  52.5 4.8a 3.7a  4.0a 5.7a 

Isoxaflutole  79 2.2a 2.2a  2.1a 2.5a 

Isoxaflutole  105 1.6a 1.4a  1.4a 2.0a 

Metribuzin 210 4.0a 3.4a  4.4a 3.9a 

Metribuzin 315 5.8a 6.9a  5.7a 9.1a 

Metribuzin  420 2.3a 2.5a  2.1a 2.9a 

Isoxaflutole + Metribuzin 52.5 +210 1.2a 3.8a  1.4a 3.6a 

Isoxaflutole + Metribuzin 79 + 315 3.5a 1.1a  2.7a 1.8a 

Isoxaflutole + Metribuzin 105 +420 1.3a 0.5a  1.1a 0.5a 

Expected Ɛ       

Isoxaflutole + Metribuzin 52.5 +210 3.1 2.0  6.4 6.8 

Isoxaflutole + Metribuzin 79 + 315 1.5 4.9  2.6 13.4 

Isoxaflutole + Metribuzin 105 +420 1.1 2.1  1.8 5.3 

Means followed by the same letter within a column are not significantly different according to the 

Tukey-Kramer multiple range test at p=0.05. 

Ɛ Expected value determined by E= (
𝑋𝑌

𝑍
), where E is the expected density or biomass with isoxaflutole 

+ metribuzin; X and Y are the observed density or biomass of isoxaflutole + metribuzin, respectively 

and Z is the density or biomass of the untreated control. 

*Expected values significantly higher than observed value (p<0.05) as determined by a t-test, 

indicating synergistic interactions of isoxaflutole + metribuzin. 
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Table 2.15. Witchgrass control at 4, 8 and 12 WAA from 4 field experiments conducted in Ontario, Canada in 2017 and 2018. 

  4 WAA  8 WAA  12 WAA 

Treatment Rate 

g a.i. ha
-1

 

Site 

8 

Sites 

7,9,10 

Site 

8 

Sites 

7,9,10 

Site 

8 

Sites 

7,9,10 

Observed  Visible Control (%) 

Isoxaflutole  52.5 0c 62bc 61ab 76c 80c 79b 

Isoxaflutole  79 7bc 72abc 89ab 88abc 88bc 85ab 

Isoxaflutole  105 6bc 88abc 91ab 98abc 92abc 92ab 

Metribuzin 210 0c 50c 47b 81bc 72c 88ab 

Metribuzin 315 0c 76abc 82ab 99ab 84bc 96ab 

Metribuzin  420 7bc 91abc 88ab 99ab 92abc 98ab 

Isoxaflutole + Metribuzin 52.5 +210 46ab 90abc 98ab 98abc 91abc 97ab 

Isoxaflutole + Metribuzin 79 + 315 95a 99ab 99a 100a 99ab 99ab 

Isoxaflutole + Metribuzin 105 +420 83a 100a 99a 100a 100a 100a 

Expected Ɛ        

Isoxaflutole + Metribuzin 52.5 +210 0 84 78 96 94 98 

Isoxaflutole + Metribuzin 79 + 315 7* 92* 97 100 98 99 

Isoxaflutole + Metribuzin 105 +420 14 98 99 100 99 100 

Means followed by the same letter within a column are not significantly different according to the Tukey-Kramer multiple range test 

at p=0.05. 

Ɛ Expected value determined by the Colby’s equation: E= X+Y – (
𝑋𝑌

100
), where E is the expected control with isoxaflutole + 

metribuzin; and X and Y are the observed percent control of isoxaflutole and metribuzin, respectively. 

*Expected values significantly lower than observed value (p<0.05) as determined by a t-test, indicating synergistic interactions of 

isoxaflutole + metribuzin. 
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Table 2.16. Witchgrass density and biomass 8 WAA from 4 field experiments in Ontario, 

Canada in 2017 and 2018. 

  Density  Biomass 

Treatment Rate 

g a.i. ha
-1

 

Site 

8 

Sites 

7,9,10 

 Site 

8 

Sites 

7,9,10 

Observed  # m
-2

  g m
-2

 

Weedy Control - 6.8a 7.9b 1.6a 6.6b 

Isoxaflutole  52.5 4.6a 3.8ab 1.4a 1.3ab 

Isoxaflutole  79 5.6a 2.1ab 1.7a 1.0ab 

Isoxaflutole  105 8.3a 1.4ab 2.1a 0.5ab 

Metribuzin 210 6.4a 3.7ab 3.6a 2.0ab 

Metribuzin 315 12.8a 1.1ab 5.1a 0.4a 

Metribuzin  420 4.1a 0.3a 1.5a 0.1a 

Isoxaflutole + Metribuzin 52.5 +210 3.6a 0.4a 1.0a 0.5ab 

Isoxaflutole + Metribuzin 79 + 315 1.3a 0.1a 2.3a 0.06a 

Isoxaflutole + Metribuzin 105 +420 0.3a 0.06a 0.2a 0.06a 

Expected Ɛ      

Isoxaflutole + Metribuzin 52.5 +210 2.1 2.0* 1.3 0.8 

Isoxaflutole + Metribuzin 79 + 315 9.3 0.4 7.4 0.2 

Isoxaflutole + Metribuzin 105 +420 7.0 0.03 5.0 0.02 

Means followed by the same letter within a column are not significantly different according to 

the Tukey-Kramer multiple range test at p=0.05. 

Ɛ Expected value determined by E= (
𝑋𝑌

𝑍
), where E is the expected density or biomass with 

isoxaflutole + metribuzin; X and Y are the observed density or biomass of isoxaflutole + 

metribuzin, respectively and Z is the density or biomass of the untreated control. 

*Expected values significantly higher than observed value (p<0.05) as determined by a t-test, 

indicating synergistic interactions of isoxaflutole + metribuzin. 
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Table 2.17. Soybean yield from 10 field experiments in Ontario, Canada conducted in 2017 and 2018 

Treatment Rate 

g a.i. ha
-1

 

Site  

10 

Site 

9 

Sites  

1,3,6 

Sites  

2,4,5,7 

Site 

8 

  T ha
-1

 

Untreated Control - 0.9d 2.3b 3.0c 3.4d 4.4d 

Weed-Free Control - 3.8a 3.4a 4.2a 5.1a 6.5a 

Isoxaflutole  52.5 1.5cd 2.8ab 3.6abc 4.2bc 4.9bcd 

Isoxaflutole  79 1.7c 2.7b 3.7ab 4.4abc 5.5bc 

Isoxaflutole  105 2.2bc 2.8ab 3.7ab 4.4ab 5.3bc 

Metribuzin 210 1.6c 2.7b 3.2bc 3.7cd 4.7cd 

Metribuzin 315 1.6c 2.4b 3.5bc 3.9bcd 4.8cd 

Metribuzin  420 1.6c 2.6b 3.6abc 4.1bcd 5.2bc 

Isoxaflutole + Metribuzin 52.5 +210 1.7c 2.8b 3.8ab 4.3bc 5.2bc 

Isoxaflutole + Metribuzin 79 + 315 2.9ab 2.9ab 3.8ab 4.5ab 5.6b 

Isoxaflutole + Metribuzin 105 +420 3.2a 2.7b 3.8ab 4.5ab 5.3bc 

Means followed by the same letter within a column are not significantly different according to the 

Tukey-Kramer multiple range test at p=0.05. 
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Chapter 3. Control of Annual Grass and Broadleaf Weed Species with Soil-

Applied Herbicides in Isoxaflutole-Resistant Soybean in Ontario 

3.1 Abstract 

 Isoxaflutole-resistant soybean is currently in development for commercialization in North 

America. Proposals to use isoxaflutole + metribuzin as the main herbicide tank-mixture raise 

concerns as there is limited grass control with these herbicides. Strategies are needed to improve 

grass control with isoxaflutole + metribuzin. Nine experiments were conducted over a two-year 

period (2017, 2018) to determine the efficacy of isoxaflutole + metribuzin (52.5 + 210 g a.i. ha
-1

) 

applied alone and co-applied with pendimethalin, dimethenamid-P, pethoxamid, pyroxasulfone 

or S-metolachlor applied preemergence (PRE). Comparisons were made with isoxaflutole + 

metribuzin at a low rate (52.5 + 210 g a.i. ha
-1

), medium rate (79 + 315 g a.i. ha
-1

) and a high rate 

(105 + 420 g a.i. ha
-1

). Weed species evaluated included lambsquarters, green and redroot 

pigweed, ragweed, velvetleaf, green and giant foxtail, yellow foxtail, barnyardgrass and 

witchgrass. All herbicides were affected by amount of rainfall following application; less rainfall 

resulted in reduced weed control. The addition of pendimethalin, dimethenamid-P, pethoxamid, 

pyroxasulfone or S-metolachlor to the low rate of isoxaflutole + metribuzin provided equivalent 

control of all weed species evaluated compared to isoxaflutole + metribuzin at the low, medium, 

or high rate.  

3.2 Introduction 

New 4-hydroxyphenylpyruvate dioxygenase (HPPD) transgenic soybean cultivars are in 

development with resistance to a suite of herbicides including: isoxaflutole and glyphosate; 

isoxaflutole, glyphosate and glufosinate; and isoxaflutole, mesotrione and glufosinate. Once 
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commercialized, one weed management program will be the application of isoxaflutole + 

metribuzin applied preplant (PP) or preemergence (PRE) for residual control of annual grass and 

broadleaf weeds. These two herbicides when used together have complementary activity for the 

control of glyphosate-resistant (GR) Canada fleabane (Conyza canadensis L. Cronq.) (Ditschun 

et al. 2016). However, this mixture does not provide full-season control of some annual grasses 

such as green foxtail (Setaria viridis L. P. Beauv.) and barnyardgrass (Echinochloa crus-galli L. 

P. Beauv.) (Knezevic et al. 1998; Anonymous 2017a).  

Isoxaflutole is an HPPD-inhibiting herbicide; this enzyme catalyzes the production of 

tocopherols and plastoquinone; a cofactor essential for carotenoid biosynthesis and an electron 

transporter in the electron transport chain (Pallett et al. 1998). Previously, isoxaflutole was only 

used in corn and sugarcane production. Metribuzin is a photosystem II (PSII)-inhibiting 

herbicide that displaces plastoquinone on the D1 protein of PSII causing a buildup of electrons in 

the electron transport chain (Trebst 2008). Metribuzin primarily provides control of annual 

broadleaf weeds, although it does have some activity on annual grass weeds (OMAFRA 2016). 

Therefore, one concern with the combined use of isoxaflutole and metribuzin in HPPD-resistant 

soybean is annual grass weed escapes.  

Grass competition with soybean can cause a yield reduction; the amount of yield loss is 

influenced by weed species, density, relative time of weed and crop emergence, weather patterns, 

soil nutrient status and time of removal. Populations of Johnsongrass (Sorghum halepense L. 

Pers.) of 16 plants per 10 m of soybean row caused a 48% soybean yield loss; increases in weed 

density, caused 88% yield loss (McWhorter and Hartwig 1972). Giant foxtail (Setaria faberi 

Herrm.) in competition with soybean at 177 plants m
-1

 of row reduced soybean yield by 28% if 
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emergence was early in the season; however, later emerging individuals caused little to no loss in 

yield (Knake and Slife 1962). Quackgrass (Elymus repens L. Gould) caused an 11% soybean 

yield reduction when allowed to compete with soybean for 6 weeks; an additional 2 weeks of 

competition caused an additional 12% yield loss (Young et al. 1982).  

Herbicides applied preemergence (PRE) with grass activity mitigate yield limiting 

soybean stress from grass weeds early in the season. Soil applied grass herbicide families for 

soybean include: dinitroaniline, chloroacetamide, chloroacetanilide and isoxazoline. Herbicides 

within these families control annual grasses and small-seeded broadleaf weeds; generally they 

control barnyardgrass, crabgrass species (Digitaria sp.), Panicum species, foxtail species 

(Setaria sp.), Amaranthus species and lambsquarters (Chenopodium album L.) although weed 

spectrum controlled is active ingredient specific (Loux et al. 2015; OMAFRA 2016; Anonymous 

2017b). Herbicidal activity is dependent on rainfall within 7 days of application to ensure that the 

herbicide is dissolved in soil water solution so it can be absorbed by the emerging weed 

seedlings (Loux et al. 2015). Residual activity of dinitroaniline, chloroacetamide, 

chloroacetanilide and isoxazoline herbicides vary depending on soil moisture and individual soil-

herbicide interactions. Pyroxasulfone + dimethenamid-P (200 + 1138 g a.i. ha
-1

) and metolachlor 

(1800 g a.i. ha
-1

) can provide 63 and 93 days residual control of barnyardgrass, respectively 

(Yamaji et al. 2015). Other results show pethoxamid and pendimethalin have a relatively short 

residual activity of 4 weeks (Anonymous 2017b; Tharp and Kells 2000).  

The purpose of this study was to determine: a) the benefit of adding a soil applied grass 

herbicide to isoxaflutole + metribuzin and b) to develop an understanding of which soil applied 
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grass herbicides used in combination with isoxaflutole + metribuzin provided the best control of 

specific annual grass and broadleaf weeds in isoxaflutole-resistant soybean.  

3.3 Materials and Methods 

Field experiments were conducted in 2017 and 2018 at four and five sites, respectively 

across south-western Ontario, for a total of 9 site-years. The trial sites were located near Exeter, 

Ennotville, Cambridge and Ridgetown (two sites in 2018). Prior to seeding isoxaflutole-resistant 

soybean, the land was conventionally tilled. Soybean was planted to a depth of approximately 5 

cm, in rows spaced 0.76 m apart at approximately 372500 seeds per hectare. Soil characteristics, 

seeding dates, herbicide application dates and cumulative rainfall 0-7 and 0-14 DAA are 

presented in Table 3.1.  

Herbicide treatments were arranged in a randomized complete block design with four 

replications at each site. All plots measured 3 m wide (4 soybean rows) by 8 or 10 m long based 

on available space. Control treatments included an untreated weedy and weed-free plot in each 

replication. The weed-free control was maintained weed-free with imazethapyr (100 g a.i. ha
-1

) 

plus metribuzin (400 g a.i. ha
-1

) applied PRE followed by glyphosate (900 g a.e. ha
-1

) applied 

postemergence (POST) and subsequent hand weeding if required. Herbicide treatments were 

applied using a CO2 pressurized backpack sprayer calibrated to deliver 200 L ha
-1

 at 240 kPa. 

The sprayer was equipped with a 1.5 m boom with four Hypro ULD 120-02 nozzles (Pentair, 

New Brighton, MN) spaced 50 cm apart resulting in a 2.0 m spray width. The treatments in this 

study were applied PRE and included the grass herbicides: pendimethalin (1000 g a.i. ha
-1

), 

dimethenamid-P (544 g a.i. ha
-1

), pethoxamid (840 g a.i. ha
-1

), pyroxasulfone (125 g a.i. ha
-1

) and 

S-metolachlor (1050 g a.i. ha
-1

). Isoxaflutole + metribuzin was applied at three different rates: 
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52.5 + 210, 79 + 315 and 105 + 420 g a.i. ha
-1

 hereafter referred to as low, medium and high 

rates, respectively and the grass herbicides applied with the low rate of isoxaflutole + metribuzin.  

 Soybean injury was evaluated 1, 2 and 4 weeks after soybean emergence (WAE) on a 

scale of 0-100%, where 0 represented no injury and 100 was recorded when the soybean was 

dead. At 4, 8 and 12 weeks after application (WAA), visible control of naturally occurring weed 

species was evaluated on a scale of 0-100% with 0 being assigned when treatments provided no 

control relative to the untreated control and 100 assigned when all weeds of the species evaluated 

were completely dead. At 4 WAA, weed density was determined for each species by counting 

the number of individual plants within two 0.5 m
2
 quadrats per plot. The weeds in the quadrats 

were cut at the soil surface and placed by species in paper bags, which were dried at 60°C until 

constant moisture and then dry weights were recorded. Soybean yield was measured at maturity 

by harvesting the centre two rows of each plot with a small-plot research combine; yield was 

adjusted to 13% moisture.   

 The GLIMMIX procedure was used in SAS software (ver. 9.4., SAS Institute, Inc. Cary, 

NC) to analyze data. When analyzing injury, weed control and yield, sites were sorted into 

groups based on a Tukey-Kramer multiple means comparison test when there was a significant 

site by treatment interaction using a mixed model where the fixed effects were site, treatment and 

site by treatment and the random effect was replication within site. Site groupings from weed 

control at 4 WAA were kept constant throughout control ratings at 8 and 12 WAA, in addition to 

density and biomass for each species. If the site by treatment interaction was not significant all 

sites were pooled. When data were pooled across sites, the treatments were considered a fixed 

effect and the random effects include site, site by treatment and replication within site. An F-test 
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was performed to test the significance of fixed effects and a Wald test was conducted to test the 

significance of random effects. Residual plots were used to confirm the assumptions that the 

variances were randomly distributed, independent and homogenous across treatments. 

Additionally, a Shaprio-Wilk test was performed to test the assumption of normally distributed 

residuals. Transformations using the natural log and arcsine square root were used when 

necessary to analyze data but results were transformed back to the original scale for presentation. 

A Tukey-Kramer test was conducted to compare means at a confidence level of 0.05.    

3.4 Results and Discussion 

3.4.1 Injury 

At 1 WAE, no soybean injury was visually evident from any of the herbicides applied 

(Table 3.2). At 2 WAE, soybean at sites 2, 4, 5, 6, 7 and 9 displayed leaf deformity injury, 

resembling soybean drawstring symptoms typical of Group 15 herbicides. There was a 

significant site by treatment interaction (data not shown); site 9 was analyzed independently and 

the remaining sites were pooled together. At sites 2, 4, 5, 6 and 7, isoxaflutole + metribuzin at all 

three rates did not cause soybean injury. Pendimethalin, dimethenamid-P, pethoxamid, 

pyroxasulfone and S-metolachlor, with and without isoxaflutole + metribuzin caused ≤3% 

soybean injury. There was no difference in soybean injury among the five soil-applied grass 

herbicides. At site 9, higher levels of injury were observed. At 2 WAE, Pendimethalin, 

dimethenamid-P, pethoxamid, pyroxasulfone and S-metolachlor caused 18, 5, 7, 2 and 11% 

soybean leaf deformity, respectively. There was no statistical increase in soybean injury with the 

addition of isoxaflutole + metribuzin to the grass herbicides evaluated.  
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At 4 WAE, the herbicides caused soybean leaf deformity and bleaching of the foliage at 

some locations. Leaf deformity occurred at sites 1, 4, 5, 6, 7, 8 and 9. Due to a significant site by 

treatment interaction (data not shown), site 6 was analyzed separately. At sites 1, 4, 5, 7, 8 and 9, 

pendimethalin, S-metolachlor and pendimethalin, dimethenamid-P and S-metolachlor with the 

addition of isoxaflutole + metribuzin caused 1% soybean injury (Table 3.2). At site 6, higher 

levels of injury occurred; pendimethalin, dimethenamid-P, pethoxamid, pyroxasulfone and S-

metolachlor caused 16, 2, 3, 4 and 11% leaf deformity, respectively. There was no statistical 

increase in soybean leaf deformity when isoxaflutole + metribuzin were added to the soil-applied 

grass herbicides. Soybean leaf bleaching injury occurred at sites 1, 2, 3, 5, 6 and 8. There was a 

significant site by treatment interaction (data not shown); therefore, sites 5 and 8 were analyzed 

independently and the remaining sites were pooled. At sites 1, 2, 3 and 6, isoxaflutole + 

metribuzin at the low, medium and high rate caused 1, 2 and 4% soybean bleaching, 

respectively. There was no statistically significant increase in soybean leaf bleaching when a 

grass herbicide was added to isoxaflutole + metribuzin. At site 8, soybean was injured more by 

isoxaflutole + metribuzin. The low, medium and high rates caused 7, 10 and 13% injury, 

respectively. The grass herbicides plus isoxaflutole + metribuzin caused 4-9% bleaching injury, 

which was similar to isoxaflutole + metribuzin. At site 5, isoxaflutole + metribuzin at the low 

medium and high rate caused 16, 25 and 30% soybean bleaching, respectively. The grass 

herbicides plus isoxaflutole + metribuzin caused 15-17% soybean bleaching, similar to 

isoxaflutole + metribuzin.  

Soybean cultivars in this study displayed the most sensitivity to pendimethalin and S-

metolachlor. Rainfall directly after application appeared to influence the level of soybean leaf 
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deformity at the various sites. Soybean at sites with more rainfall after application displayed 

more severe leaf deformity compared to sites receiving less rainfall. This was probably due to 

higher herbicide uptake in soybean with rainfall. Based on visible observations in the field, as 

soybean continued to grow, the leaf deformity injury occurred on the first 3 trifoliate leaves with 

no leaf deformity observed on new soybean growth after the third trifoliate.  

Soybean leaf bleaching symptoms were observed at 4 WAE on the 3
rd

 and 4
th

 trifoliate 

leaves. This injury appeared to be influenced by rainfall received 14 to 21 days after application. 

Soybean injury (≤ 30%) was observed at sites 1, 2, 3, 5, 6 and 8 which received 12.3 to 43.5 mm 

of rain in the 21 days after herbicide application; in contrast sites 4, 7 and 9 received <3 mm of 

rain in the 21 days after application and no soybean injury was observed. Rainfall during this 

period of time after herbicide application probably dissolved the herbicides into soil water 

solution, allowing for the absorption by the soybean, resulting in a higher herbicide 

concentration within the plant which the soybean could not metabolize quickly enough to avoid 

herbicide injury. Bleaching symptoms were evident one week later when injury was evaluated. 

As the 5
th

 trifoliate leaves were emerging, no bleaching symptoms were present at any sites, as 

the soybean was probably able to metabolize isoxaflutole by that time.  

3.4.2 Lambsquarters 

Lambsquarters control was assessed at seven sites in this study. A significant treatment 

by site interaction occurred for lambsquarters control (data not shown); therefore, results from 

sites 2 and 4 were combined, sites 3, 5, 8 and 9 were combined and site 7 was analyzed 

separately (Table 3.3).  
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At 4 WAA, at sites 2 and 4, pendimethalin, dimethenamid-P, pethoxamid, pyroxasulfone 

and S-metolachlor controlled lambsquarters 0-6% (Table 3.3). Isoxaflutole + metribuzin at the 

low, medium and high rate controlled lambsquarters 20, 57 and 75%, respectively. The low rate 

provided higher control than dimethenamid-P and control was similar with the remaining grass 

herbicides applied alone. Isoxaflutole + metribuzin applied at the medium and high rate provided 

higher control than all grass herbicides applied alone. Tank-mixtures of the grass herbicides plus 

isoxaflutole + metribuzin, at the low rate, controlled lambsquarters 35-73%. The addition of 

isoxaflutole + metribuzin to the soil-applied grass herbicides resulted in increased lambsquarters 

control compared to the grass herbicides applied alone. The addition of pendimethalin or 

pyroxasulfone to isoxaflutole + metribuzin increased lambsquarters control 53 and 37% 

respectively, compared to isoxaflutole + metribuzin at the low rate. Tank-mixtures of the grass 

herbicides plus isoxaflutole + metribuzin, at the low rate, provided similar lambsquarters control 

as isoxaflutole + metribuzin at the medium rate. All grass herbicides plus isoxaflutole + 

metribuzin with the exception of pethoxamid + isoxaflutole + metribuzin controlled 

lambsquarters similar to isoxaflutole + metribuzin at the high rate. Pendimethalin + isoxaflutole 

+ metribuzin controlled 38% more lambsquarters than pethoxamid + isoxaflutole + metribuzin; 

otherwise each three-way herbicide tank-mixture controlled lambsquarters equally. At sites 3, 5, 

8 and 9, pendimethalin, dimethenamid-P, pethoxamid, pyroxasulfone and S-metolachlor 

controlled lambsquarters 19-42%. Isoxaflutole + metribuzin at the low, medium and high rate 

controlled lambsquarters 93-99%. Isoxaflutole + metribuzin at the low rate provided 69, 74, 57 

and 73% higher control than dimethenamid-P, pethoxamid, pyroxasulfone and S-metolachlor 

applied alone, respectively. Similar to sites 2 and 4, at sites 3, 5, 8 and 9 isoxaflutole + 
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metribuzin at the medium and high rate provided greater lambsquarters control than the grass 

herbicides applied alone. Pendimethalin, dimethenamid-P, pethoxamid, pyroxasulfone and S-

metolachlor plus isoxaflutole + metribuzin controlled lambsquarters 91-97%. The addition of 

isoxaflutole + metribuzin to dimethenamid-P, pethoxamid, pyroxasulfone and S-metolachlor 

increased lambsquarters control compared to the respective grass herbicides applied alone. There 

was no benefit of the addition of isoxaflutole + metribuzin to pendimethalin. There was no 

increase in lambsquarters control with the addition of a soil-applied grass herbicide to 

isoxaflutole + metribuzin at the low rate. At site 7, pendimethalin, dimethenamid-P, pethoxamid, 

pyroxasulfone and S-metolachlor controlled lambsquarters 62-97%. Isoxaflutole + metribuzin at 

the low, medium and high rate controlled lambsquarters 99, 100 and 100%, respectively. 

Isoxaflutole + metribuzin at the low rate provided similar lambsquarters control to the grass 

herbicides applied alone; however, the medium and high rate provided 38% greater 

lambsquarters control than S-metolachlor. All grass herbicides plus isoxaflutole + metribuzin 

controlled lambsquarters 100% and did not differ from isoxaflutole + metribuzin at the low, 

medium or high rates. Addition of isoxaflutole + metribuzin to a grass herbicide only increased 

lambsquarters control when applied with S-metolachlor.  

At 8 WAA, at sites 2 and 4, pendimethalin, dimethenamid-P, pethoxamid, pyroxasulfone 

and S-metolachlor controlled lambsquarters 2-35% (Table 3.3). Isoxaflutole + metribuzin at the 

low, medium and high rate controlled lambsquarters 30, 63 and 91%. Isoxaflutole + metribuzin, 

at the low rate and the soil-applied grass herbicides provided similar lambsquarters control. 

Isoxaflutole + metribuzin at the medium rate, provided 57-61% greater lambsquarters control 

than pethoxamid and S-metolachlor. Isoxaflutole + metribuzin, at the high rate, provided 83- 
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89% higher lambsquarters control compared to dimethenamid-P, pethoxamid, pyroxasulfone and 

S-metolachlor; control was similar to pendimethalin. Pendimethalin, dimethenamid-P, 

pethoxamid, pyroxasulfone, or S-metolachlor plus isoxaflutole + metribuzin controlled 

lambsquarters 42-62%. These treatments did not differ from each other, any rate of isoxaflutole + 

metribuzin, or the respective grass herbicide applied alone. At sites 3, 5, 8 and 9, pendimethalin, 

dimethenamid-P, pethoxamid, pyroxasulfone and S-metolachlor controlled lambsquarters 17-

53%. Isoxaflutole + metribuzin at the low, medium and high rate controlled lambsquarters 96-

100%. The low and medium rate provided greater lambsquarters control than dimethenamid-P, 

pethoxamid, pyroxasulfone and S-metolachlor and the high rate provided greater lambsquarters 

control than all the grass herbicides. Pendimethalin, dimethenamid-P, pethoxamid, 

pyroxasulfone, or S-metolachlor plus isoxaflutole + metribuzin controlled lambsquarters 95-

97%. These treatments did not differ among each other, with any rate of isoxaflutole + 

metribuzin, or with pendimethalin applied alone; however, they did provide higher control than 

dimethenamid-P, pethoxamid, pyroxasulfone and S-metolachlor. At site 7, pendimethalin, 

dimethenamid-P, pethoxamid, pyroxasulfone and S-metolachlor controlled lambsquarters 63-

94%. Pendimethalin provided 31% greater control than S-metolachlor. Isoxaflutole + metribuzin 

at all rates controlled lambsquarters 100%. Application of isoxaflutole + metribuzin at the low, 

medium and high rate provided greater control of lambsquarters compared to pethoxamid and S-

metolachlor. Pendimethalin, dimethenamid-P, pethoxamid, pyroxasulfone and S-metolachlor 

plus isoxaflutole + metribuzin controlled lambsquarters 100%. There was no benefit to the 

addition of isoxaflutole + metribuzin to pendimethalin, dimethenamid-P, or pyroxasulfone; 
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however, there was a 19 and 37% increase when isoxaflutole + metribuzin were co-applied with 

pethoxamid and S-metolachlor, respectively.  

At 12 WAA, at sites 2 and 4, pendimethalin, dimethenamid-P, pethoxamid, 

pyroxasulfone and S-metolachlor controlled lambsquarters 4-23% (Table 3.3). These treatments 

did not differ from one another. Isoxaflutole + metribuzin at the low, medium and high rate 

controlled lambsquarters 37-86%. There was no difference in lambsquarters control among the 

three rates of isoxaflutole + metribuzin; however, the medium and high rate provided 61-82% 

higher control than dimethenamid-P, pyroxasulfone and S-metolachlor. Pendimethalin, 

dimethenamid-P, pethoxamid, pyroxasulfone, or S-metolachlor plus isoxaflutole + metribuzin 

controlled lambsquarters 41-68%. There were no differences in lambsquarters control between 

these treatments and isoxaflutole + metribuzin applied at the low, medium or high rate or the 

corresponding grass herbicides applied alone. At sites 3, 5, 8 and 9, pendimethalin, 

dimethenamid-P, pethoxamid, pyroxasulfone and S-metolachlor controlled lambsquarters 24-

58%. Isoxaflutole + metribuzin at the low, medium and high rate provided 94-100% control. 

Isoxaflutole + metribuzin provided greater control than all the grass herbicides applied alone 

with the exception of pendimethalin. Pendimethalin, dimethenamid-P, pethoxamid, 

pyroxasulfone, or S-metolachlor plus isoxaflutole + metribuzin provided 93-99% lambsquarters 

control. All grass herbicides with the exception of pendimethalin, benefitted from the addition of 

isoxaflutole + metribuzin in the tank-mix. At site 7, pendimethalin, dimethenamid-P, 

pethoxamid, pyroxasulfone and S-metolachlor controlled lambsquarters 67-93%. Isoxaflutole + 

metribuzin at each rate as well as the tank-mix of the grass herbicides with isoxaflutole + 

metribuzin provided 100% control of lambsquarters. The addition of isoxaflutole + metribuzin to 
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dimethenamid-P, pethoxamid, or S-metolachlor improved lambsquarters control 15, 15 and 33%, 

respectively.  

At 8 WAA, at all three site groupings, lambsquarters density was reduced with 

application of pendimethalin, isoxaflutole + metribuzin at the low, medium or high rate, or any 

grass herbicide with the addition of isoxaflutole + metribuzin compared to the untreated control 

(Table 3.4). In contrast, dimethenamid-P, pethoxamid, pyroxasulfone and S-metolachlor did not 

reduce lambsquarters density compared to the untreated control. At site 2 and 4, the above 

mentioned herbicide treatments reduced lambsquarters density 83-96%. There was no difference 

in lambsquarters density among pendimethalin, dimethenamid-P, pethoxamid, pyroxasulfone, S-

metolachlor, the low rate of isoxaflutole + metribuzin or the combination of pethoxamid, 

pyroxasulfone or S-metolachlor with the addition of isoxaflutole + metribuzin. At sites 3, 5, 8 

and 9, the above mentioned herbicide treatments reduced lambsquarters density 79-99%. 

Isoxaflutole + metribuzin reduced lambsquarters density 20% more than pendimethalin. The 

addition of isoxaflutole + metribuzin to dimethenamid-P, pethoxamid, pyroxasulfone and S-

metolachlor reduced lambsquarters density 63, 41, 29 and 86% more than the grass herbicides 

applied alone, respectively. At site 7 there was a 92-99% reduction in lambsquarters density with 

the above mentioned herbicide treatments compared to the untreated control. Pendimethalin, all 

three rates of isoxaflutole + metribuzin and the grass herbicides + isoxaflutole + metribuzin 

reduced density compared to the untreated control and S-metolachlor.   

At 8 WAA, at sites 2 and 4 and sites 3, 5, 8 and 9, lambsquarters biomass was not 

reduced significantly by any herbicide treatment compared to the untreated control (Table 3.4). 

However, at sites 3, 5, 8 and 9, isoxaflutole + metribuzin at the high rate reduced lambsquarters 
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biomass compared to dimethenamid-P, pyroxasulfone and S-metolachlor. At site 7, isoxaflutole 

+ metribuzin at the low and high rate and all the grass herbicides + isoxaflutole + metribuzin 

decreased lambsquarters biomass 99%. Additionally those treatments decreased lambsquarters 

biomass more than S-metolachlor.  

In summary, lambsquarters control was influenced by rainfall and weed density. Site 7, 

which received 14.9 mm of rainfall within 7 DAA and had the lowest lambsquarters density and 

the highest level of lambsquarters control. Sites 3, 5, 8 and 9, received 0.8-10.8 mm of rainfall 0-

7 DAA; this probably was sufficient rainfall for the herbicide to be dissolved in soil water 

solution so that it could be taken up by weed seedlings. Site 5 received only 0.8 mm which 

would likely not be enough rain to activate the herbicide; it also may not be enough rain to allow 

for weeds to germinate. This site had delayed germination; therefore after the rainfall 7-14 DAA 

the herbicide was activated and controlled the late emerging weeds. The selectivity of each 

herbicide is highlighted in this group of sites although, pendimethalin has very low water 

solubility (0.275 mg L
-1

), and provided greater lambsquarters control than the Group 15 

herbicides. Chomas and Kells (2004) reported similar results where pendimethalin and 

metolachlor controlled lambsquarters 91 and 0%, respectively, in a year with limited activating 

rainfall compared to 98-100 and 50-75% control, respectively, in years when higher levels of 

rain occurred. Sites 2 and 4 received only 2.7 and 5.2 mm of rainfall 0-7 DAA, which reduced 

lambsquarters control with all of the herbicide evaluated. Overall, isoxaflutole + metribuzin at 

the medium and high rate provided the highest level of lambsquarters control. The grass 

herbicide which provided the highest lambsquarters control was pendimethalin; however, the 
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addition of pendimethalin to isoxaflutole + metribuzin only increased control early in the season 

when limited rainfall occurred compared to isoxaflutole + metribuzin alone at the low rate.   

3.4.3 Pigweed spp. 

 Redroot pigweed (Amaranthus retroflexus L.) and green pigweed (Amaranthus powellii 

S. Watson) were combined during evaluations. Pigweed spp. were assessed at 7 sites in this 

study and due to a significant treatment by site interaction, sites were separated (data not shown); 

sites 2 and 4 were combined and sites 3, 6, 7, 8 and 9 were combined for analysis.   

 At 4 WAA, at sites 2 and 4, pendimethalin, dimethenamid-P, pethoxamid, pyroxasulfone 

and S-metolachlor controlled pigweed spp. 0-10% (Table 3.5). The grass herbicides applied 

alone did not differ in their control of pigweed spp. Isoxaflutole + metribuzin at the low, medium 

and high rate controlled pigweed spp. 26, 59 and 78%, respectively. Isoxaflutole + metribuzin at 

the low rate provided 26% greater pigweed spp. control compared to dimethenamid-P whereas 

the medium and high rate provided 49-78% greater pigweed control than the grass herbicides. 

The grass herbicides plus isoxaflutole + metribuzin controlled pigweed spp. 42-70%. The 

addition of isoxaflutole + metribuzin to the grass herbicides increased control compared to the 

grass herbicide alone except for pethoxamid; where there was no difference in control. The 

addition of pendimethalin to isoxaflutole + metribuzin increased pigweed control 44%. At sites 

3, 6, 7, 8 and 9, pendimethalin, dimethenamid-P, pethoxamid, pyroxasulfone and S-metolachlor 

controlled pigweed spp. 51-80%. Isoxaflutole + metribuzin at the low, medium and high rate 

controlled pigweed spp. 94-98%. The low rate controlled pigweed 23-43% more than 

pendimethalin, pyroxasulfone and S-metolachlor. The medium rate provided 24-45% greater 

pigweed control than pendimethalin, dimethenamid-P, pethoxamid and S-metolachlor. The high 
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rate provided an 18-47% increase in control compared to the grass herbicides. The addition of 

isoxaflutole + metribuzin to a grass herbicide controlled pigweed spp. 95-99% and significantly 

increased control compared to the respective grass herbicide alone.  

 At 8 WAA, at sites 2 and 4, pendimethalin, dimethenamid-P, pethoxamid, pyroxasulfone 

and S-metolachlor controlled pigweed spp. 3-14% (Table 3.5). The grass herbicides did not 

differ in pigweed spp. control. Isoxaflutole + metribuzin at the low, medium and high rate 

controlled pigweed 33, 56 and 84%, respectively. The high rate provided greater control 

compared to the low rate while the medium rate did not differ from either the low or high rate. 

The high rate controlled pigweed spp. greater than the grass herbicides; however, the low rate 

did not differ. The grass herbicides plus isoxaflutole + metribuzin did not differ and provided 45-

69% pigweed spp. control. There was an increase in pigweed spp. control with the addition of 

isoxaflutole + metribuzin to each of the grass herbicides compared to the respective grass 

herbicides alone. The addition of a grass herbicide to isoxaflutole + metribuzin did not increase 

pigweed spp. control compared to isoxaflutole + metribuzin alone. At sites 3, 6, 7, 8 and 9, 

pendimethalin, dimethenamid-P, pethoxamid, pyroxasulfone and S-metolachlor controlled 

pigweed spp. 62, 68, 42, 82 and 66%, respectively. Pyroxasulfone provided greater pigweed spp. 

control than pethoxamid. Isoxaflutole + metribuzin at the low and medium rate controlled 

pigweed spp. 94-97% which was higher than the control provided by pendimethalin, 

dimethenamid-P, pethoxamid and S-metolachlor. Isoxaflutole + metribuzin at the high rate 

controlled pigweed spp. 99% which provided 17-57% greater control than the grass herbicides. 

The tank-mixtures of a grass herbicide plus isoxaflutole + metribuzin controlled pigweed spp. 

95-99%. Isoxaflutole + metribuzin plus pendimethalin, dimethenamid-P, pethoxamid, 
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pyroxasulfone and S-metolachlor, increased control 33, 31, 56, 17 and 33%, respectively, 

compared to the grass herbicides alone. There was no benefit of the addition of a grass herbicide 

to isoxaflutole + metribuzin compared to isoxaflutole + metribuzin alone.  

 At 12 WAA, at sites 2 and 4, pendimethalin, dimethenamid-P, pethoxamid, 

pyroxasulfone and S-metolachlor controlled pigweed spp. 4-32% (Table 3.5). The grass 

herbicides provided similar control of pigweed spp. Isoxaflutole + metribuzin at the low, 

medium and high rate controlled pigweed spp. 27, 59 and 81%, respectively; there was no 

difference among rates. Isoxaflutole + metribuzin at the medium rate provided 53 and 55% 

higher pigweed spp. control than pendimethalin and S-metolachlor, respectively. Isoxaflutole + 

metribuzin at the high rate provided 68-77% higher pigweed spp. control than pendimethalin, 

dimethenamid-P, pethoxamid and S-metolachlor. Pendimethalin, dimethenamid-P, pethoxamid, 

pyroxasulfone and S-metolachlor with the addition of isoxaflutole + metribuzin controlled 

pigweed spp. 38-67%; there was no difference in control among the grass herbicides. The 

addition of isoxaflutole + metribuzin to pendimethalin increased pigweed spp. control 61% 

compared to pendimethalin applied alone. There was no increase in pigweed spp. control when a 

grass herbicide was added to isoxaflutole + metribuzin. At sites 3, 6, 7, 8 and 9, pendimethalin, 

dimethenamid-P, pethoxamid, pyroxasulfone and S-metolachlor controlled pigweed spp. 63, 70, 

52, 85 and 66%, respectively. Pyroxasulfone provided greater control than pethoxamid; all other 

grass herbicides provided similar pigweed spp. control. Isoxaflutole + metribuzin at the varying 

rates provided 93-97% control and did not differ among rates. Isoxaflutole + metribuzin provided 

greater pigweed spp. control than the grass herbicides with the exception of pyroxasulfone. 

Pendimethalin, dimethenamid-P, pethoxamid, pyroxasulfone, or S-metolachlor applied in a tank-
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mix with isoxaflutole + metribuzin controlled pigweed spp. 95-99%. The addition of isoxaflutole 

+ metribuzin to the grass herbicides increased control compared to the respective grass herbicide 

applied alone. There was no improvement in pigweed spp. control with the addition of a grass 

herbicide to isoxaflutole + metribuzin.    

 At 8 WAA at sites 2 and 4, no herbicide treatment reduced pigweed spp. density 

compared to the untreated control and there was no difference in pigweed spp. density among the 

herbicide treatments evaluated (Table 3.6). At sites 3, 6, 7, 8 and 9, dimethenamid-p, 

pyroxasulfone, isoxaflutole + metribuzin at all three rates and the tank-mixtures of a grass 

herbicides plus isoxaflutole + metribuzin reduced pigweed density 83-99% compared to the 

untreated control. Isoxaflutole + metribuzin at the low rate, dimethenamid-P, pethoxamid, 

pyroxasulfone and S-metolachlor reduced pigweed spp. density similarly; isoxaflutole + 

metribuzin reduced pigweed density 61% more than pendimethalin. Pendimethalin, pethoxamid 

or S-metolachlor plus isoxaflutole + metribuzin provided 65, 32 and 34% greater reduction in 

density compared to the respective grass herbicide applied alone. The addition of isoxaflutole + 

metribuzin to dimethenamid-P or pyroxasulfone did not increase the reduction in pigweed spp. 

density.  

 At 8 WAA, at sites 2 and 4, no treatment reduced biomass compared to the untreated 

control (Table 3.6). There were no treatment differences with the exception of isoxaflutole + 

metribuzin at the high rate provided a greater reduction in pigweed spp. biomass than 

pendimethalin. At sites 3, 6, 7, 8 and 9 isoxaflutole + metribuzin at the low, medium and high 

rate and the tank-mixtures of a grass herbicides plus isoxaflutole + metribuzin reduced pigweed 

spp. biomass 92-99% compared to the untreated control. The grass herbicides applied alone did 
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not reduce pigweed spp. biomass. The addition of isoxaflutole + metribuzin to pendimethalin, 

dimethenamid-P, pethoxamid, or S-metolachlor reduced biomass an additional 68, 25, 53 and 

37%, respectively, compared to the grass herbicide applied alone. The addition of isoxaflutole + 

metribuzin to pyroxasulfone did not differ in biomass reduction compared to pyroxasulfone 

alone. The addition of a grass herbicide to isoxaflutole + metribuzin did not provide an additional 

reduction in pigweed spp. biomass compared to isoxaflutole + metribuzin applied alone.  

 In summary, pigweed control was influenced by rainfall after application. Pigweed spp. 

control was lower at sites 2 and 4 which received 2.7 and 0.8 mm of rainfall 0 to 7 DAA, 

respectively. In contrast, pigweed spp. control was greater at sites 3, 6, 7, 8 and 9 which received 

higher rainfall of 4.9 - 14.9 mm 0 to 7 DAA. Of the grass herbicides evaluated, pyroxasulfone 

provided the highest pigweed spp. control across sites with differing levels of rainfall. This is not 

surprising as redroot pigweed is very sensitive to pyroxasulfone; rates as low as 93 g a.i. ha
-1 

controlled pigweed 90% (Nurse et al. 2011). Generally, the addition of pyroxasulfone to 

isoxaflutole + metribuzin at the low rate improved pigweed control compared to isoxaflutole and 

metribuzin alone; however, isoxaflutole + metribuzin at the high rate provided better pigweed 

spp. control than pyroxasulfone + isoxaflutole + metribuzin at the low rate.  

3.4.4 Common Ragweed 

 Common ragweed (Ambrosia artemisiifolia L.) populations were present at sites 1, 3 and 

5 in this study. There was a significant treatment by site interaction, each site was analyzed 

separately (data not shown).  
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 At 4 WAA, at site 1, there were no treatment differences, each herbicide or herbicide 

tank-mix controlled common ragweed 2-71% (Table 3.7). At site 3, pendimethalin, 

dimethenamid-P, pethoxamid, pyroxasulfone and S-metolachlor controlled common ragweed 0-

14%. Isoxaflutole + metribuzin at the low, medium and high rate controlled common ragweed 

53-88%. Pyroxasulfone and the low rate provided similar common ragweed control; otherwise 

each rate of isoxaflutole + metribuzin controlled common ragweed greater than the grass 

herbicides. Isoxaflutole + metribuzin with the addition of the grass herbicides controlled 

common ragweed 73-82%. The addition of grass herbicides to isoxaflutole + metribuzin did not 

improve common ragweed control. At site 5, pendimethalin, dimethenamid-P, pethoxamid, 

pyroxasulfone and S-metolachlor did not provide any common ragweed control. Isoxaflutole + 

metribuzin at the low, medium and high rate controlled common ragweed 98-100%. The addition 

of a grass herbicides to isoxaflutole + metribuzin did not improve common ragweed control.  

 At 8 WAA, at site 1, pendimethalin, dimethenamid-P, pethoxamid, pyroxasulfone and S-

metolachlor controlled common ragweed 19, 22, 30, 65 and 11%, respectively (Table 3.7). The 

grass herbicides provided similar common ragweed control. Isoxaflutole + metribuzin at the low, 

medium and high rate controlled common ragweed 84-98%. The low and medium rate did not 

differ from the grass herbicides; however, the high rate provided 76-87% greater control of 

common ragweed compared to pendimethalin, dimethenamid-P and S-metolachlor. 

Pendimethalin, dimethenamid-P, pethoxamid, pyroxasulfone, or S-metolachlor plus isoxaflutole 

+ metribuzin controlled common ragweed 77-100%. The grass herbicides plus isoxaflutole + 

metribuzin did not differ from one another, or from isoxaflutole + metribuzin at any rate. 

Dimethenamid-P + isoxaflutole + metribuzin and S-metolachlor + isoxaflutole + metribuzin 
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provided 78 and 86% greater common ragweed control, respectively, than dimethenamid-P and 

S-metolachlor alone. At site 3, pendimethalin, dimethenamid-P, pethoxamid, pyroxasulfone and 

S-metolachlor controlled common ragweed 0-37%. Pethoxamid provided 37% greater common 

ragweed control than pendimethalin; all other grass herbicides provided similar common 

ragweed control. Isoxaflutole + metribuzin at the low, medium and high rate controlled common 

ragweed 95-100%. These treatments provided 58-100% greater common ragweed control than 

the grass herbicides. Pendimethalin, dimethenamid-P, pethoxamid, pyroxasulfone, or S-

metolachlor plus isoxaflutole + metribuzin controlled common ragweed 97-99%. The addition of 

a grass herbicide to isoxaflutole + metribuzin did not improve common ragweed control; 

however, did provide an increase in control compared to the grass herbicides alone. At site 5, 

pendimethalin, dimethenamid-P, pethoxamid, pyroxasulfone and S-metolachlor did not provide 

any common ragweed control. Isoxaflutole + metribuzin at the low, medium and high rate and 

the addition of a grass herbicide to isoxaflutole + metribuzin controlled common ragweed 98-

100%.  

 At 12 WAA, at site 1, pendimethalin, dimethenamid-P, pethoxamid, pyroxasulfone and 

S-metolachlor controlled common ragweed 28-62%; there was no difference in control among 

the grass herbicides (Table 3.7). Isoxaflutole + metribuzin at the low, medium and high rate 

controlled common ragweed 82-98%. The high rate provided 70 and 67% greater common 

ragweed control than dimethenamid-P and pethoxamid, respectively. Pendimethalin, 

dimethenamid-P, pethoxamid, pyroxasulfone, or S-metolachlor plus isoxaflutole + metribuzin 

controlled common ragweed 66-100%. The grass herbicides plus isoxaflutole + metribuzin did 

not differ among each other and did not provide any additional control compared to isoxaflutole 
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+ metribuzin. The addition of isoxaflutole + metribuzin to dimethenamid-P increased control 

72% compared to dimethenamid-P alone. At site 3, pendimethalin, dimethenamid-P, 

pethoxamid, pyroxasulfone and S-metolachlor controlled common ragweed 20-54%, there was 

no difference in common ragweed control among the grass herbicides. Isoxaflutole + metribuzin 

at the low, medium and high rate controlled common ragweed 97-100%. The addition of a grass 

herbicide to isoxaflutole + metribuzin did not increase common ragweed control. Similarly, at 

site 5, the grass herbicides alone provided less common ragweed control than isoxaflutole + 

metribuzin at the low, medium and high rate, or any combination of a grass herbicide plus 

isoxaflutole + metribuzin.  

At 8 WAA, at site 1, the herbicide treatments evaluated did not reduce common ragweed 

density compared to the untreated control (Table 3.8). Dimethenamid-P + isoxaflutole + 

metribuzin reduced density compared to dimethenamid-P or S-metolachlor alone. At site 3, the 

grass herbicides did not reduce common ragweed density compared to the untreated control; 

however, isoxaflutole + metribuzin at all three rates and the addition of a grass herbicide to 

isoxaflutole + metribuzin reduced common ragweed density 98-99% compared to the untreated 

control. At site 5, pendimethalin, dimethenamid-P, pethoxamid and S-metolachlor did not reduce 

common ragweed density compared to the untreated control. Pyroxasulfone reduced common 

ragweed density 73%. Pyroxasulfone reduced common ragweed density more than 

pendimethalin and S-metolachlor; however, it did not differ from dimethenamid-P and 

pethoxamid. Isoxaflutole + metribuzin at the low, medium and high rate, or any combination of a 

grass herbicide plus isoxaflutole + metribuzin reduced common ragweed density 96-99% 

compared to the untreated control.   
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At 8 WAA, at site 1, none of the herbicide treatments evaluated reduced common 

ragweed biomass compared to the untreated control, additionally, there were no treatment 

differences (Table 3.8). At site 3, the grass herbicides applied alone, isoxaflutole + metribuzin at 

the medium rate and pendimethalin, pethoxamid, pyroxasulfone or S-metolachlor plus 

isoxaflutole + metribuzin did not reduce common ragweed biomass compared to the untreated 

control. Isoxaflutole + metribuzin at the low and high rate and dimethenamid-P + isoxaflutole + 

metribuzin reduced biomass 96-99% compared to the untreated control. At site 5, the grass 

herbicides applied alone did not reduce common ragweed biomass relative to the untreated 

control. Isoxaflutole + metribuzin and the tank-mixtures of a grass herbicide plus isoxaflutole + 

metribuzin reduced common ragweed biomass 99%.  

 In summary, common ragweed control was influenced by rainfall after application and 

weed density. Sites 1, 3 and 5 had 5.0, 4.9 and 0.8 mm of rain within 7 DAA. Although the low 

rain at all three sites was probably inadequate to sufficiently activate the soil-applied grass 

herbicides; the grass herbicides would have provided minimal control of ragweed. In contrast, 

isoxaflutole + metribuzin was activated sufficiently and controlled common ragweed 82-100% 

12 WAA. By 14 DAA, sites 1, 3 and 5 received 7.3, 7.2 and 12.5 mm of rainfall. At 4 WAA the 

grass herbicides provided 0-14% common ragweed control which is similar to a study by Soltani 

et al. (2018), who found dimethenamid-P, pethoxamid, pyroxasulfone and S-metolachlor 

controlled common ragweed 8-27% and did not reduce biomass. The same study reported that 

isoxaflutole (105 g a.i. ha
-1

) + atrazine (1063 g a.i. ha
-1

) controlled common ragweed 97-98% 

which is consistent with isoxaflutole + metribuzin in this study. Generally, the addition of a grass 
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herbicide to isoxaflutole + metribuzin did not enhance common ragweed control compared to 

isoxaflutole + metribuzin applied alone.   

3.4.5 Velvetleaf 

Velvetleaf (Abutilon theophrasti Medik.) was assessed at 3 sites in this study. There was 

a significant site by treatment interaction (data not shown); sites were separated into two groups, 

site 1 and 2 were combined and site 3 was analyzed separately.   

AT 4 WAA, at sites 1 and 2, the grass herbicides did not provide any appreciable control 

of velvetleaf (Table 3.9). Isoxaflutole + metribuzin at the low, medium and high rate controlled 

velvetleaf 56-88%. The tank-mixtures of a grass herbicide plus isoxaflutole + metribuzin 

controlled velvetleaf 62-91%, which was similar to isoxaflutole + metribuzin applied alone. All 

treatments including isoxaflutole + metribuzin except pethoxamid + isoxaflutole + metribuzin 

provided higher control of velvetleaf compared to the grass herbicides alone. At site 3, 

pyroxasulfone controlled velvetleaf 37%, which was 36-37% higher than pendimethalin, 

dimethenamid-P and pethoxamid. S-metolachlor controlled velvetleaf 5% which was similar to 

the other grass herbicides applied alone. Isoxaflutole + metribuzin at the low, medium and high 

rate controlled velvetleaf 96-99%. The addition of a grass herbicide to isoxaflutole + metribuzin 

controlled velvetleaf 97-100% and did not differ from control of isoxaflutole + metribuzin alone 

but did provide higher control than the grass herbicides applied alone. 

At 8 WAA, at sites 1 and 2, the grass herbicides controlled velvetleaf 24-33% (Table 

3.9). Isoxaflutole + metribuzin at the low, medium and high rate controlled velvetleaf 87, 96 and 

100%, respectively. The low and medium rates did not differ from the grass herbicides, the high 
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rate provided 67-76% higher control. Pendimethalin, dimethenamid-P, pethoxamid, 

pyroxasulfone, or S-metolachlor plus isoxaflutole + metribuzin controlled velvetleaf 98, 99, 90, 

99 and 86%, respectively. The addition of isoxaflutole + metribuzin to dimethenamid-p 

improved velvetleaf control 69% compared to dimethenamid-p applied alone. At site 3, 

pendimethalin, dimethenamid-P, pethoxamid, pyroxasulfone and S-metolachlor controlled 

velvetleaf 5, 28, 5, 41 and 24%, respectively and did not statistically differ. Isoxaflutole + 

metribuzin at the low, medium and high rate controlled velvetleaf 98-100%.The medium and 

high rate provided better control of velvetleaf than the grass herbicides. The grass herbicides plus 

isoxaflutole + metribuzin controlled velvetleaf 97-100%. The addition of isoxaflutole + 

metribuzin to pyroxasulfone did not increase control compared to pyroxasulfone alone. The 

addition of isoxaflutole + metribuzin to the remaining grass herbicides improved velvetleaf 

control 71-93%.   

At 12 WAA, at sites 1 and 2, pendimethalin, dimethenamid-P, pethoxamid, 

pyroxasulfone and S-metolachlor controlled velvetleaf 58, 46, 43, 52 and 33%; they did not 

differ (Table 3.9). Isoxaflutole + metribuzin at the low, medium and high rates controlled 

velvetleaf 91-100%. The high rate provided higher velvetleaf control than the grass herbicides, 

the medium rate controlled velvetleaf more than dimethenamid-P, pethoxamid and S-metolachlor 

and the low rate controlled velvetleaf better than S-metolachlor. Pendimethalin, dimethenamid-P, 

pethoxamid, pyroxasulfone or S-metolachlor plus isoxaflutole + metribuzin controlled velvetleaf 

99, 99, 89, 99 and 93%, respectively. Each tank-mix improved velvetleaf control compared to 

the grass herbicide alone with the exception of pethoxamid. There was no increase in velvetleaf 

control with the addition of a grass herbicide to isoxaflutole + metribuzin compared to 
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isoxaflutole + metribuzin alone. At site 3 all grass herbicides provided similar velvetleaf control 

ranging between 33-72%. Isoxaflutole + metribuzin at the low, medium and high rate controlled 

velvetleaf 99-100%, providing higher control than pethoxamid and S-metolachlor. The grass 

herbicides plus isoxaflutole + metribuzin controlled velvetleaf 98-100%. There was no 

improvement in velvetleaf control when isoxaflutole + metribuzin was added to pendimethalin, 

dimethenamid-P and pyroxasulfone. The addition of a grass herbicide to isoxaflutole + 

metribuzin did not improve velvetleaf control.  

At 8 WAA, at sites 1 and 2, no treatment reduced velvetleaf density compared to the 

untreated control (Table 3.10). Pendimethalin, dimethenamid-P or S-metolachlor plus 

isoxaflutole + metribuzin reduced density 96, 93 and 90%, respectively, compared to the 

respective grass herbicide applied alone. Isoxaflutole + metribuzin at the high rate reduced 

velvetleaf density more than the grass herbicides applied alone. The medium rate reduced 

velvetleaf density more than pendimethalin, dimethenamid-P and S-metolachlor applied alone 

and the low rate did not differ from any herbicide treatment. At site 3, no herbicide treatment 

reduced density compared to the untreated control and there were no treatment differences.  

At 8 WAA, at sites 1 and 2, there was no reduction in velvetleaf biomass with any of the 

herbicides treatments compared to the untreated control (Table 3.10). At site 3, no herbicide 

treatment reduced velvetleaf biomass compared to the untreated control; however, isoxaflutole + 

metribuzin at the low and medium rate and pendimethalin, dimethenamid-P or S-metolachlor 

plus isoxaflutole + metribuzin reduced velvetleaf biomass compared to pethoxamid applied 

alone.  
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In summary, generally, the grass herbicides evaluated provided poor control of velvetleaf. 

At site 3, dimethenamid-P and pyroxasulfone provided suppression of velvetleaf. Of the grass 

herbicides, pyroxasulfone provided the greatest control of velvetleaf, however, at 12 WAA, 

control only reached 72%. In contrast, other studies have reported that pyroxasulfone (125 g a.i. 

ha
-1

) controlled velvetleaf 90% (Steele et al., 2005; Nurse et al. 2011); however, other studies 

required rates as high as 166 (King and Garcia 2008) and 382 g a.i. ha
-1

 for the same level of 

control (Knezevic et al. 2009). At sites 1 and 2 the addition of a grass herbicide to isoxaflutole + 

metribuzin increased velvetleaf control compared to isoxaflutole + metribuzin at the low rate. At 

site 3, there was no improvement in velvetleaf control when a grass herbicide was co-applied 

with isoxaflutole + metribuzin.   

3.4.6 Foxtail Spp. 

Green foxtail and giant foxtail were combined during evaluations in this study. Foxtail 

spp. populations were present at seven sites and the site by treatment interaction was significant 

therefore sites were divided into two groups (data not shown); sites 1, 2 and 4 were combined 

and sites 3, 5, 7 and 9 were combined.  

At 4 WAA, there were no differences in foxtail spp. control. At sites 1, 2 and 4, foxtail 

spp. were controlled 11-43%, whereas at sites 3, 5, 7 and 9, foxtail spp. were controlled 55-91% 

(Table 3.11).  

At 8 WAA, at sites 1, 2 and 4, there was no difference in foxtail spp. control with the 

herbicide treatments evaluated, foxtail spp. were controlled 29-68% (Table 3.11). At sites 3, 5, 7 

and 9, foxtail control was 66-95%, there was no difference in control with one exception: 
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dimethenamid-P + isoxaflutole + metribuzin controlled foxtail spp. 95% which provided 29% 

higher control than pethoxamid.  

At 12 WAA, at sites 1, 2 and 4, pendimethalin, dimethenamid-P, pethoxamid, 

pyroxasulfone and S-metolachlor controlled foxtail spp. 24-38%, there was no difference in 

foxtail spp. control among the five soil-applied grass herbicides (Table 3.11). Isoxaflutole + 

metribuzin at the low, medium and high rate controlled foxtail spp. 50-78%. Control among the 

rates of isoxaflutole + metribuzin did not differ, additionally the low and medium rate did not 

differ compared to the grass herbicides; however, the high rate provided 40-54% greater foxtail 

spp. control compared to the grass herbicides. The tank-mixtures of a grass herbicides plus 

isoxaflutole + metribuzin controlled foxtail spp. 53-84%, there was no difference in control with 

these five herbicide treatments. Dimethenamid-P was the only grass herbicide which benefited 

from the addition of isoxaflutole + metribuzin where control increased 58%. The grass herbicides 

plus isoxaflutole + metribuzin did not differ from the varying rates of isoxaflutole + metribuzin. 

At sites 3, 5, 7 and 9, pendimethalin, dimethenamid-P, pethoxamid, pyroxasulfone and S-

metolachlor controlled foxtail spp. 59-86%; there were no differences in foxtail spp. control with 

the grass herbicides. Isoxaflutole + metribuzin at the low, medium and high rate controlled 

foxtail spp. 84, 90 and 96%, respectively; there was no difference in control among the three 

rates evaluated. The low and medium rate did not differ from the grass herbicides. The high rate 

provided 26 and 37% greater control than pendimethalin and pethoxamid, respectively, but did 

not differ from dimethenamid-P, pyroxasulfone and S-metolachlor. The grass herbicides plus 

isoxaflutole + metribuzin controlled foxtail spp. 87-96% and did not differ among each other or 

with isoxaflutole + metribuzin at the low, medium or high rate. There was no difference in 
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foxtail spp. control with the grass herbicides applied alone or in a tank-mixture with isoxaflutole 

+ metribuzin. S-metolachlor + isoxaflutole + metribuzin controlled foxtail spp. 26 and 37% more 

than pendimethalin and pethoxamid, respectively. Additionally, dimethenamid-P or 

pyroxasulfone plus isoxaflutole + metribuzin controlled foxtail spp. 34-37% more than 

pethoxamid.   

At 8 WAA, at sites 1, 2 and 4, there was no decrease in foxtail spp. density with the 

herbicide treatments evaluated (Table 3.12). At sites 3, 5, 7 and 9 all herbicide treatments 

reduced foxtail spp. density 85-97% except for pethoxamid and pyroxasulfone. There was no 

difference in foxtail spp. density among the herbicide treatments evaluated.  

At 8 WAA, at sites 1, 2 and 4, pendimethalin + isoxaflutole + metribuzin was the only 

treatment that reduced foxtail spp. biomass compared to the untreated control, it reduced biomass 

83% (Table 3.12). There were no other treatment differences. At sites 3, 5, 7 and 9, all treatments 

reduced biomass 85-96% compared to the untreated control except for pethoxamid and 

pyroxasulfone. No herbicide treatments differed among each other.  

In summary, at sites 1, 2 and 4, there was lower weed control than at sites 3, 5, 7 and 9. 

Generally, more rainfall was received at sites 3, 5, 7 and 9, by 28 DAA, compared to sites 1, 2 

and 4 which may partially explain the reduced foxtail spp. control at sites 1, 2 and 4; however, 

site 3 received a lower amount of rain during this time period than site 2. Generally, at sites 1, 2 

and 4, pyroxasulfone was the grass herbicide that provided the best numeric control of foxtail 

spp., in contrast, at sites 3, 5, 7 and 9, S-metolachlor provided the best control. At both site 
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groups the grass herbicides plus isoxaflutole + metribuzin provided higher foxtail spp. control 

than isoxaflutole + metribuzin at the low rate.    

3.4.7 Yellow Foxtail 

Yellow foxtail (Setaria pumila Poir. Roem. & Schult.) was evaluated at sites 7 and 9 in 

this study. The site by treatment interaction was not significant therefore the sites were pooled 

for analysis (data not shown). 

At 4 WAA, yellow foxtail control was variable and there were no differences among the 

herbicide treatments evaluated (Table 3.13).  

At 8 WAA, pendimethalin, dimethenamid-P, pethoxamid, pyroxasulfone and S-

metolachlor controlled yellow foxtail 78, 75, 53, 77 and 88%, respectively, there was no 

difference in control among the five soil-applied grass herbicides (Table 3.13). Isoxaflutole + 

metribuzin at the low and medium rate controlled foxtail 70 and 87%, respectively and control 

did not differ between these treatments and the grass herbicides. Isoxaflutole + metribuzin at the 

high rate controlled yellow foxtail 91%, which provided 38% higher control than pethoxamid; it 

did not differ from the other grass herbicides. The tank-mixtures of a grass herbicide plus 

isoxaflutole + metribuzin controlled yellow foxtail similarly at 88-96%. These tank-mixtures 

provided higher yellow foxtail control than pethoxamid, other treatments did not differ.  

At 12 WAA, the grass herbicides controlled yellow foxtail 55-90%, there was no 

difference in control among the five herbicides (Table 3.13). Isoxaflutole + metribuzin at the 

low, medium and high rate controlled yellow foxtail 81-92% which was similar to 

pendimethalin, dimethenamid-P, pethoxamid, pyroxasulfone and S-metolachlor. The tank-
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mixtures of a grass herbicide plus isoxaflutole + metribuzin controlled yellow foxtail 87-97%. 

The addition of isoxaflutole + metribuzin to a grass herbicide did not increase control compared 

to the respective grass herbicide applied alone; however, pendimethalin, dimethenamid-P or S-

metolachlor plus isoxaflutole + metribuzin provided greater yellow foxtail control than 

pethoxamid.  

At 8 WAA, the herbicide treatments evaluated did not reduce yellow foxtail density or 

biomass compared to the untreated control (Table 3.14).  

In summary, the addition of a grass herbicide to isoxaflutole + metribuzin numerically 

increased yellow foxtail control, although differences were not statistically significant. S-

metolachlor with and without isoxaflutole + metribuzin numerically had the highest level of 

control at 12 WAA and the largest reduction in density and biomass compared to the other grass 

herbicides.    

3.4.8 Barnyardgrass  

 Barnyardgrass control was assessed at five sites in this study. There was a significant site 

by treatment interaction therefore sites 1 and 2 were combined and sites 5, 6 and 9 were 

combined for analysis (data not shown)  

 At 4 WAA, there were no treatment differences among the grouped sites. At sites 1 and 2 

there was lower barnyardgrass control across all treatments (Table 3.15). The grass herbicides 

controlled barnyardgrass 2-14%. Isoxaflutole + metribuzin controlled barnyardgrass 4-13%. The 

grass herbicides plus isoxaflutole + metribuzin controlled barnyardgrass 5-27%. At sites 5, 6 and 

9 the grass herbicides were variable controlling barnyardgrass 17-98%. Isoxaflutole + metribuzin 
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controlled barnyardgrass 75, 69 and 94%, respectively and the grass herbicides plus isoxaflutole 

+ metribuzin controlled barnyardgrass 74-97%.  

 At 8 WAA, at sites 1 and 2, there was no difference in barnyardgrass control among the 

herbicide treatments evaluated; all treatments provided 31-77% control (Table 3.15). At sites 5, 6 

and 9, S-metolachlor controlled barnyardgrass 98%, which was 56% greater than pethoxamid. 

Pendimethalin, dimethenamid-P, pethoxamid and pyroxasulfone provided similar barnyardgrass 

control. Isoxaflutole + metribuzin at the low and medium rate controlled barnyardgrass 94 and 

96%, respectively and did not differ from the grass herbicides. The high rate of isoxaflutole + 

metribuzin controlled barnyardgrass 98% which was 56% higher than pethoxamid. The tank-

mixtures of a grass herbicide plus isoxaflutole + metribuzin controlled barnyardgrass 91-100%, 

there was no increase in barnyardgrass control with the addition of isoxaflutole + metribuzin to 

the soil applied grass herbicides. Dimethenamid-P + isoxaflutole + metribuzin provided better 

barnyardgrass control than pendimethalin or pethoxamid applied alone. Pyroxasulfone or S-

metolachlor plus isoxaflutole + metribuzin controlled barnyardgrass more than pethoxamid 

alone.  

 At 12 WAA, at sites 1 and 2, there were no treatment differences, all herbicides 

controlled barnyardgrass 32-81% (Table 3.15). At sites 5, 6 and 9, pendimethalin, 

dimethenamid-P, pethoxamid, pyroxasulfone and S-metolachlor controlled barnyardgrass 48, 96, 

72, 95 and 98%, respectively. Dimethenamid-P, pyroxasulfone and S-metolachlor provided 

better control than pendimethalin. Isoxaflutole + metribuzin at the low, medium and high rates 

controlled barnyardgrass 92-97% and did not differ, they provided higher barnyardgrass control 

than pendimethalin. The tank-mixtures of a grass herbicide plus isoxaflutole + metribuzin 
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controlled barnyardgrass 91-100% and did not differ. Dimethenamid-P + isoxaflutole + 

metribuzin provided 52 and 28% better control than pendimethalin and pethoxamid, respectively.  

 At 8 WAA, at sites 1 and 2, there was no decrease in barnyardgrass density with the 

herbicide treatments evaluated compared to the untreated control (Table 3.16). At sites 5, 6 and 

9, isoxaflutole + metribuzin at the high rate, dimethenamid-P, pyroxasulfone or S-metolachlor 

plus isoxaflutole + metribuzin reduced barnyardgrass density 90-94% compared to the untreated 

control. The other herbicide treatments evaluated did not reduce barnyardgrass density relative to 

the untreated control. 

 At 8 WWA, at sites 1 and 2, herbicide treatments were not effective at reducing 

barnyardgrass biomass compared to the untreated control (Table 3.16). At sites 5, 6 and 9, no 

treatments reduced biomass compared to the untreated control but there were treatment 

differences. Dimethenamid-P, isoxaflutole + metribuzin at the high rate and dimethenamid-P, 

pyroxasulfone or S-metolachlor plus isoxaflutole + metribuzin reduced biomass 93-97% 

compared to pendimethalin.       

 In summary, barnyardgrass control was influenced by amount of rainfall 0-7 DAA and 0-

14 DAA. Sites 1 and 2 received 5 and 2.7 mm of rain 0-7 DAA, respectively and had poorer 

weed control than sites 5, 6 and 9 which received 0.8, 9.8 and 10.8 mm of rain, respectively. 

Although site 5, had less rainfall than sites 1 and 2, it received more rain by 14 DAA, which 

allowed for activation of the herbicides. At sites 5, 6 and 9, S-metolachlor provided 50% higher 

control than pendimethalin 12 WAA. However, opposite results were found by Janak and 
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Grichar (2016) where pendimethalin provided 29% greater control than S-metolachlor and 

dimethenamid-P controlled 31% more barnyardgrass than pyroxasulfone.  

3.4.9 Witchgrass 

 Witchgrass populations occurred at sites 6 and 7 in this study. There was no significant 

site by treatment interaction thus sites were pooled for analysis (data not shown). 

 At 4, 8 and 12 WAA, the herbicide treatments evaluated controlled witchgrass 72- 99, 

83-100 and 83-100%, respectively (Table 3.17). There was no difference in witchgrass control 

among the herbicide treatments evaluated.  

 At 8 WAA, dimethenamid-P, pyroxasulfone, S-metolachlor, isoxaflutole + metribuzin at 

the three rates and the grass herbicides plus isoxaflutole + metribuzin reduced witchgrass density 

96-99% compared to the untreated control (Table 3.18). Pendimethalin and pethoxamid did not 

reduce witchgrass density compared to the untreated control, although they did reduce 

witchgrass density similar to the other herbicide treatments evaluated.  

 At 8 WAA, all treatments reduced witchgrass biomass 98-99% compared to the untreated 

control with the exception of pendimethalin and pethoxamid which did not differ from the 

untreated control or other herbicide treatments (Table 3.18).  

 In summary, the addition of a grass herbicide to isoxaflutole + metribuzin did not 

improve witchgrass control compared to isoxaflutole + metribuzin at the low, medium or high 

rate, this may have been due to the high level of control provided by isoxaflutole + metribuzin.   
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3.4.10 Soybean Yield 

 Soybean yield had a significant site by treatment interaction (data not shown), therefore 

sites 6 and 7 were combined, sites 1, 2, 3, 4, 5 and 8 were combined and site 9 was analyzed 

independently (Table 3.19). At sites 6 and 7, there were no yield differences, all treatments 

yielded 4.3- 5.8 T ha
-1

. At sites 1, 2, 3, 4, 5 and 8, weed interference reduced soybean yield 34%. 

The only herbicide treatments that resulted in soybean yield similar to the weed-free control were 

isoxaflutole + metribuzin at the high rate and pyroxasulfone + isoxaflutole + metribuzin. 

Isoxaflutole+ metribuzin at all three rates, in addition to all the grass herbicides plus isoxaflutole 

+ metribuzin yielded 0.7-1.0 T ha
-1

 higher than the untreated control. Soybean yield with the 

grass herbicides alone did not differ from the untreated control. Soybean yield at site 9 in the 

weed-free control was lower than at the other site groups. Weed interference reduced soybean 

yield 76% at this site. Equivalent yields to the weed-free control of 2.6-3.8 T ha
-1

 were obtained 

with the application of isoxaflutole + metribuzin at the medium and high rate, as well as the grass 

herbicides plus isoxaflutole + metribuzin. Dimethenamid-P, pethoxamid, pyroxasulfone and S-

metolachlor yields did not differ from the untreated control. Application of pendimethalin and 

isoxaflutole at the low rate increased soybean yield 1.0 and 1.4 T ha
-1 

compared to the untreated 

control; however, were not equivalent to the weed-free control. The yield potential was lower at 

site 9 due to low levels of rainfall throughout the growing season.  

3.5 Conclusion  

General trends suggest the addition of a grass herbicide to isoxaflutole + metribuzin at the 

low rate numerically increases control of pigweed spp., green and giant foxtail and yellow foxtail 

regardless of site or assessment timing. Control of other species usually increased with the 
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addition of a grass herbicide to isoxaflutole + metribuzin at the low rate although this was not 

consistent across all grass herbicides, especially when the low rate of isoxaflutole + metribuzin 

provided a high level of control. Generally, isoxaflutole + metribuzin at the medium or high rate 

provided equivalent or better control of most species evaluated than the grass herbicides applied 

alone or with isoxaflutole + metribuzin at the low rate. The addition of pendimethalin, 

dimethenamid-P, pethoxamid, pyroxasulfone or S-metolachlor to isoxaflutole + metribuzin may 

provide an additional effective mode of action which will reduce the selection intensity for the 

evolution of herbicide-resistant weed biotypes.  

Weed control varied by species. The grass herbicides, as the name suggests, controlled 

the grass weed species the best. However, when sites received >4.9 mm of rainfall within 7 

DAA, control of the pigweed spp. and lambsquarters with pendimethalin, dimethenamid-P and 

pyroxasulfone was 85-93% and 62-85%, respectively. The grass herbicides controlled ragweed 

and velvetleaf <65 and < 72%, respectively. Generally, across all sites pendimethalin and 

pyroxasulfone provided greater broadleaf weed control than the other grass herbicides. The grass 

herbicides provided lower control of grass species at sites 1, 2 and 4 than sites 3, 5, 6, 7, 8 and 9. 

This may be due to lack of activating rainfall; general trends occur where sites 1, 2 and 4 

received 2.7-5.2 mm of rain 0-7 DAA and sites 3, 5, 6, 7, 8 and 9 received 0.8-14.9mm of rain 0-

7 DAA. Site 5 received 0.8 mm of rain 0-7 DAA, but there was delayed weed emergence at this 

location due to the lack of moisture. By 14 DAA site 5 had received 12.5 mm of rain which 

provided moisture to activate the herbicides and control weeds prior to emergence. In general, S-

metolachlor provided the most consistent grass control in this study.  
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 There was a numeric improvement in the control of all weed species with increasing rates 

of isoxaflutole + metribuzin in this study. The medium and high rates typically provided higher 

numeric control of all the species than the grass herbicides applied alone, while the low rate 

rarely provided similar control to the best grass herbicide for each species.  

3.6 Tables 
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Table 3.1. Soil characteristics, planting date, application date, and rainfall 7 and 14 DAA of 9 trials conducted in southwestern Ontario, Canada in 2017 

and 2018. 

# Location Year Soil Type 

% 

Sand  

% 

Silt 

% 

Clay 

% 

OM pH 

CEC 

meq 100g
-1

 

Planting 

Date 

Application 

Date PRE 

Rainfall (mm) 

0-7 DAA 0-14 DAA 

1 Ridgetown  2018 Clay Loam 35 30 35 4.2 6.7 19 May 25 May 29 5 7.3 

2 Ridgetown  2017 Clay Loam 41 28 31 4.0 7.1 14 June 2 June 7 2.7 24.8 

3 Ridgetown  2018 Clay Loam 43 26 31 3.6 6.8 16 May 31 June 1 4.9 7.2 

4 Exeter 2018 Loam 41 35 24 2.9 7.7 27 May 18 May22 5.2 14.7 

5 Exeter 2017 Loam 35 43 22 3.9 7.8 30 June 3 June 5 0.8 12.5 

6 Ennotville 2017 Silt Loam 41 52 7 3.8 7.8 18 May 31 June 2 9.8 22.7 

7 Ennotville 2018 Silt Loam 41 52 7 3.8 7.8 18 May 25 May 28 14.9 15.8 

8 Cambridge 2017 Sandy Loam 68 26 6 2.2 7.2 9 May 31 June 2 5.9 7.3 

9 Cambridge 2018 Sandy Loam 68 26 6 2.2 7.2 9 May 25 May 28 10.8 14 
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Table 3.2. Visible soybean injury symptoms at 1, 2 and 4 WAE from 9 field experiments in Ontario, Canada in 2017 and 2018. 

  1 WAE  2 WAE  4 WAE 

Treatment Rate 

g a.i. ha
-1

 

All 

sites 

 Sites 

2,4,5,6,7 

Sites 

9 

 Sites 

1,4,5,7,8,9 

Site 

6 

 Site 

1,2,3,6 

Site 

8 

Site 

5 

   Leaf Deformity Injury (%)  Bleaching Injury (%) 

Pendimethalin 1000 0  1abc 18fg  1b 16d  0a 0a 0a 

Dimethenamid-P 544 0  2abc 5bcd  0ab 2ab  0a 0a 0a 

Pethoxamid 840 0  1abc 7cde  0ab 3abc  0a 0a 0a 

Pyroxasulfone 125 0  1abc 2b  0ab 4bc  0a 0a 0a 

S-metolachlor  1050 0  2bc 11def  1ab 11cd  0a 0a 0a 

Isoxaflutole + Metribuzin 52.5 + 210 0  0a 0a  0a 0a  1bcd 7abc 16b 

Isoxaflutole + Metribuzin 79 + 315 0  0a 0a  0a 0a  2cd 10bc 25c 

Isoxaflutole + Metribuzin 105 + 420 0  0a 0a  0a 0a  4d 13c 30c 

Pendimethalin + Isoxaflutole + Metribuzin 1000 + 52.5 + 210 0  2abc 20f  1b 14d  0abc 7abc 15b 

Dimethenamid-P + Isoxaflutole + Metribuzin 544 + 52.5 + 210 0  2abc 4bc  1ab 0a  2cd 5ab 15b 

Pethoxamid + Isoxaflutole + Metribuzin 840 + 52.5 + 210 0  1abc 4bc  0ab 6bcd  0ab 9bc 17b 

Pyroxasulfone + Isoxaflutole + Metribuzin 125 + 52.5 + 210 0  1abc 3bc  0ab 3abc  1abcd 4a 15b 

S-metolachlor + Isoxaflutole + Metribuzin 1050 + 52.5 + 210 0  3c 13efg  1ab 11cd  0abc 5ab 17b 

Note: Means followed by the same letter within a column are not statistically different according to the Tukey-Kramer multiple range test at p <0.05. 
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Table 3.3. Lambsquarters control at 4, 8 and 12 WAA from 7 field experiments in Ontario, Canada in 2017 and 2018. 

  4 WAA  8 WAA  12 WAA 

Treatment Rate 

g a.i. ha
-1

 

Sites 

2,4 

Sites 

3,5,8,9 

Site 

7 

 Sites 

2,4 

Sites 

3,5,8,9 

Site 

7 

 Sites 

2,4 

Sites 

3,5,8,9 

Site 

7 

  Visible Control (%) 

Pendimethalin 1000 1de 42bcd 94ab  35abcd 53bc 94ab  23abcd 58ab 91ab 

Dimethenamid-P 544 0e 24d 94ab  6bcd 17c 89abc  6cd 25b 85b 

Pethoxamid 840 5de 19d 97ab  5cd 22c 81bc  11bcd 26b 85b 

Pyroxasulfone 125 6de 36cd 88ab  8bcd 41c 90abc  7cd 34b 93ab 

S-metolachlor  1050 2de 20d 62b  2d 22c 63c  4d 24b 67b 

Isoxaflutole + Metribuzin 52.5 + 210 20cd 93ab 99ab  30abcd 96ab 100a  37abcd 94a 100a 

Isoxaflutole + Metribuzin 79 + 315 57ab 98a 100a  63ab 99ab 100a  68ab 99a 100a 

Isoxaflutole + Metribuzin 105 + 420 75a 99a 100a  91a 100a 100a  86a 100a 100a 

Pendimethalin + Isoxaflutole + Metribuzin 1000 + 52.5 + 210 73a 91abc 100a  57abc 97ab 100a  68ab 99a 100a 

Dimethenamid-P + Isoxaflutole + Metribuzin 544 + 52.5 + 210 47abc 91abc 100a  52abcd 95ab 100a  57abcd 94a 100a 

Pethoxamid + Isoxaflutole + Metribuzin 840 + 52.5 + 210 35bc 96a 100a  42abcd 96ab 100a  60abc 97a 100a 

Pyroxasulfone + Isoxaflutole + Metribuzin 125 + 52.5 + 210 57ab 91abc 100a  62abc 95ab 100a  57abcd 93a 100a 

S-metolachlor + Isoxaflutole + Metribuzin 1050 + 52.5 + 210 40abc 97a 100a  42abcd 97ab 100a  41abcd 94a 100a 

Note: Means followed by the same letter within a column are not statistically different according to the Tukey-Kramer multiple range test at p <0.05.  
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Table 3.4. Lambsquarters density and dry weight at 8 WAA from 7 field experiments in Ontario, Canada in 2017 and 2018. 

  Density  Biomass 

Treatment Rate 

g a.i. ha
-1

 

Sites 

2,4 

Sites 

3,5,8,9 

Site 

7 

Sites 

2,4 

Sites 

3,5,8,9 

Site 

7 

  # m 
-2

  g m
-2

 

Untreated Control - 32.5d 21.5e 2.5b 31.4a 16.5abc 8.6bc 

Pendimethalin 1000 5.6abc 4.5bcd 0.2a 3.5a 4.2abc 0.3ab 

Dimethenamid-P 544 14.8cd 15.0de 0.7ab 24.9a 24.5c 6.abc 

Pethoxamid 840 8.1bcd 10.0de 1.3ab 22.7a 15.7abc 3.3abc 

Pyroxasulfone 125 14.2cd 7.0cde 0.4ab 50.6a 18.8bc 1.3abc 

S-metolachlor  1050 12.1cd 19.8de 2.7b 25.1a 22.9c 14.5c 

Isoxaflutole + Metribuzin 52.5 + 210 4.8abc 1.4abc 0.2a 11.7a 3.3abc 0.1a 

Isoxaflutole + Metribuzin 79 + 315 2.4ab 0.6ab 0.2a 4.9a 1.3abc 0.8ab 

Isoxaflutole + Metribuzin 105 + 420 1.3a 0.2a 0.02a 2.0a 0.7a 0.1a 

Pendimethalin + Isoxaflutole + Metribuzin 1000 + 52.5 + 210 2.0ab 0.7ab 0.02a 2.3a 0.8ab 0.1a 

Dimethenamid-P + Isoxaflutole + Metribuzin 544 + 52.5 + 210 2.1ab 1.4abc 0.02a 6.5a 5.6abc 0.1a 

Pethoxamid + Isoxaflutole + Metribuzin 840 + 52.5 + 210 4.3abc 1.1abc 0.04a 6.5a 3.7abc 0.1a 

Pyroxasulfone + Isoxaflutole + Metribuzin 125 + 52.5 + 210 4.2abc 0.9ab 0.02a 10.0a 2.9abc 0.1a 

S-metolachlor + Isoxaflutole + Metribuzin 1050 + 52.5 + 210 3.6abc 1.3abc 0.02a 9.9a 2.1abc 0.1a 

Note: Means followed by the same letter within a column are not statistically different according to the Tukey-Kramer multiple range test 

at p <0.05. 
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Table 3.5. Pigweed control at 4, 8 and 12 WAA from 7 field experiments in Ontario, Canada in 2017 and 2018. 

  4 WAA  8 WAA  12 WAA 

Treatment Rate 

g a.i. ha
-1

 

Sites 

2,4 

Sites 

3,6,7,8,9 

Sites 

2,4 

Sites 

3,6,7,8,9 

Sites 

2,4 

Sites 

3,6,7,8,9 

  Visible Control (%) 

Pendimethalin 1000 1de 71d 14cde 62cd 4d 63cd 

Dimethenamid-P 544 0e 72cd 5e 68cd 10cd 70cd 

Pethoxamid 840 6cde 51d 9de 42d 13bcd 52d 

Pyroxasulfone 125 10cde 80bcd 9de 82bc 32abcd 85bc 

S-metolachlor  1050 6de 69d 3e 66cd 6d 66cd 

Isoxaflutole + Metribuzin 52.5 + 210 26bcd 94abc 33bcde 94ab 27abcd 93ab 

Isoxaflutole + Metribuzin 79 + 315 59ab 96ab 56abc 97ab 59abc 95ab 

Isoxaflutole + Metribuzin 105 + 420 78a 98a 84a 99a 81a 97ab 

Pendimethalin + Isoxaflutole + Metribuzin 1000 + 52.5 + 210 70a 95ab 67ab 95ab 65ab 95ab 

Dimethenamid-P + Isoxaflutole + Metribuzin 544 + 52.5 + 210 66ab 99a 55abc 99a 54abcd 98ab 

Pethoxamid + Isoxaflutole + Metribuzin 840 + 52.5 + 210 42abc 97ab 55abc 98a 48abcd 97ab 

Pyroxasulfone + Isoxaflutole + Metribuzin 125 + 52.5 + 210 63ab 99a 69ab 99a 67ab 99a 

S-metolachlor + Isoxaflutole + Metribuzin 1050 + 52.5 + 210 44abc 98a 45abcd 99a 38abcd 98ab 

Note: Means followed by the same letter within a column are not statistically different according to the Tukey-Kramer multiple range test at p 

<0.05. 
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Table 3.6. Pigweed density and dry weight at 8 WAA from 7 field experiments in Ontario, Canada in 2017 and 2018. 

  Density  Biomass 

Treatment Rate 

g a.i. ha
-1

 

Sites 

2,4 

Sites 

3,6,7,8,9 

Sites 

2,4 

Sites 

3,6,7,8,9 

  # m 
-2

  g m
-2

 

Untreated Control - 33.7a 23.2d 183.8ab 40.3e 

Pendimethalin 1000 43.5a 15.9cd 205.1b 29.6de 

Dimethenamid-P 544 25.5a 3.9abc 140.4ab 10.5bcde 

Pethoxamid 840 33.1a 7.9bcd 123.2ab 22.5de 

Pyroxasulfone 125 32.3a 3.4abc 93.8ab 4.7abcde 

S-metolachlor  1050 33.2a 8.7bcd 130.4ab 16.2cde 

Isoxaflutole + Metribuzin 52.5 + 210 18.7a 1.9ab 55.9ab 3.3abcd 

Isoxaflutole + Metribuzin 79 + 315 15.6a 0.6a 61.5ab 1.1ab 

Isoxaflutole + Metribuzin 105 + 420 7.3a 0.4a 25.4a 1.2ab 

Pendimethalin + Isoxaflutole + Metribuzin 1000 + 52.5 + 210 13.1a 0.8a 51.8ab 2.2abc 

Dimethenamid-P + Isoxaflutole + Metribuzin 544 + 52.5 + 210 12.7a 0.2a 70.6ab 0.4a 

Pethoxamid + Isoxaflutole + Metribuzin 840 + 52.5 + 210 11.7a 0.5a 38.7ab 1.2ab 

Pyroxasulfone + Isoxaflutole + Metribuzin 125 + 52.5 + 210 14.3a 0.5a 54.7ab 0.8ab 

S-metolachlor + Isoxaflutole + Metribuzin 1050 + 52.5 + 210 16.5a 0.7a 72.3ab 1.3ab 

Note: Means followed by the same letter within a column are not statistically different according to the Tukey-Kramer multiple 

range test at p <0.05. 
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Table 3.7. Ragweed control at 4, 8 and 12 WAA from 3 field experiments in Ontario, Canada in 2017 and 2018. 

  4 WAA  8 WAA  12 WAA 

Treatment Rate 

g a.i. ha
-1

 

Site 

1 

Site 

3 

Site 

5 

 Site 

1 

Site 

3 

Site 

5 

 Site 

1 

Site 

3 

Site 

5 

  Visible Control (%) 

Pendimethalin 1000 7a 0c 0c  19de 0c 0b  55abc 20b 0b 

Dimethenamid-P 544 4a 8c 0c  22cde 11bc 0b  28c 46b 0b 

Pethoxamid 840 9a 7c 0c  30bcde 37b 0b  31c 54b 1b 

Pyroxasulfone 125 2a 14bc 0c  65abcde 13bc 0b  62abc 45b 0b 

S-metolachlor  1050 11a 0c 0c  11e 7bc 0b  43bc 40b 0b 

Isoxaflutole + Metribuzin 52.5 + 210 59a 53ab 98ab  84abcde 95a 100a  82abc 97a 100a 

Isoxaflutole + Metribuzin 79 + 315 51a 81a 100a  85abcde 98a 100a  90abc 99a 100a 

Isoxaflutole + Metribuzin 105 + 420 47a 88a 100a  98ab 100a 100a  98ab 100a 100a 

Pendimethalin + Isoxaflutole + Metribuzin 1000 + 52.5 + 210 35a 76a 96ab  77abcde 99a 100a  66abc 99a 99a 

Dimethenamid-P + Isoxaflutole + Metribuzin 544 + 52.5 + 210 71a 80a 98ab  100a 98a 100a  100a 98a 100a 

Pethoxamid + Isoxaflutole + Metribuzin 840 + 52.5 + 210 64a 81a 99ab  90abcde 97a 100a  90abc 97a 100a 

Pyroxasulfone + Isoxaflutole + Metribuzin 125 + 52.5 + 210 50a 82a 99ab  94abcd 99a 100a  95ab 100a 100a 

S-metolachlor + Isoxaflutole + Metribuzin 1050 + 52.5 + 210 59a 73a 89b  97abc 98a 98a  98ab 98a 98a 

Note: Means followed by the same letter within a column are not statistically different according to the Tukey-Kramer multiple range test at p <0.05. 
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Table 3.8. Ragweed density and dry weight at 8 WAA from 3 field experiments in Ontario, Canada in 2017 and 2018. 

  Density  Biomass 

Treatment Rate 

g a.i. ha
-1

 

Site 

1 

Site 

3 

Site 

5 

 Site 

1 

Site 

3 

Site 

5 

  # m 
-2

  g m
-2

 

Untreated Control - 5.7ab 64.8b 74.2c  0.5a 14.6bcd 65.6b 

Pendimethalin 1000 3.5ab 71.7b 58.9c  0.3a 31.3d 98.7b 

Dimethenamid-P 544 11.0b 50.6b 43.1bc  5.8a 19.8cd 66.9b 

Pethoxamid 840 4.3ab 34.4b 38.4bc  0.8a 9.9abcd 46.6b 

Pyroxasulfone 125 1.1ab 28.4b 20.1b  1.0a 17.1cd 45.6b 

S-metolachlor  1050 10.8b 71.2b 79.8c  3.7a 33.4d 82.4b 

Isoxaflutole + Metribuzin 52.5 + 210 0.4ab 0.6a 0.01a  1.1a 0.5a 0.02a 

Isoxaflutole + Metribuzin 79 + 315 0.4ab 0.2a 0.01a  0.2a 0.8ab 0.02a 

Isoxaflutole + Metribuzin 105 + 420 0.4ab 0.02a 0.01a  0.3a 0.1a 0.02a 

Pendimethalin + Isoxaflutole + Metribuzin 1000 + 52.5 + 210 0.6ab 0.6a 0.2a  0.8a 2.2abc 0.1a 

Dimethenamid-P + Isoxaflutole + Metribuzin 544 + 52.5 + 210 0.1a 0.02a 0.01a  0.1a 0.1a 0.02a 

Pethoxamid + Isoxaflutole + Metribuzin 840 + 52.5 + 210 0.7ab 0.7a 0.01a  1.3a 2.0abc 0.02a 

Pyroxasulfone + Isoxaflutole + Metribuzin 125 + 52.5 + 210 1.0ab 0.7a 0.01a  3.2a 1.9abc 0.02a 

S-metolachlor + Isoxaflutole + Metribuzin 1050 + 52.5 + 210 1.2ab 0.2a 0.3a  0.9a 1.3abc 0.2a 

Note: Means followed by the same letter within a column are not statistically different according to the Tukey-Kramer multiple range test 

at p <0.05. 
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Table 3.9. Velvetleaf control at 4, 8 and 12 WAA from 3 field experiments in Ontario, Canada in 2017 and 2018. 

  4 WAA  8 WAA  12 WAA 

Treatment Rate 

g a.i. ha
-1

 

Sites 

1,2 

Sites 

3 

Sites 

1,2 

Sites 

3 

Sites 

1,2 

Sites 

3 

  Visible Control (%) 

Pendimethalin 1000 0b 0c 32bcde 5c 58bcd 56ab 

Dimethenamid-P 544 0b 1c 30de 28c 46cd 61ab 

Pethoxamid 840 0b 1c 24e 5c 43cd 36b 

Pyroxasulfone 125 0b 37b 33cde 41bc 52bcd 72ab 

S-metolachlor  1050 1b 5bc 26e 24c 33d 33b 

Isoxaflutole + Metribuzin 52.5 + 210 56a 96a 87abcde 98ab 91abc 99a 

Isoxaflutole + Metribuzin 79 + 315 87a 99a 96abcde 98a 96ab 99a 

Isoxaflutole + Metribuzin 105 + 420 88a 99a 100a 100a 100a 100a 

Pendimethalin + Isoxaflutole + Metribuzin 1000 + 52.5 + 210 84a 98a 98abcd 98ab 99a 98a 

Dimethenamid-P + Isoxaflutole + Metribuzin 544 + 52.5 + 210 88a 98a 99ab 99a 99a 100a 

Pethoxamid + Isoxaflutole + Metribuzin 840 + 52.5 + 210 62ab 100a 90abcde 98ab 89abc 99a 

Pyroxasulfone + Isoxaflutole + Metribuzin 125 + 52.5 + 210 91a 97a 99abc 97ab 99a 98a 

S-metolachlor + Isoxaflutole + Metribuzin 1050 + 52.5 + 210 89a 98a 86abcde 100a 93abc 99a 

Note: Means followed by the same letter within a column are not statistically different according to the Tukey-Kramer multiple range test at p <0.05. 
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Table 3.10. Velvetleaf density and dry weight at 8 WAA from 3 field experiments in Ontario, Canada in 2017 and 2018. 

  Density  Biomass 

Treatment Rate 

g a.i. ha
-1

 

Sites 

1,2 

Sites 

3 

Sites 

1,2 

Sites 

3 

  # m 
-2

  g m
-2

 

Untreated Control - 2.7abcd 4.6a 1.6a 8.0ab 

Pendimethalin 1000 5.4d 1.8a 2.0a 2.5ab 

Dimethenamid-P 544 4.3cd 3.7a 2.0a 4.6ab 

Pethoxamid 840 4.0bcd 3.9a 1.8a 12.0b 

Pyroxasulfone 125 4.6bcd 0.9a 5.4a 0.7ab 

S-metolachlor  1050 3.2cd 2.0a 1.9a 10.9ab 

Isoxaflutole + Metribuzin 52.5 + 210 0.3abcd 0.5a 0.6a 0.3a 

Isoxaflutole + Metribuzin 79 + 315 0.2ab 0.1a 0.4a 0.1a 

Isoxaflutole + Metribuzin 105 + 420 0.2a 2.2a 0.4a 2.1ab 

Pendimethalin + Isoxaflutole + Metribuzin 1000 + 52.5 + 210 0.2a 0.1a 0.1a 0.1a 

Dimethenamid-P + Isoxaflutole + Metribuzin 544 + 52.5 + 210 0.3a 0.1a 0.3a 0.1a 

Pethoxamid + Isoxaflutole + Metribuzin 840 + 52.5 + 210 1.0abcd 0.3a 1.6a 0.5ab 

Pyroxasulfone + Isoxaflutole + Metribuzin 125 + 52.5 + 210 0.5abc 0.3a 1.2a 0.8ab 

S-metolachlor + Isoxaflutole + Metribuzin 1050 + 52.5 + 210 0.3ab 0.1a 0.4a 0.1a 

Note: Means followed by the same letter within a column are not statistically different according to the Tukey-Kramer 

multiple range test at p <0.05. 
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Table 3.11. Green and Giant Foxtail control at 4, 8 and 12 WAA from 7 field experiments in Ontario, Canada in 2017 and 2018. 

  4 WAA  8 WAA  12 WAA 

Treatment Rate 

g a.i. ha
-1

 

Sites 

1,2,4 

Sites 

3,5,7,9 

 Sites 

1,2,4 

Sites 

3,5,7,9 

 Sites 

1,2,4 

Sites 

3,5,7,9 

    Visible Control (%) 

Pendimethalin 1000 20a 55a  30a 74ab  34cde 70bc 

Dimethenamid-P 544 15a 84a  29a 81ab  26e 84abc 

Pethoxamid 840 11a 68a  39a 66b  24e 59c 

Pyroxasulfone 125 26a 65a  49a 81ab  38bcde 83abc 

S-metolachlor  1050 18a 85a  35a 84ab  31de 86abc 

Isoxaflutole + Metribuzin 52.5 + 210 15a 72a  42a 75ab  50abcde 84abc 

Isoxaflutole + Metribuzin 79 + 315 16a 80a  39a 86ab  58abcde 90abc 

Isoxaflutole + Metribuzin 105 + 420 32a 85a  68a 93ab  78a 96a 

Pendimethalin + Isoxaflutole + Metribuzin 1000 + 52.5 + 210 31a 81a  61a 88ab  81abc 87abc 

Dimethenamid-P + Isoxaflutole + Metribuzin 544 + 52.5 + 210 37a 90a  61a 95a  84ab 96ab 

Pethoxamid + Isoxaflutole + Metribuzin 840 + 52.5 + 210 18a 78a  49a 84ab  53abcde 88abc 

Pyroxasulfone + Isoxaflutole + Metribuzin 125 + 52.5 + 210 43a 82a  68a 91ab  65abcd 93ab 

S-metolachlor + Isoxaflutole + Metribuzin 1050 + 52.5 + 210 32a 91a  46a 93ab  59abcde 96a 

Note: Means followed by the same letter within a column are not statistically different according to the Tukey-Kramer multiple range test at p <0.05.
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Table 3.12. Green and Giant Foxtail density and dry weight at 8 WAA from 7 field experiments in Ontario, Canada in 2017 and 2018. 

  Density  Biomass 

Treatment Rate 

g a.i. ha
-1

 

Sites 

1,2,4 

Sites 

3,5,7,9 

Sites 

1,2,4 

Sites 

3,5,7,9 

  # m 
-2

  g m
-2

 

Untreated Control - 64.5a 91.1b 59.2b 44.4b 

Pendimethalin 1000 30.7a 13.4a 21.4ab 6.5a 

Dimethenamid-P 544 25.1a 7.5a 35.9ab 6.6a 

Pethoxamid 840 26.8a 18.2ab 35.1ab 11.6ab 

Pyroxasulfone 125 29.8a 19.2ab 29.0ab 8.8ab 

S-metolachlor  1050 32.7a 6.8a 38.8ab 3.0a 

Isoxaflutole + Metribuzin 52.5 + 210 27.5a 6.8a 31.4ab 6.0a 

Isoxaflutole + Metribuzin 79 + 315 21.9a 8.5a 20.2ab 6.3a 

Isoxaflutole + Metribuzin 105 + 420 17.4a 6.8a 14.8ab 3.3a 

Pendimethalin + Isoxaflutole + Metribuzin 1000 + 52.5 + 210 16.1a 5.2a 10.2a 3.3a 

Dimethenamid-P + Isoxaflutole + Metribuzin 544 + 52.5 + 210 19.8a 2.7a 16.5ab 1.67a 

Pethoxamid + Isoxaflutole + Metribuzin 840 + 52.5 + 210 29.3a 7.9a 30.3ab 5.0a 

Pyroxasulfone + Isoxaflutole + Metribuzin 125 + 52.5 + 210 18.8a 8.1a 17.0ab 4.4a 

S-metolachlor + Isoxaflutole + Metribuzin 1050 + 52.5 + 210 18.3a 2.7a 19.2ab 2.3a 

Note: Means followed by the same letter within a column are not statistically different according to the Tukey-Kramer multiple range 

test at p <0.05. 
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Table 3.13. Yellow Foxtail control at 4, 8 and 12 WAA from 2 field experiments in Ontario, Canada in 2017 and 2018. 

  4 WAA  8 WAA  12 WAA 

Treatment Rate 

g a.i. ha
-1

 

Sites 

7,9 

 Sites 

7,9 

 Sites 

7,9 

  Visible Control (%) 

Pendimethalin 1000 92a  78ab  79ab 

Dimethenamid-P 544 66a  75ab  75ab 

Pethoxamid 840 44a  53b  55b 

Pyroxasulfone 125 55a  77ab  80ab 

S-metolachlor  1050 86a  88ab  90ab 

Isoxaflutole + Metribuzin 52.5 + 210 61a  70ab  81ab 

Isoxaflutole + Metribuzin 79 + 315 66a  87ab  90ab 

Isoxaflutole + Metribuzin 105 + 420 71a  91a  92ab 

Pendimethalin + Isoxaflutole + Metribuzin 1000 + 52.5 + 210 92a  96a  94a 

Dimethenamid-P + Isoxaflutole + Metribuzin 544 + 52.5 + 210 91a  95a  94a 

Pethoxamid + Isoxaflutole + Metribuzin 840 + 52.5 + 210 87a  92a  87ab 

Pyroxasulfone + Isoxaflutole + Metribuzin 125 + 52.5 + 210 81a  88a  90ab 

S-metolachlor + Isoxaflutole + Metribuzin 1050 + 52.5 + 210 93a  94a  97a 

Note: Means followed by the same letter within a column are not statistically different according to the Tukey-Kramer 

multiple range test at p <0.05. 
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Table 3.14. Yellow Foxtail density and dry weight at 8 WAA from 2 field experiments in Ontario, 

Canada in 2017 and 2018. 

  Density  Biomass 

Treatment Rate 

g a.i. ha
-1

 

Sites 

7,9 

 Sites 

7,9 

  # m 
-2

  g m
-2

 

Untreated Control - 11.4a  10.1a 

Pendimethalin 1000 3.8a  3.1a 

Dimethenamid-P 544 3.2a  2.3a 

Pethoxamid 840 3.5a  2.2a 

Pyroxasulfone 125 6.7a  6.3a 

S-metolachlor  1050 2.2a  1.7a 

Isoxaflutole + Metribuzin 52.5 + 210 2.9a  2.9a 

Isoxaflutole + Metribuzin 79 + 315 4.3a  2.8a 

Isoxaflutole + Metribuzin 105 + 420 2.2a  1.5a 

Pendimethalin + Isoxaflutole + Metribuzin 1000 + 52.5 + 210 2.5a  2.6a 

Dimethenamid-P + Isoxaflutole + Metribuzin 544 + 52.5 + 210 1.2a  0.6a 

Pethoxamid + Isoxaflutole + Metribuzin 840 + 52.5 + 210 3.8a  2.8a 

Pyroxasulfone + Isoxaflutole + Metribuzin 125 + 52.5 + 210 4.5a  2.3a 

S-metolachlor + Isoxaflutole + Metribuzin 1050 + 52.5 + 210 0.8a  0.8a 

Note: Means followed by the same letter within a column are not statistically different according 

to the Tukey-Kramer multiple range test at p <0.05. 
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Table 3.15. Barnyardgrass control at 4, 8 and 12 WAA from 5 field experiments in Ontario, Canada in 2017 and 2018. 

  4 WAA  8 WAA  12 WAA 

Treatment Rate 

g a.i. ha
-1

 

Sites 

1,2 

Sites 

5,6,9 

Sites 

1,2 

Sites 

5,6,9 

Sites 

1,2 

Sites 

5,6,9 

  Visible Control (%) 

Pendimethalin 1000 5a 21a 48a 55bc 53a 48c 

Dimethenamid-P 544 2a 83a 32a 96abc 45a 96ab 

Pethoxamid 840 8a 17a 50a 42c 56a 72bc 

Pyroxasulfone 125 14a 61a 36a 89abc 47a 95ab 

S-metolachlor  1050 3a 98a 31a 98ab 32a 98ab 

Isoxaflutole + Metribuzin 52.5 + 210 4a 75a 60a 94abc 61a 92ab 

Isoxaflutole + Metribuzin 79 + 315 13a 69a 55a 96abc 59a 95ab 

Isoxaflutole + Metribuzin 105 + 420 12a 94a 61a 98ab 69a 97ab 

Pendimethalin + Isoxaflutole + Metribuzin 1000 + 52.5 + 210 13a 74a 67a 91abc 68a 91ab 

Dimethenamid-P + Isoxaflutole + Metribuzin 544 + 52.5 + 210 27a 97a 73a 100a 81a 100a 

Pethoxamid + Isoxaflutole + Metribuzin 840 + 52.5 + 210 16a 90a 77a 95abc 70a 93ab 

Pyroxasulfone + Isoxaflutole + Metribuzin 125 + 52.5 + 210 7a 91a 59a 99ab 73a 99ab 

S-metolachlor + Isoxaflutole + Metribuzin 1050 + 52.5 + 210 5a 97a 63a 100ab 77a 99ab 

Note: Means followed by the same letter within a column are not statistically different according to the Tukey-Kramer multiple range test 

at p <0.05. 
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Table 3.16. Barnyardgrass density and dry weight at 8 WAA from 5 field experiments in Ontario, Canada in 2017 and 2018. 

  Density  Biomass 

Treatment Rate 

g a.i. ha
-1

 

Sites 

1,2 

Sites 

5,6,9 

Sites 

1,2 

Sites 

5,6,9 

  # m 
-2

  g m
-2

 

Untreated Control - 13.1a 5.8b 11.6a 5.3ab 

Pendimethalin 1000 7.0a 2.9ab 3.7a 6.7b 

Dimethenamid-P 544 7.8a 0.9ab 7.0a 0.3a 

Pethoxamid 840 7.7a 2.6ab 5.3a 3.3ab 

Pyroxasulfone 125 7.4a 1.4ab 4.9a 1.4ab 

S-metolachlor  1050 6.3a 0.7ab 7.8a 0.7ab 

Isoxaflutole + Metribuzin 52.5 + 210 4.9a 0.8ab 9.1a 0.8ab 

Isoxaflutole + Metribuzin 79 + 315 9.1a 1.0ab 9.3a 1.9ab 

Isoxaflutole + Metribuzin 105 + 420 10.1a 0.6a 12.2a 0.3a 

Pendimethalin + Isoxaflutole + Metribuzin 1000 + 52.5 + 210 5.6a 0.7ab 3.7a 1.6ab 

Dimethenamid-P + Isoxaflutole + Metribuzin 544 + 52.5 + 210 4.2a 0.4a 1.5a 0.2a 

Pethoxamid + Isoxaflutole + Metribuzin 840 + 52.5 + 210 5.6a 0.6ab 3.7a 0.9ab 

Pyroxasulfone + Isoxaflutole + Metribuzin 125 + 52.5 + 210 4.6a 0.5a 3.0a 0.5a 

S-metolachlor + Isoxaflutole + Metribuzin 1050 + 52.5 + 210 8.5a 0.3a 4.3a 0.4a 

Note: Means followed by the same letter within a column are not statistically different according to the Tukey-Kramer 

multiple range test at p <0.05. 
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Table 3.17. Witchgrass control at 4, 8 and 12 WAA from 2 field experiments in Ontario, Canada in 2017 and 

2018. 

  4 WAA  8 WAA  12 WAA 

Treatment Rate 

g a.i. ha
-1

 

Site  

6,7 

 Site  

6,7 

 Site  

6,7 

  Visible Control (%) 

Pendimethalin 1000 95a  83a  83a 

Dimethenamid-P 544 93a  100a  96a 

Pethoxamid 840 72a  87a  83a 

Pyroxasulfone 125 89a  99a  98a 

S-metolachlor  1050 94a  98a  91a 

Isoxaflutole + Metribuzin 52.5 + 210 87a  100a  94a 

Isoxaflutole + Metribuzin 79 + 315 97a  100a  99a 

Isoxaflutole + Metribuzin 105 + 420 98a  99a  99a 

Pendimethalin + Isoxaflutole + Metribuzin 1000 + 52.5 + 210 99a  100a  100a 

Dimethenamid-P + Isoxaflutole + Metribuzin 544 + 52.5 + 210 99a  99a  99a 

Pethoxamid + Isoxaflutole + Metribuzin 840 + 52.5 + 210 96a  96a  98a 

Pyroxasulfone + Isoxaflutole + Metribuzin 125 + 52.5 + 210 98a  96a  99a 

S-metolachlor + Isoxaflutole + Metribuzin 1050 + 52.5 + 210 99a  99a  100a 

Note: Means followed by the same letter within a column are not statistically different according to the Tukey-

Kramer multiple range test at p <0.05. 
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Table 3.18. Witchgrass density and dry weight at 8 WAA from 2 field experiments in Ontario, 

Canada in 2017 and 2018. 

  Density  Biomass 

Treatment Rate 

g a.i. ha
-1

 

Site  

6,7 

 Site  

6,7 

  # m 
-2

  g m
-2

 

Untreated Control - 25.3b  19.8b 

Pendimethalin 1000 2.4ab  2.7ab 

Dimethenamid-P 544 0.8a  0.3a 

Pethoxamid 840 3.9ab  2.6ab 

Pyroxasulfone 125 0.7a  0.3a 

S-metolachlor  1050 1.0a  0.3a 

Isoxaflutole + Metribuzin 52.5 + 210 0.8a  0.4a 

Isoxaflutole + Metribuzin 79 + 315 0.6a  0.2a 

Isoxaflutole + Metribuzin 105 + 420 0.4a  0.2a 

Pendimethalin + Isoxaflutole + Metribuzin 1000 + 52.5 + 210 0.2a  0.1a 

Dimethenamid-P + Isoxaflutole + Metribuzin 544 + 52.5 + 210 0.2a  0.1a 

Pethoxamid + Isoxaflutole + Metribuzin 840 + 52.5 + 210 0.4a  0.1a 

Pyroxasulfone + Isoxaflutole + Metribuzin 125 + 52.5 + 210 0.2a  0.1a 

S-metolachlor + Isoxaflutole + Metribuzin 1050 + 52.5 + 210 0.1a  0.1a 

Note: Means followed by the same letter within a column are not statistically different according 

to the Tukey-Kramer multiple range test at p <0.05. 
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Table 3.19. Soybean yield from 9 field experiments in Ontario, Canada in 2017 and 2018. 

Treatment Rate 

g a.i. ha
-1

 

Sites 

6,7 

Sites 

1,2,3,4,5,8 

Sites  

9 

 

  T ha
-1 

 

Untreated Control  4.3a 3.1e 0.9g  

Weed-Free Control  5.8a 4.7a 3.8a  

Pendimethalin 1000 5.0a 3.5bcde 1.9bcdef  

Dimethenamid-P 544 5.2a 3.4cde 1.5defg  

Pethoxamid 840 5.1a 3.3ed 1.5efg  

Pyroxasulfone 125 4.9a 3.5bcde 1.6cdefg  

S-metolachlor  1050 4.9a 3.3ed 1.1fg  

Isoxaflutole + Metribuzin 52.5 + 210 4.8a 3.8bcd 0.3bcde  

Isoxaflutole + Metribuzin 79 + 315 5.2a 4.0b 2.6abcd  

Isoxaflutole + Metribuzin 105 + 420 5.1a 4.1ab 2.9ab  

Pendimethalin + Isoxaflutole + Metribuzin 1000 + 52.5 + 210 4.9a 4.0b 3.1ab  

Dimethenamid-P + Isoxaflutole + Metribuzin 544 + 52.5 + 210 5.2a 4.1b 2.7abc  

Pethoxamid + Isoxaflutole + Metribuzin 840 + 52.5 + 210 4.7a 3.9bc 2.9ab  

Pyroxasulfone + Isoxaflutole + Metribuzin 125 + 52.5 + 210 5.3a 4.1ab 2.9ab  

S-metolachlor + Isoxaflutole + Metribuzin 1050 + 52.5 + 210 4.8a 4.0b 2.7abcd  

Note: Means followed by the same letter within a column are not statistically different according to the 

Tukey-Kramer multiple range test at p <0.05. 
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Chapter 4. Annual Weed Management in Isoxaflutole-Resistant Soybean 

Using a Two-Pass Weed Control Strategy  

4.1 Abstract 

Transgenic crops are being developed with herbicide resistance traits to expand innovative 

weed management solutions for crop producers. Soybean with traits that confer resistance to the 

WSSA Group 27 herbicide isoxaflutole is currently under development which will provide a 

novel herbicide mode of action for weed management in soybean. Ten field experiments were 

conducted over a two-year period (2017, 2018) on five soil types with isoxaflutole-resistant 

soybean to evaluate annual weed control using one- and two-pass herbicide programs. The one-

pass weed control programs included isoxaflutole + metribuzin, applied preemergence (PRE), at 

a low rate 52.5 + 210 g a.i. ha
-1

, medium rate 79 + 316 g a.i. ha
-1

, and high rate 105 + 420 g a.i. 

ha
-1

 and glyphosate applied early postemergence (ePOST) or late postemergence (lPOST). The 

two-pass weed control programs included isoxaflutole + metribuzin, applied PRE followed by 

glyphosate applied lPOST, and glyphosate applied ePOST followed by lPOST. At 4 WAA, 

lambsquarters, pigweed spp., common ragweed, and velvetleaf were controlled 25 to 69, 49 to 

86, and 71 to 95% with the low, medium, and high rates of isoxaflutole + metribuzin, 

respectively. Isoxaflutole + metribuzin at the low, medium and high rates controlled grass 

species evaluated (barnyardgrass, foxtail spp., crabgrass, and witchgrass) 85 to 97, 75 to 99, and 

86 to 100%, respectively. All two-pass weed management programs provided 98-100% control 

of all species. Weed control improved as the rate of isoxaflutole + metribuzin increased. Two-

pass programs provided excellent, full-season annual grass and broadleaf weed control in 

isoxaflutole-resistant soybean.   
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4.2 Introduction 

Weed interference reduces soybean yield, especially when weeds are present during the 

critical weed-free period (CWFP) at high populations. The CWFP in soybean to prevent a 2.5% 

yield loss occurs from emergence to the V4 growth stage, approximately from soybean 

emergence to 30 days after emergence (Van Acker et al. 1993). In North America, it has been 

estimated that if no weed control measures are implemented, there is an average soybean yield 

loss of 52% due to weed interference; however, greater losses can occur depending on relative 

time of crop and weed emergence, weed species composition, weed density, soil nutrient status, 

and weather conditions (Soltani et al. 2017). For example, green foxtail (Setaria virdis L. 

Beauv.) at densities of 128 plants m
-2 

reduced soybean yield 80% (Weaver 2001). Models show 

that populations of common ragweed (Ambrosia artemisiifolia L.), common lambsquarters 

(Chenopodium album L.), common cocklebur (Xanthium strumarium L.), velvetleaf (Abutilon 

theophrasti Medik.), and jimsonweed (Datura stramonium L.) at high densities can reduce 

soybean yield by 75% (Weaver 1991; Weaver 2001).  

The use of crop cultivars with herbicide-resistant traits has been widely adopted over the 

past two decades. The introduction of glyphosate-resistant soybean in 1996 quickly gained 

popularity among soybean producers to where over 95% of soybean was seeded to cultivars with 

this resistance trait in the United States (Young 2006). More recently soybean cultivars with 

resistance to synthetic auxin herbicides, including dicamba and 2,4-D, have been developed. The 

use of these cultivars and herbicides, will provide improved control of some annual, biennial, 

and perennial broadleaf weeds and control of selected herbicide-resistant broadleaf weed species 

that would otherwise have limited chemical control options in soybean (Behrens et al. 2007; 
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Spaunhorst and Johnson 2017). The use of these technologies has advanced weed management in 

soybean by saving farmers time and money through the use of more efficacious herbicides, and 

lower cost of herbicides, labour, machinery and fuel (Fernandez-Cornejo et al. 2002).   

The introduction of hydroxyphenylpyruvate dioxygenase- (HPPD) resistant soybean 

cultivars, which are currently under development, will allow for the application of isoxaflutole to 

soybean. The introduction of HPPD-resistant soybean will provide a new mode of action, that 

when used judiciously in a diversified, integrated weed management program can aid in slowing 

the evolution of herbicide-resistant weed species including Palmer amaranth (Amaranthus 

palmeri S. Watson), waterhemp (Amaranthus tuberculatus Moq. J. D. Sauer), and Canada 

fleabane (Conyza canadensis L. Cronq.), by controlling them before they set seed (Meyer et al. 

2015; Ditschun et al. 2016; Schryver et al. 2017a). 

Hydroxyphenylpyruvate dioxygenase-inhibiting herbicides represent the most recently 

discovered class of herbicides used for weed management in field crop production; they were 

first commercialized in Canada in the late 1990s. These herbicides inhibit the HPPD enzyme 

which is responsible for the biosynthesis of plastoquinone, an essential cofactor for the 

production of carotenoids, and an electron transporter in the photosynthetic electron transport 

chain (Pallet et al. 1998). The HPPD-inhibiting herbicides are injurious to most dicotyledonous 

crops; therefore the majority of HPPD-inhibiting herbicides are used for weed management in 

corn with two active ingredients, pyrasulfotole and bicyclopyrone, registered for use in cereal 

crops. 
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The use of isoxaflutole in isoxaflutole-resistant soybean provides residual control of some 

annual grass and broadleaf weed species. Adequate rainfall is required after application to 

dissolve the herbicide into soil water solution so that it can be absorbed by the developing weed 

seedlings less than 5 cm in height; it will not control weeds larger in size when applied 

preemergence (PRE) (OMAFRA 2016). The length of residual activity depends on weather 

conditions and rate applied; season-long control of most species can be expected with application 

of isoxaflutole at 105 g a.i. ha
-1 

or greater (Anonymous 2017a). If lower rates of isoxaflutole are 

applied, or if little to no rainfall occurs within 14 days of herbicide application, weed control 

may be reduced; however, weed escapes may be controlled with herbicides applied 

postemergence (POST). In addition to resistance to isoxaflutole, these soybean cultivars also 

have transgenes which confer resistance to glyphosate or glufosinate providing a POST, non-

selective herbicide option for the control of weed escapes.  

Two-pass weed control programs which include a soil-applied residual herbicide, applied 

PRE, followed by a non-selective, POST, herbicide can provide effective, full-season weed 

control as part of an integrated weed management strategy. Glyphosate and glufosinate provide 

broad-spectrum control of emerged weeds at the time of application that offers a safety net to 

control weeds which were not controlled with the soil-applied residual herbicide without concern 

of crop injury. The application of a residual herbicide, applied PRE, followed by glyphosate or 

glufosinate, applied POST, provides multiple modes-of-action that will reduce the evolution of 

herbicide-resistant weed biotypes (Gressel and Segel 1990). The use of residual herbicides 

followed by glyphosate POST compared to glyphosate alone increased redroot pigweed and 

lambsquarters control by 20% and giant foxtail by 4 to 19% (Tharp and Kells 2002). Similarly, 
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the same study showed the application of a residual herbicide prior to glufosinate applied POST, 

increased control of common ragweed and giant foxtail. Generally, two-pass weed control 

strategies provide improved weed control and reduce the selection intensity for herbicide-

resistant weeds.   

The purpose of this study was to determine the level of weed control in isoxaflutole-

resistant soybean with two-pass weed control programs on different soil types in Ontario.   

4.3 Materials and Methods 

A total of ten field experiments were completed over a two-year period (2017, 2018) near 

Cambridge, Ennotville, Exeter, and Ridgetown (two sites), Ontario. Trials were conducted on 

soils with varying characteristics. Sites were organized in descending order based on clay content 

(Table 4.1). Land was prepared using conventional tillage methods. Regionally appropriate 

isoxaflutole-resistant soybean cultivars were planted 5 cm deep in rows spaced 0.76 m apart at 

approximately 372 500 seeds ha
-1

.    

Treatments were arranged in a randomized complete block design with three or four 

replications depending on space availability at each site. Plots measured 3 m wide (4 soybean 

rows) by 8 or 10 m long. Herbicides were applied at three different timings: i) preemergence 

(PRE) applications were made after soybean planting and prior to soybean emergence, ii) early 

postemergence (ePOST) applications were made when weeds in the untreated weedy control 

averaged 7.5 cm in height, and iii) late postemergence (lPOST) treatments where made when 

weeds reached 7.5 cm in height in the plots treated with a PRE herbicide. Isoxaflutole + 

metribuzin was applied at three different rates including 52.5 + 210 g a.i. ha
-1

, 79 + 316 g a.i. ha
-
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1
, and 105 + 420 g a.i. ha

-1
 hereafter referred to as the low, medium and high rate, respectively. 

Glyphosate (900 g a.e. ha
-1

) was applied ePOST, lPOST, and ePOST followed by (fb) lPOST. 

Herbicides were applied using a CO2 pressurized backpack sprayer calibrated to deliver 200 L 

ha
-1

 at 240 kPa equipped with a 1.5 meter boom with four 120-02 ULD nozzles (Hypro Ultra low 

drift 120-02, Pentair, New Brighton, MN) spaced 50 cm apart resulting in a spray width of 2 m.  

Visible soybean injury was assessed 1, 2 and 4 weeks after soybean emergence (WAE) on 

a scale of 0 (no visible crop injury) to 100 (complete plant death). Visible weed control was 

assessed by weed species prior to each POST herbicide application and 4, and 8 weeks after the 

lPOST application (WAA) on a scale of 0 (no visible weed control), to 100 (no weeds present). 

Additionally, at 4 WAA, weed density was determined by counting the number of weeds by 

species in two 0.5 m
2
 quadrats per plot. The weeds were cut at the soil surface, placed in bags by 

species, dried at 60°C to constant moisture and weighed. Soybean was harvested at maturity with 

a small-plot research combine; seed weight and moisture were recorded. Soybean yield was 

adjusted to 13% moisture prior to analysis.   

SAS software (ver. 9.4, SAS Institute, Inc. Cary, NC) was used to analyze data with the 

GLIMMIX procedure. An initial analysis was conducted to determine if there was a significant 

site by treatment interaction for injury, weed control and yield. In this initial analysis, site, 

treatment and the site by treatment interaction were fixed effects, and replication within site was 

a random effect. If the site by treatment effect was significant, a Tukey-Kramer multiple means 

comparison test was conducted to determine how the sites grouped, otherwise all sites were 

pooled. This step was only conducted at the ePOST application timing for weed control 

evaluations. The same site groupings were held constant for the remaining control, density, and 
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biomass evaluations for each weed species. Soybean injury, weed control and yield were 

analyzed to assess treatment differences with a mixed model. The fixed effect was treatment and 

the random effects included site, the site by treatment interaction and replication within site. The 

Wald test was used to test the significance of random effects whereas the F-test was used to test 

the significance of fixed effects. The assumptions that errors were random, independent, 

homogenous and normally distributed were confirmed by residual plots and the Shapiro-Wilks 

normality test. Data were transformed when necessary with the natural log and arcsine square 

root transformations. When transformation occurred, data was compared on the transformed 

scale, however was converted back to the original scale for presentation of results. Means were 

separated using a Tukey- Kramer multiple means comparison test at P <0.05. 

4.4 Results and Discussion  

4.4.1 Injury 

At 1 WAE, there was no soybean injury from any of the herbicides evaluated (Table 4.2). 

At 2 WAE, at sites 6 and 7, isoxaflutole + metribuzin applied at the high rate caused 3 to 4% 

soybean bleaching characteristic of isoxaflutole phytotoxicity. At 4 WAE, at sites 1, 3, 4, 7 and 

9, isoxaflutole + metribuzin at the low, medium and high rate caused 1, 4-5 and 8% soybean 

bleaching, respectively. At 4 WAE, at site 6, isoxaflutole + metribuzin at the low, medium and 

high rate caused 16-20, 22-26 and 29% soybean bleaching, respectively. No soybean injury was 

observed at sites 2, 5, 8 or 10. Generally, soybean injury was more pronounced at the sites with 

greater rainfall after application (Table 4.1). Increased rainfall after herbicide application 

increases isoxaflutole absorption in corn, reduces metabolism, and elevates isoxaflutole 

concentration within the plant, resulting in greater phytotoxic effects (Soukup et al. 2004). Soils 
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with high pH have decreased adsorption of diketonitrile, the first and more toxic metabolite of 

isoxaflutole, allowing for greater absorption by plants (Mitra et al. 2001). We suggest that the 

higher level of soybean injury at site 6 is due to a combination of greater rainfall after application 

and a more alkaline soil. 

4.4.2 Lambsquarters 

Lambsquarters (Chenopodium album L.) control was evaluated at 8 sites in this study. 

There was a significant treatment by site interaction for lambsquarters control (data not shown); 

therefore results from sites 3 and 5 will be presented separately from sites 1, 4, 5, 7, 9 and 10.  

At the ePOST application timing, there was no difference in lambsquarters control with 

the low, medium and high rate of isoxaflutole + metribuzin within either of the combined site 

groups (Table 4.3). At the sites with more rainfall (sites 1, 4, 6, 7, 9 and 10) isoxaflutole + 

metribuzin at the low, medium, and high rate controlled lambsquarters 97, 99 and 99-100%, 

respectively. In contrast, at the sites with less rainfall (sites 3 and 5) isoxaflutole + metribuzin at 

the low, medium, and high rate controlled lambsquarters 12-18, 29-62, and 64-67%, respectively. 

At the lPOST application timing, there was no difference in lambsquarters among the 

herbicide treatments evaluated at the sites with more rainfall (sites 1, 4, 6, 7, 9 and 10); all 

herbicide treatments controlled lambsquarters 97–100% (Table 4.3). In contrast, at the sites with 

less (sites 3 and 5) rainfall, isoxaflutole + metribuzin applied at the low, medium and high rate 

controlled lambsquarters 9-12, 31-55 and 55-79%, respectively. Glyphosate (900 g a.e. ha
-1

) 

applied ePOST controlled lambsquarters 100%. The medium and high rate of isoxaflutole + 
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metribuzin, applied PRE, and glyphosate applied ePOST provided similar control of 

lambsquarters.  

At 4 weeks after the lPOST application (4 WAA), at the sites with greater rainfall (sites 

1, 4, 6, 7, 9 and 10), isoxaflutole + metribuzin applied at the low and high rate resulted in a 

small, but significant, increase in lambsquarters control from 97 to 100% (Table 4.3). Glyphosate 

applied ePOST, lPOST and ePOST fb lPOST controlled lambsquarters 96-99%. At the sites with 

less rainfall (sites 3 and 5), isoxaflutole + metribuzin applied at the low, medium and high rate 

controlled lambsquarters 42, 83 and 91%, respectively. At both site groups, as the rate of 

isoxaflutole + metribuzin was increased, there was an increase in lambsquarters control. There 

was a difference in control between the low and high rate. The medium rate did not differ from 

either the low or high rate. There was no difference in lambsquarters control with glyphosate 

applied ePOST, lPOST and ePOST fb lPOST. At all sites, the two-pass programs of isoxaflutole 

+ metribuzin applied PRE, fb glyphosate applied lPOST controlled lambsquarters 100%. There 

was an increase in lambsquarters control with an application of glyphosate following isoxaflutole 

+ metribuzin applied PRE at the low rate. When isoxaflutole + metribuzin were applied at the 

medium or high rate, there was no increase in lambsquarters control when glyphosate was 

applied lPOST. 

At 8 WAA, there were different trends in lambsquarters control among the two site 

groups (Table 4.3). At the sites with more rainfall (sites 1, 4, 6, 7, 9 and 10) there were no 

differences in lambsquarters control among the three rates of isoxaflutole + metribuzin 

evaluated. The sequential application of glyphosate applied ePOST fb LPOST controlled 

lambsquarters 4% more than the ePOST application. At the sites with less rainfall (sites 3 and 5), 
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isoxaflutole + metribuzin applied at the low, medium and high rate controlled lambsquarters 49, 

82 and 96%, respectively. Glyphosate applied ePOST, lPOST and ePOST fb lPOST controlled 

lambsquarters 89-96%. At all sites the two-pass programs of isoxaflutole + metribuzin applied 

PRE fb glyphosate applied lPOST controlled lambsquarters 100%.  

At 4 WAA, at the sites with more rainfall (sites 1, 4, 6, 7, 9 and 10), isoxaflutole + 

metribuzin reduced lambsquarters density ≥ 97% (Table 4.4). There was no difference in 

lambsquarters density among the three rates evaluated. Glyphosate applied ePOST, lPOST and 

ePOST fb lPOST reduced lambsquarters density 85-93%. At the sites with less rainfall, 

isoxaflutole + metribuzin applied PRE reduced lambsquarters density 83-96%; there was no 

difference among the three rates evaluated. Glyphosate applied ePOST, lPOST and ePOST fb 

lPOST reduced lambsquarters density 74-91%. At both groups of sites, the two-pass programs of 

isoxaflutole + metribuzin applied PRE fb glyphosate applied POST reduced lambsquarters 

density 98-100%. There was no weed control benefit of a two-pass program compared to a one-

pass program with isoxaflutole + metribuzin.  

 At 4 WAA, at sites with more rainfall (sites 1, 4, 6,7, 9 and 10) lambsquarters biomass 

was reduced 92-99%; there was no difference among all the herbicide treatments evaluated 

(Table 4.4). At the sites with less rainfall (sites 3 and 5), isoxaflutole + metribuzin applied at the 

low, medium and high rate reduced lambsquarters biomass 58, 91 and 98%, respectively. The 

low rate did not differ from the weedy control. Glyphosate applied ePOST, lPOST and ePOST fb 

lPOST reduced lambsquarters biomass 97-99%, there was no difference among the glyphosate 

application timings. At both groups of sites, the two-pass programs of isoxaflutole + metribuzin 

applied PRE, fb glyphosate applied POST reduced lambsquarters biomass 99%. 
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At the sites with less rainfall (sites 3 and 5), lambsquarters control with isoxaflutole + 

metribuzin, applied PRE increased over time. This may be due to the reactivation of isoxaflutole 

+ metribuzin by late spring/early summer rains or due to advanced soybean growth that shaded 

out the weeds. In contrast, lambsquarters control with glyphosate decreased over time, this is not 

surprising since glyphosate does not provide residual weed control and would not have activity 

on later emerging lambsquarters. The herbicide treatment by soil type interaction was not 

significant for lambsquarters control. Lambsquarters control was more closely correlated with 

rainfall as sites receiving more rainfall had higher lambsquarters control. The results of this study 

are consistent with a study conducted in corn by Chomas and Kells (2004) where isoxaflutole 

controlled lambsquarters 52-72 and 97-100% in years receiving limited and abundant rainfall 

after application, respectively. Similarly, application of isoxaflutole + atrazine (79 + 800 g a.i. 

ha
-1

) controlled lambsquarters 78 and 100% with 66% less rainfall in May and June than the 30 

year average and a year and with normal rainfall, respectively (Stewart et al. 2012).  

4.4.3 Pigweed  

Redroot pigweed (Amaranthus retroflexus L.) and green pigweed (Amaranthus powellii 

S. Watson) were combined during weed control assessments in this study. Pigweed was 

evaluated at 8 sites and the treatment by site interaction was not significant (data not shown) 

therefore data were pooled across all sites.  

At the ePOST application timing, isoxaflutole+ metribuzin, applied at the low rate 

controlled pigweed 87-89% (Table 4.5). Isoxaflutole + metribuzin, applied at the medium or high 

rate, controlled pigweed 94-98%. The low rate of isoxaflutole + metribuzin provided lower 
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control of pigweed than the medium and high rates; there was no difference in pigweed control 

between the medium and high rate.   

At the lPOST application timing the low, medium and high rate of isoxaflutole + 

metribuzin controlled pigweed 81-86, 95-96 and 97-98%, respectively (Table 4.5). Oddly, the 

low rate of isoxaflutole + metribuzin which was intended to receive an lPOST application of 

glyphosate controlled pigweed 81%. This was less than the high rate of isoxaflutole + metribuzin 

which provided 97-98% control. This result may be an artifact of variable pigweed density 

throughout the experimental area. Glyphosate, applied ePOST, controlled pigweed 100%, which 

was higher than isoxaflutole + metribuzin applied at the low rate.  

At 4 and 8 WAA pigweed control assessments with isoxaflutole + metribuzin were 

similar, suggesting that isoxaflutole + metribuzin provides full-season residual control of 

pigweeds (Table 4.5). There was no difference in pigweed control among the three rates of 

isoxaflutole + metribuzin evaluated. Glyphosate applied ePOST, lPOST or ePOST fb lPOST 

controlled pigweeds 98-100%. Glyphosate applied lPOST after isoxaflutole + metribuzin at the 

low or medium rate improved pigweed control 6-12% compared to PRE herbicides alone. All of 

the two-pass programs of isoxaflutole + metribuzin applied PRE, fb glyphosate applied lPOST 

controlled pigweed 100%.  

At 4 WAA all treatments reduced pigweed density 85-99% compared to the weedy 

control (Table 4.6). All rates of isoxaflutole + metribuzin with and without glyphosate applied 

lPOST reduced pigweed density similarly between 97-99%. The medium and high rate of 

isoxaflutole + metribuzin, applied PRE and all three rates of isoxaflutole + metribuzin fb 
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glyphosate applied lPOST decreased pigweed 13-15% more than glyphosate applied ePOST or 

lPOST. Pigweed biomass was reduced 92-99% by all treatments compared to the weedy control; 

there were no differences among the herbicide treatments evaluated. The results of this study are 

similar to Butts et al. (2016) who found a greater decrease in pigweed density with PRE fb POST 

herbicide applications compared to a single POST application.  

4.4.4 Common Ragweed 

Common ragweed (Ambrosia artemisiifolia L.) populations were evaluated at 4 sites in 

this study. There was a significant treatment by site interaction; therefore results from site 2 will 

be presented separately from sites 1, 4 and 6.  

At the ePOST application timing, at sites which received more rainfall (sites 1, 4 and 6), 

isoxaflutole + metribuzin applied at the low, medium and high rates controlled common ragweed 

93-94%, 97-98%, and 99%, respectively (Table 4.7). In contrast, at the site with less rainfall (site 

2), isoxaflutole + metribuzin, applied PRE, controlled common ragweed 25-90%, there was no 

difference among rates.  

At the lPOST application timing, there was no difference in common ragweed control 

with the low, medium or high rate of isoxaflutole + metribuzin or with glyphosate applied 

ePOST within either of the combined site groups (Table 4.7). At sites with more rainfall (sites 1, 

4 and 6) isoxaflutole + metribuzin, applied PRE, at the low, medium and high rate controlled 

common ragweed 96-97%, 100%, and 100% respectively whereas glyphosate applied ePOST 

controlled common ragweed 74%. At the site with less rainfall (site 2) isoxaflutole + metribuzin 

at the low, medium and high rate controlled common ragweed 53-62%, 71-72% and 50-77%, 
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respectively and glyphosate applied ePOST controlled common ragweed 60-64%. Common 

ragweed control with isoxaflutole + metribuzin was 19-50% higher at the sites with more rainfall 

(sites 1, 4 and 6) compared to site 2 which had less rainfall.   

At 4 WAA, at the sites with more rainfall (sites 1, 4 and 6) there was no difference in 

common ragweed control among the herbicides evaluated; all treatments controlled common 

ragweed 97-100% (Table 4.7). In contrast, at site 2 which received less rainfall, the high rate of 

isoxaflutole + metribuzin applied PRE fb glyphosate lPOST controlled common ragweed 100%. 

The low rate of isoxaflutole + metribuzin without a second-pass provided 69% control. At site 2 

all other treatments controlled common ragweed 86-99%.  

At 8 WAA, there was no difference in common ragweed control with any treatment 

among the combined site groups (Table 4.7). At sites with higher rainfall (sites 1, 4 and 6) all 

treatments controlled common ragweed 97-100% whereas at site 2 which received less rainfall 

common ragweed was controlled 75-100%.  

At 4 WAA, at sites with more rainfall (sites 1, 4 and 6) common ragweed density and 

biomass were reduced 83-99 and 96-99%, respectively. All herbicide treatments reduced 

common ragweed density with the exception of glyphosate applied lPOST (Table 4.8). The 

greater density with glyphosate applied lPOST suggests that glyphosate is less efficacious on 

larger weeds. This is supported by Soltani et al. (2016) where results showed an improvement in 

common ragweed control when glyphosate was applied to weeds 10 or 20 cm in height 

compared to 30 cm weeds. At site 2, which received less rainfall, there was no decrease in 

common ragweed density and biomass with the herbicide treatments evaluated.  



 

 

175 

 

In this study, at sites with more rainfall (sites 1, 4 and 6) isoxaflutole + metribuzin, 

applied PRE, provided consistent common ragweed control throughout the season (Table 4.8). 

This may be due to herbicide activation early in the growing season preventing new weeds from 

emerging. In contrast, at site 2 which received less rainfall, control decreased between the 

assessments at the ePOST and lPOST application however increased after the lPOST application. 

This was due to a flush of common ragweed emerging between the ePOST and lPOST 

application timing, which may have then been controlled by reactivation of isoxaflutole + 

metribuzin and closure of the soybean canopy. Stewart et al. (2012) found similar results where 

97% common ragweed control was obtained with application of isoxaflutole + atrazine (79 + 800 

g a.i. ha
-1

) at sites which received higher levels of rainfall in comparison to only 83% control was 

obtained with the same treatment at sites that received less rainfall.  

4.4.5 Velvetleaf 

 Velvetleaf (Abutilon theophrasti Medik.) was evaluated at 3 sites in this study; there was 

no significant treatment by site interaction (data not shown) thus sites were combined.  

At the ePOST and lPOST application timings, isoxaflutole + metribuzin applied at the 

low, medium and high rate controlled velvetleaf 50-84 and 56-89%, respectively, there was no 

rate effect (Table 4.9). Glyphosate applied ePOST controlled velvetleaf 46-58%.   

 At 4 WAA, isoxaflutole + metribuzin, at the low, medium and high rate controlled 

velvetleaf 84, 98, and 99% respectively (Table 4.9). The low rate provided lower velvetleaf 

control than the high rate; the medium rate was similar to the low and high rate. Glyphosate 

applied ePOST, lPOST, or ePOST fb lPOST controlled velvetleaf 90-98%. The two-pass 
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programs of isoxaflutole + metribuzin PRE fb glyphosate lPOST controlled velvetleaf 99-100%. 

At the respective rates of isoxaflutole + metribuzin PRE, there was no improvement in velvetleaf 

control with glyphosate applied lPOST.  

 At 8 WAA all treatments in this study provided 93-100% velvetleaf control (Table 4.9). 

The high rate of isoxaflutole + metribuzin PRE fb glyphosate lPOST controlled velvetleaf 7% 

more than glyphosate applied ePOST.  

 At 4 WAA, the herbicide treatments evaluated reduced velvetleaf density 79-99% 

compared to the weedy control (Table 4.10). The low and high rate of isoxaflutole + metribuzin 

PRE fb glyphosate lPOST decreased density 21% more than a single application of glyphosate at 

the ePOST or lPOST application timings. All treatments evaluated reduced velvetleaf biomass 

91-99% compared to the weedy control, except isoxaflutole + metribuzin PRE at the low rate 

which reduced velvetleaf biomass 76%. The inconsistency in the density and biomass data 

suggests that glyphosate applied ePOST and lPOST resulted in suppression of velvetleaf, but the 

plants were still present at 4 WAA. There was a 91% reduction in density with isoxaflutole + 

metribuzin PRE at the low rate; although the plants that did escape grew to be quite large in size.  

 Velvetleaf control increased over time which may be a result of the residual activity of 

isoxaflutole + metribuzin and soybean canopy closure (Table 4.10). Glyphosate is slower acting 

on velvetleaf compared to other species, as evidenced by the low level of control at the lPOST 

evaluation timing. The dense hairs on velvetleaf may reduce glyphosate absorption. Due to the 

lack of residual control by glyphosate there was a flush of velvetleaf which emerged after 

application which is supported by the density and biomass evaluations, 4 WAA. Sequential 
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applications of either isoxaflutole + metribuzin PRE fb glyphosate lPOST or glyphosate applied 

ePOST fb lPOST increased velvetleaf control and reduced density and biomass. The results of 

this study are similar to Wiesbrook et al. (2001) who found improved velvetleaf control with 

sequential glyphosate applications.   

4.4.6 Barnyardgrass 

 Barnyardgrass (Echinochloa crus-galli L. P. Beauv.) was evaluated at 5 sites which 

included sites 1, 2, 4, 6 and 10. The site by treatment interaction was not significant (data not 

shown) therefore sites were pooled.  

At the ePOST application timing, isoxaflutole + metribuzin PRE at the low, medium and 

high rates controlled barnyardgrass 40-52, 68-69 and 73-81% respectively (Table 4.11). There 

was a trend to improved barnyardgrass control with increasing rates of isoxaflutole although 

differences were not always statistically significant. This may have occurred due to natural 

variability in the population of barnyardgrass across sites, and the susceptibility of barnyardgrass 

to isoxaflutole + metribuzin compared to other species.   

 At the lPOST application timing, barnyardgrass control was similar with the three rates of 

isoxaflutole + metribuzin evaluated; control was 63-89% (Table 4.11). Glyphosate, applied 

ePOST, controlled barnyardgrass 94-95%.   

 At 4 WAA, isoxaflutole + metribuzin PRE controlled barnyardgrass 77-93%, there were 

no differences among rates evaluated (Table 4.11). Glyphosate applied ePOST, lPOST or ePOST 

fb lPOST controlled barnyardgrass 95-99%. The two-pass programs of isoxaflutole + metribuzin 

PRE, fb glyphosate lPOST controlled barnyardgrass 99-100%. The lPOST application of 
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glyphosate following isoxaflutole + metribuzin PRE at the low and medium rate improved 

barnyardgrass control 22 and 14%, respectively. A sequential application of glyphosate 

following the high rate of isoxaflutole + metribuzin did not increase control.  

 At 8 WAA, isoxaflutole + metribuzin applied at the low, medium and high rate controlled 

barnyardgrass 79, 86, and 96% respectively and glyphosate applied ePOST, lPOST or ePOST fb 

lPOST controlled barnyardgrass 97-99% (Table 4.11). Similar to at 4 WAA, there was a 14-21% 

increase in barnyardgrass control when glyphosate was applied lPOST after isoxaflutole + 

metribuzin applied at the low or medium rates. There was no increase in barnyardgrass control 

when glyphosate was applied lPOST following the high rate of isoxaflutole + metribuzin PRE. 

The two-pass programs of isoxaflutole + metribuzin PRE fb glyphosate lPOST controlled 

barnyardgrass 100%.      

At 4 WAA, barnyardgrass density was reduced by 83-96% with all herbicide treatments 

with the exception of the low and medium rate of isoxaflutole + metribuzin PRE (Table 4.12). 

Isoxaflutole + metribuzin applied PRE at the low, medium and high rates reduced barnyardgrass 

density 44, 74 and 83%, respectively. Glyphosate applied ePOST, lPOST or ePOST fb lPOST 

reduced barnyardgrass density 81-96%, there was no difference among application timings. 

Isoxaflutole + metribuzin PRE fb glyphosate lPOST reduced barnyardgrass density 92-96%.   

At 4 WAA, barnyardgrass biomass was reduced by 94-99% with all herbicide treatments 

with the exception of isoxaflutole + metribuzin PRE (Table 4.12). Isoxaflutole + metribuzin 

applied PRE at the low, medium and high rates reduced barnyardgrass biomass 22, 60 and 82%, 

respectively. Glyphosate applied ePOST, lPOST or ePOST fb lPOST reduced barnyardgrass 
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biomass 94-99%, there was no difference among application timings. Isoxaflutole + metribuzin 

PRE fb glyphosate lPOST reduced barnyardgrass biomass 98%.  

Over time there was an increase in barnyardgrass control with isoxaflutole + metribuzin. 

This may be due to residual control of isoxaflutole + metribuzin preventing the emergence of 

new individuals and a reduction in barnyardgrass growth due to soybean canopy closure. By the 

end of the season, stunted barnyardgrass plants in plots where isoxaflutole + metribuzin was 

applied PRE were shaded and not able to fully develop. The application of glyphosate lPOST 

following isoxaflutole + metribuzin at the low rate improved barnyardgrass control and 

decreased density and biomass. Similarly, Stephenson and Bond (2012) found that isoxaflutole + 

atrazine (90 + 1120 g a.i. ha
-1

) controlled barnyardgrass 84%; the sequential application of 

glyphosate POST increased control by 7%. 

4.4.7 Foxtail 

 Green foxtail (Setaria viridis (L.) P. Beauv.) and giant foxtail (Setaria faberi Herrm.) 

populations were combined during assessments. These species occurred at 8 sites including sites 

1, 2, 3, 4, 5, 6, 8, and 10. There was no significant site by treatment interaction (data not shown) 

thus sites were combined (Table 4.13).  

At the ePOST application timing, isoxaflutole + metribuzin at the low, medium and high 

rate controlled foxtails 43-44, 55-57 and 63-71%, respectively (Table 4.13).  

At the lPOST application timing, isoxaflutole + metribuzin controlled foxtail 42-73%; 

there was no difference among the rates evaluated (Table 4.13). Glyphosate, applied ePOST, 

controlled foxtails 97%.   
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At 4 WAA, isoxaflutole + metribuzin PRE applied at the low, medium and high rates 

controlled foxtail 58, 75 and 86%, respectively, the high rate provided better control than the low 

rate, however the medium rate did not differ from the low or high rate (Table 4.13). Glyphosate 

applied ePOST, lPOST, ePOST fb lPOST controlled foxtails 94-99%. The sequential application 

of isoxaflutole + metribuzin PRE fb glyphosate lPOST controlled foxtail 100%. Application of 

glyphosate lPOST following isoxaflutole + metribuzin PRE at the low, medium and high rate 

increased foxtail control 42, 25, and 14% respectively.   

AT 8 WAA, isoxaflutole + metribuzin PRE at the low, medium and high rate controlled 

foxtails 71, 84, and 92%, respectively (Table 4.13). Similar to at 4 WAA, the high rate controlled 

foxtail better than the low rate however the medium rate did not differ from either the low or 

high rates. Glyphosate applied ePOST, lPOST, ePOST fb lPOST controlled foxtails 95-100%. 

The sequential application of isoxaflutole + metribuzin PRE fb glyphosate lPOST controlled 

foxtail 100%. Application of glyphosate lPOST following isoxaflutole + metribuzin PRE at the 

low, medium and high rate increased foxtail control 29, 16 and 8% respectively.   

At 4 WAA, all treatments decreased foxtail density 78-99% compared to the untreated 

control (Table 4.14). Isoxaflutole + metribuzin PRE reduced foxtail density by 78-92%, there 

was no difference among the rates evaluated. Glyphosate ePOST, lPOST and ePOST fb lPOST 

reduced foxtail density 96-98%. The sequential application of isoxaflutole + metribuzin PRE fb 

glyphosate lPOST reduced foxtail density 99%. In comparison, foxtail biomass was reduced 70-

99% with all herbicide treatments. Similar to the weed control assessments, the high rate of 

isoxaflutole + metribuzin reduced foxtail biomass by an additional 21% compared to the low 

rate; however the medium rate did not differ from either the low or high rate. Glyphosate applied 
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ePOST, lPOST, ePOST fb lPOST and the sequential application of isoxaflutole + metribuzin 

PRE fb glyphosate lPOST reduced foxtail biomass 99%.   

Grass weed species including foxtail are less sensitive to isoxaflutole + metribuzin than 

broadleaf species (Table 4.14). The low and medium rates of isoxaflutole + metribuzin cannot be 

relied on as an effective foxtail control strategy especially with high populations such as those 

present in this study. Glyphosate applied lPOST is very efficacious for the control of foxtails that 

escape the PRE herbicide. The results from this study are similar to Schultz et al. (2012) where 

isoxaflutole + S-metolachlor + metribuzin applied PRE; fb glyphosate POST controlled giant 

foxtail 99%.   

4.4.8 Crabgrass 

Large crabgrass (Digitaria sanguinalis (L.) Scop.) was evaluated at 4 sites in this study. 

The site by treatment interaction was not significant (data not shown) so sites were pooled 

together.  

At the ePOST and lPOST application timings isoxaflutole + metribuzin controlled large 

crabgrass 98-100 and 97-99%, respectively, there was no difference in large crabgrass control 

among the rates of isoxaflutole + metribuzin evaluated (Table 4.15). At the lPOST application 

timing, glyphosate, applied ePOST controlled large crabgrass 100%.  

At 4 and 8 WAA, the three rates of isoxaflutole + metribuzin controlled large crabgrass 

97-100 and 98-100%, respectively, there was no difference in crabgrass control among the rates 

evaluated (Table 4.15). Glyphosate applied ePOST, lPOST and ePOST fb lPOST and the 

sequential applications of isoxaflutole + metribuzin PRE fb glyphosate lPOST controlled large 
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crabgrass 99-100%. There was no increase in large crabgrass control when glyphosate was 

applied lPOST after isoxaflutole + metribuzin PRE at the medium or high rates.  

At 4 WAA, all of the herbicide treatments evaluated reduced large crabgrass density by 

82-97%, with the exception of glyphosate applied lPOST which did not reduce density (Table 

4.16). The herbicide treatments evaluated reduced large crabgrass biomass by 84-99%.  

Large crabgrass had the lowest density of all species evaluated in this study. This may 

have contributed to the high level of control >97% across all herbicide treatments and assessment 

timings. The medium and high rate of isoxaflutole + metribuzin provided similar large crabgrass 

control and reduction in density and biomass, and there was no additional benefit of glyphosate 

applied lPOST. These data suggest that large crabgrass is very sensitive to isoxaflutole + 

metribuzin, especially at higher rates. Residual properties of isoxaflutole + metribuzin in addition 

to competition with soybean as the canopy closed prevented emergence of new crabgrass. By the 

end of the season, large crabgrass which survived herbicide application had died due to soybean 

canopy closure which did not allow large crabgrass to intercept incident radiation due to its 

prostrate growth habit. Results from this study support findings by Schultz et al. (2012) where 

large crabgrass was controlled 99% with application of three rate combinations of isoxaflutole + 

S-metolachlor + metribuzin fb glyphosate. The same study showed glyphosate ePOST fb lPOST 

controlled large crabgrass 99% which is also consistent with results in this study.  
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4.4.9 Witchgrass 

 Witchgrass (Panicum capillare L.) was evaluated at three sites within this study. The site 

by treatment effect was not significant (data not shown) for this species therefore sites were 

pooled.  

 At the ePOST and lPOST application timings, all rates of isoxaflutole + metribuzin 

controlled witchgrass 95-100%; there was no difference among the rates of isoxaflutole + 

metribuzin evaluated. (Table 4.17). Glyphosate, applied ePOST, controlled witchgrass 98-99% at 

the lPOST evaluation timing.  

 At 4 WAA, isoxaflutole + metribuzin at the low, medium and high rates controlled 

witchgrass 95, 97 and 99%, respectively (Table 4.17). The high rate provided better control than 

the low rate, while the medium rate was similar to both the low and high rate. Glyphosate 

applied ePOST, lPOST, or ePOST fb lPOST controlled witchgrass 96, 100 and 100%, 

respectively. The two-pass programs of isoxaflutole + metribuzin PRE followed by glyphosate 

lPOST controlled witchgrass 100%. Witchgrass control 8 WAA was similar to 4 WAA.      

 At 4 WAA, the herbicide treatments evaluated reduced witchgrass density and biomass 

91-99% and 96-99%, respectively (Table 4.18). There was no difference among the herbicide 

treatments evaluated.  

4.4.10 Soybean Yield 

Soybean yield was separated by site due to a significant site by treatment interaction (data 

not shown) where the corresponding treatments at sites 1, 2, 4, 5, 7, 8, and 9 had 1.32 - 1.85 T 

ha
-1 

higher yields compared to sites 3, 6, and 10 (Table 4.19). At sites 1, 2, 4, 5, 7, 8, and 9 weed 
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interference reduced soybean yield 31%. Reduced weed interference with all the herbicide 

treatments resulted in soybean yield that was 1.0 - 1.5 T ha
-1

 higher than the weedy control and 

was similar to the weed-free control. There was no difference in soybean yield among the 

herbicide treatments evaluated. At sites 3, 6 and 10, weed interference reduced soybean yield 

51%. Soybean yield was lower at these sites; however, reduced weed interference with the 

herbicide treatments evaluated resulted in a yield increase of 1.3-1.9 T ha
-1

, except for the low 

rate of isoxaflutole + metribuzin. The reduction in yield from isoxaflutole + metribuzin, at the 

low rate, was probably due to poor weed control during the CWFP. The numerically lower 

soybean yield at sites 3, 6 and 10 may be due to a number of potential factors. Site 3 did not 

receive an activating rainfall after the PRE application which resulted in lower weed control. Site 

6 had the highest level of injury which may have affected soybean yield, and site 10 had 

extremely high densities of foxtail species, pigweed species and lambsquarters compared to the 

other sites which would compete with soybean for resources and cause lower yield.  

4.5 Conclusion 

 Isoxaflutole + metribuzin applied PRE or a single application of glyphosate applied 

POST provided excellent control of all weeds at some sites. The sequential application of 

glyphosate applied ePOST fb lPOST or isoxaflutole + metribuzin applied PRE fb glyphosate 

applied lPOST provided excellent full-season weed control and resulted in soybean yield that 

was similar to the weed-free control at all sites. Reduced weed control with isoxaflutole + 

metribuzin was correlated with insufficient levels of rainfall to activate the PRE herbicides. In 

these cases, glyphosate, applied lPOST, reduced weed interference to the extent that there was no 
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yield loss relative to the weed-free control. Butt et al. (2016) also found that a PRE followed by 

POST two-pass program was the best weed control strategy.  

All annual weeds within the study were effectively controlled with a two-pass program 

consisting of glyphosate applied ePOST and lPOST. Although effective, this application is not 

recommended as it increases the selection intensity for glyphosate resistant weeds. In this study 

soybean yield was not reduced with a total POST herbicide program. However, relying on POST 

herbicides for weed control may reduce grain yield if timely applications are missed due to 

unexpected rain events, windy conditions or mechanical breakdowns which may delay herbicide 

application.  

 In this study, there was no significant isoxaflutole + metribuzin by soil characteristics 

interaction. Lambsquarters and common ragweed were the only species where there was a 

significant herbicide treatment by site interaction. These differences were more closely 

correlated with variations in rainfall. Rainfall is required to dissolve isoxaflutole and metribuzin 

into soil water solution so that it can be taken up by the developing weed seedling. Moisture was 

sufficient for weed seed germination, however there was inadequate rainfall to move and 

dissolve the soil applied herbicides into soil water solution to be absorbed by the weeds at 

concentrations needed to cause toxic effects.   

4.6 Tables 
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Table 4.1. Soil characteristics, planting date, application dates, and rainfall between the PRE and lPOST application dates of 10 trial locations in 

2017/2018in Ontario, Canada. 

# Location Year Soil Type % 

Sand 

% 

Silt 

% 

Clay 

% 

OM pH 

CEC 

meq 100g
-1

 

Planting 

Date 

Application Date Rain (mm) 

PRE-lPOST PRE ePOST lPOST 

1 Ridgetown  2017 Clay Loam 33 30 37 4.0 7.0 24 June 9 June 13 July 5 July 11 59 

2 Ridgetown  2018 Clay Loam 35 30 35 4.2 6.7 19 May 25 May 29 June 21 June 28 41 

3 Ridgetown  2017 Clay Loam 41 28 31 4.0 7.1 14 June 2 June 7 June 28 July 5 25 

4 Ridgetown  2018 Clay Loam 43 26 31 3.6 6.8 16 May 31 June 1 July 4 July 13 60 

5 Exeter 2018 Loam 41 35 24 2.9 7.7 27 May 18 May22 June 6 June 15 17 

6 Exeter 2017 Loam 35 43 22 3.9 7.8 30 June 3 June 5 June 28 July 4 85 

7 Ennotville 2017 Silt Loam 41 52 7 3.8 7.8 18 May 31 June 2 June 26 July 15 134 

8 Ennotville 2018 Silt Loam 41 52 7 3.8 7.8 18 May 25 May 28 June 29 July 5 64 

9 Cambridge 2017 Sandy Loam 68 26 6 2.2 7.2 9 May 31 June 2 June 26 July 15 125 

10 Cambridge 2018 Sandy Loam 68 26 6 2.2 7.2 9 May 25 May 28 June 20 June 29 68 
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Table 4.2. Visible soybean bleaching injury at 1, 2 and 4 WAE due to isoxaflutole + metribuzin from 10 field 

experiments conducted in Ontario, Canada in 2017/2018.   

   1WAE  2WAE  4WAE  4WAE 

Treatment Application 

Timing 

Rate 

g a.i. or a.e. ha
-1

 

All Sites 

 

Sites 

6,7 

Sites 

1,3,4,7,9 

Site 

6 

  Visible Injury (%) 

Isoxaflutole + Metribuzin PRE 52.5+210 0 0a 1b 16b 

Isoxaflutole + Metribuzin PRE 79 + 315 0 0a 4bc 22bcd 

Isoxaflutole + Metribuzin PRE 105 + 420 0 4c 8c 29de 

Glyphosate ePOST 900 0 0a 0a 0a 

Glyphosate lPOST 900 0 0a 0a 0a 

Glyphosate 

   fb Glyphosate 

ePOST 

lPOST 

900 

900 

0 0a 0a 0a 

Glyphosate 

   fb Glyphosate 

PRE 

lPOST 

52.5 +210 

900 

0 0a 1b 20bc 

Isoxaflutole + Metribuzin 

   fb Glyphosate 

PRE 

lPOST 

79 + 315 

900 

0 1b 5bc 26cde 

Isoxaflutole + Metribuzin 

   fb Glyphosate 

PRE 

lPOST 

105 +420 

900 

0 3c 8c 29e 

Note: Means followed by the same letter within a column are not significantly different according to the Tukey-

Kramer multiple range test at p <0.05. 
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Table 4.3. Lambsquarters control at ePOST and lPOST application timings and 4 and 8 WA lPOST from 8 field experiments conducted in 

Ontario, Canada in 2017/2018.   

   ePOST  lPOST  4WAA  8WAA 

Treatment Application 

Timing 

Rate g a.i. 

or a.e. ha
-1

 

Sites 

1,4,6,7,9,10 

Sites 

3,5 

Sites 

1,4,6,7,9,10 

Sites 

3,5 

Sites 

1,4,6,7,9,10 

Sites 

3,5 

Sites 

1,4,6,7,9,10 

Sites 

3,5 

   Visible Control (%) 

Isoxaflutole + Metribuzin PRE 52.5+210 97a 18a 98a 12b 97bc 42b 98abc 49c 

Isoxaflutole + Metribuzin PRE 79 + 315 99a 29a 99a 31ab 99ab 83ab 99ab 82b 

Isoxaflutole + Metribuzin PRE 105 + 420 100a 67a 100a 55ab 100a 91a 100a 96ab 

Glyphosate ePOST 900 - - 97a 100a 96c 95a 95c 89b 

Glyphosate lPOST 900 - - - - 97bc 96a 97bc 95ab 

Glyphosate 

   fb Glyphosate 

ePOST 

lPOST 

900 

900 

- - 97a 100a 99abc 99a 99ab 96ab 

Isoxaflutole + Metribuzin 

   fb Glyphosate 

PRE 

lPOST 

52.5 +210 

900 

97a 12a 97a 9b 100a 100a 100a 100a 

Isoxaflutole + Metribuzin 

   fb Glyphosate 

PRE 

lPOST 

79 + 315 

900 

99a 62a 99a 55ab 100a 100a 100a 100a 

Isoxaflutole + Metribuzin 

   fb Glyphosate 

PRE 

lPOST 

105 +420 

900 

99a 64a 100a 79ab 100a 100a 100a 100a 

Note: Means followed by the same letter within a column are not significantly different according to the Tukey-Kramer multiple range test at p 

<0.05. 
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Table 4.4. Lambsquarters density and biomass at 4WA lPOST from 8 field experiments conducted in Ontario, Canada 

in 2017/2018. 

   Density  Biomass 

Treatment Application 

Timing 

Rate 

g a.i. or a.e. ha
-1

 

Sites 

1,4,6,7,9,10 

Sites 

3,5 

Sites 

1,4,6,7,9,10 

Sites 

3,5 

   # m
-2

  g m
-2

 

Weedy Control - - 22.61d 29.91b 17.90b 34.22c 

Isoxaflutole + Metribuzin PRE 52.5+210 0.68abc 5.09ab 1.51a 14.50bc 

Isoxaflutole + Metribuzin PRE 79 + 315 0.18ab 1.45a 0.37a 2.95ab 

Isoxaflutole + Metribuzin PRE 105 + 420 0.19ab 1.14a 0.17a 0.76a 

Glyphosate ePOST 900 3.07bc 4.30ab 1.32a 1.08ab 

Glyphosate lPOST 900 3.48c 7.66ab 0.51a 0.44a 

Glyphosate 

   fb Glyphosate 

ePOST 

lPOST 

900 

900 

1.66abc 2.66ab 0.12a 0.44a 

Isoxaflutole + Metribuzin 

   fb Glyphosate 

PRE 

lPOST 

52.5 +210 

900 

0.19ab 0.71a 0.21a 0.25a 

Isoxaflutole + Metribuzin 

   fb Glyphosate 

PRE 

lPOST 

79 + 315 

900 

0.16ab 0.08a 0.04a 0.08a 

Isoxaflutole + Metribuzin 

   fb Glyphosate 

PRE 

lPOST 

105 +420 

900 

0.06a 0.18a 0.04a 0.17a 

Note: Means followed by the same letter within a column are not significantly different according to the  

Tukey-Kramer multiple range test at p <0.05. 
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Table 4.5. Pigweed spp. control at ePOST and lPOST application timings and 4 and 8 WA lPOST from 8 field experiments conducted in 

Ontario, Canada in 2017/2018. 

   ePOST  lPOST  4WAA  8WAA 

Treatment Application 

Timing 

Rate 

g a.i. or a.e. ha
-1

 

Sites 

1,3,4,5,7,8,9,10 

Sites 

1,3,4,5,7,8,9,10 

Sites 

1,3,4,5,7,8,9,10 

Sites 

1,3,4,5,7,8,9,10 

  Visible Control (%) 

Isoxaflutole + Metribuzin PRE 52.5+210 89c 86bc 88c 89c 

Isoxaflutole + Metribuzin PRE 79 + 315 94b 95abc 94bc 94bc 

Isoxaflutole + Metribuzin PRE 105 + 420 98ab 97ab 97abc 97abc 

Glyphosate ePOST 900 - 100a 98ab 98abc 

Glyphosate lPOST 900 - - 98abc 99ab 

Glyphosate 

   fb Glyphosate 

ePOST 

lPOST 

900 

900 

- 100a 100ab 100ab 

Isoxaflutole + Metribuzin 

   fb Glyphosate 

PRE 

lPOST 

52.5 +210 

900 

87c 81c 100ab 100a 

Isoxaflutole + Metribuzin 

   fb Glyphosate 

PRE 

lPOST 

79 + 315 

900 

96ab 96abc 100a 100a 

Isoxaflutole + Metribuzin 

   fb Glyphosate 

PRE 

lPOST 

105 +420 

900 

98a 98ab 100ab 100a 

Note: Means followed by the same letter within a column are not significantly different according to the Tukey-Kramer multiple range test at 

p <0.05. 
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Table 4.6. Pigweed spp. density and biomass at 4WA lPOST from 8 field experiments conducted in Ontario, 

Canada in 2017/2018. 

 Density  Biomass 

Treatment Application 

Timing 

Rate 

g a.i. or a.e. ha
-1

 

Sites 

1,3,4,5,7,8,9,10 

Sites 

1,3,4,5,7,8,9,10 

   # m
-2

  g m
-2

 

Weedy Control - - 22.61d 17.90b 

Isoxaflutole + Metribuzin PRE 52.5+210 0.68abc 1.51a 

Isoxaflutole + Metribuzin PRE 79 + 315 0.18ab 0.37a 

Isoxaflutole + Metribuzin PRE 105 + 420 0.19ab 0.17a 

Glyphosate ePOST 900 3.07bc 1.32a 

Glyphosate lPOST 900 3.48c 0.51a 

Glyphosate 

   fb Glyphosate 

ePOST 

lPOST 

900 

900 

1.66abc 0.12a 

Isoxaflutole + Metribuzin 

   fb Glyphosate 

PRE 

lPOST 

52.5 +210 

900 

0.19ab 0.21a 

Isoxaflutole + Metribuzin 

   fb Glyphosate 

PRE 

lPOST 

79 + 315 

900 

0.16ab 0.04a 

Isoxaflutole + Metribuzin 

   fb Glyphosate 

PRE 

lPOST 

105 +420 

900 

0.06a 0.04a 

Note: Means followed by the same letter within a column are not significantly different according to the 

Tukey-Kramer multiple range test at p <0.05. 
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Table 4.7. Common ragweed control at ePOST and lPOST application timings and 4 and 8 WA lPOST from 4 field experiments conducted in 

Ontario, Canada in 2017/2018. 

   ePOST  lPOST  4WAA  8WAA 

Treatment Application 

Timing 

Rate 

g a.i. or a.e. ha
-1

 

Sites 

1,4,6 

Site 

2 

Sites 

1,4,6 

Site 

2 

Sites 

1,4,6 

Site 

2 

Sites 

1,4,6 

Site 

2 

   Visible Control (%) 

Isoxaflutole + Metribuzin PRE 52.5+210 93c 68a 97a 53a 98a 69b 99a 81a 

Isoxaflutole + Metribuzin PRE 79 + 315 98ab 25a 100a 72a 100a 86ab 99a 83a 

Isoxaflutole + Metribuzin PRE 105 + 420 99a 90a 100a 50a 100a 95ab 100a 98a 

Glyphosate ePOST 900 - - 74a 64a 97a 88ab 97a 75a 

Glyphosate lPOST 900 - - - - 97a 94ab 98a 99a 

Glyphosate 

   fb Glyphosate 

ePOST 

lPOST 

900 

900 

- - 74a 60a 99a 98ab 100a 100a 

Isoxaflutole + Metribuzin 

   fb Glyphosate 

PRE 

lPOST 

52.5 +210 

900 

94bc 71a 96a 62a 100a 98ab 100a 99a 

Isoxaflutole + Metribuzin 

   fb Glyphosate 

PRE 

lPOST 

79 + 315 

900 

97abc 84a 100a 71a 100a 99ab 100a 100a 

Isoxaflutole + Metribuzin 

   fb Glyphosate 

PRE 

lPOST 

105 +420 

900 

99a 78a 100a 77a 100a 100a 100a 100a 

Note: Means followed by the same letter within a column are not significantly different according to the Tukey-Kramer multiple range test at p 

<0.05. 
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Table 4.8. Common ragweed density and biomass at 4WA lPOST from 4 field experiments conducted in Ontario, 

Canada in 2017/2018. 

   Density  Biomass 

Treatment Application 

Timing 

Rate 

g a.i. or a.e. ha
-1

 

Sites 

1,4,6 

Site 

2 

Sites 

1,4,6 

Site 

2 

   # m
-2

  g m
-2

 

Weedy Control - - 31.48c 5.99a 22.95b 3.97a 

Isoxaflutole + Metribuzin PRE 52.5+210 0.23ab 0.43a 0.04a 0.18a 

Isoxaflutole + Metribuzin PRE 79 + 315 0.12a 1.28a 0.03a 3.53a 

Isoxaflutole + Metribuzin PRE 105 + 420 0.12a 0.14a 0.14a 0.18a 

Glyphosate ePOST 900 1.99ab 5.93a 0.39a 1.43a 

Glyphosate lPOST 900 5.29bc 2.89a 0.94a 0.34a 

Glyphosate 

   fb Glyphosate 

ePOST 

lPOST 

900 

900 

0.35ab 2.65a 0.06a 0.23a 

Isoxaflutole + Metribuzin 

   fb Glyphosate 

PRE 

lPOST 

52.5 +210 

900 

0.12a 0.81a 0.03a 0.55a 

 

Isoxaflutole + Metribuzin 

   fb Glyphosate 

PRE 

lPOST 

79 + 315 

900 

0.06a 1.07a 0.03a 2.19a 

Isoxaflutole + Metribuzin 

   fb Glyphosate 

PRE 

lPOST 

105 +420 

900 

0.06a 0.43a 0.03a 0.20a 

Note: Means followed by the same letter within a column are not significantly different according to the  

Tukey-Kramer multiple range test at p <0.05. 
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Table 4.9. Velvetleaf control at ePOST and lPOST application timings and 4 and 8 WA lPOST from 3 field experiments 

conducted in Ontario, Canada in 2017/2018. 

   ePOST  lPOST  4WAA  8WAA 

Treatment Application 

Timing 

Rate 

g a.i. or a.e. ha
-1

 

Sites 

1,2,3 

Sites 

1,2,3 

Sites 

1,2,3 

Sites 

1,2,3 

  Visible Control (%) 

Isoxaflutole + Metribuzin PRE 52.5+210 68a 74a 84b 95ab 

Isoxaflutole + Metribuzin PRE 79 + 315 79a 79a 98ab 97ab 

Isoxaflutole + Metribuzin PRE 105 + 420 79a 83a 99a 100ab 

Glyphosate ePOST 900 - 58a 90ab 93b 

Glyphosate lPOST 900 - - 95ab 98ab 

Glyphosate 

   fb Glyphosate 

ePOST 

lPOST 

900 

900 

- 46a 98ab 99ab 

Isoxaflutole + Metribuzin 

   fb Glyphosate 

PRE 

lPOST 

52.5 +210 

900 

50a 56a 99ab 100ab 

Isoxaflutole + Metribuzin 

   fb Glyphosate 

PRE 

lPOST 

79 + 315 

900 

71a 76a 100a 100ab 

Isoxaflutole + Metribuzin 

   fb Glyphosate 

PRE 

lPOST 

105 +420 

900 

84a 89a 100a 100a 

Note: Means followed by the same letter within a column are not significantly different according to the Tukey-Kramer 

multiple range test at p <0.05. 
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Table 4.10. Velvetleaf density and biomass at 4WA lPOST from 3 field experiments conducted in Ontario, 

Canada in 2017/2018.  

 Density  Biomass 

Treatment Application 

Timing 

Rate 

g a.i. or a.e. ha
-1

 

Sites 

1,2,3 

Sites 

1,2,3 

   # m
-2

  g m
-2

 

Weedy Control - - 9.53c 9.16b 

Isoxaflutole + Metribuzin PRE 52.5+210 0.86ab 2.24ab 

Isoxaflutole + Metribuzin PRE 79 + 315 0.27ab 0.29a 

Isoxaflutole + Metribuzin PRE 105 + 420 0.24ab 0.52a 

Glyphosate ePOST 900 2.00b 0.68a 

Glyphosate lPOST 900 2.03b 0.84a 

Glyphosate 

   fb Glyphosate 

ePOST 

lPOST 

900 

900 

0.80ab 0.10a 

Isoxaflutole + Metribuzin 

   fb Glyphosate 

PRE 

lPOST 

52.5 +210 

900 

0.02a 0.05a 

Isoxaflutole + Metribuzin 

   fb Glyphosate 

PRE 

lPOST 

79 + 315 

900 

0.28ab 0.19a 

Isoxaflutole + Metribuzin 

   fb Glyphosate 

PRE 

lPOST 

105 +420 

900 

0.02a 0.05a 

Note: Means followed by the same letter within a column are not significantly different according to the 

Tukey-Kramer multiple range test at p <0.05. 
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Table 4.11. Barnyardgrass control at ePOST and lPOST application timings and 4 and 8 WA lPOST from 5 field experiments 

conducted in Ontario, Canada in 2017/2018. 

   ePOST  lPOST  4WAA  8WAA 

Treatment Application 

Timing 

Rate 

g a.i. or a.e. ha
-1

 

Sites 

1,2,4,6,10 

Sites 

1,2,4,6,10 

Sites 

1,2,4,6,10 

Sites 

1,2,4,6,10 

  Visible Control (%) 

Isoxaflutole + Metribuzin PRE 52.5+210 40c 67b 77c 79c 

Isoxaflutole + Metribuzin PRE 79 + 315 69ab 81ab 86bc 86bc 

Isoxaflutole + Metribuzin PRE 105 + 420 81a 89ab 93abc 96ab 

Glyphosate ePOST 900 - 94a 95ab 97ab 

Glyphosate lPOST 900 - - 98ab 99a 

Glyphosate 

   fb Glyphosate 

ePOST 

lPOST 

900 

900 

- 95a 99a 99a 

Isoxaflutole + Metribuzin 

   fb Glyphosate 

PRE 

lPOST 

52.5 +210 

900 

52bc 63b 99a 100a 

Isoxaflutole + Metribuzin 

   fb Glyphosate 

PRE 

lPOST 

79 + 315 

900 

68ab 83ab 100a 100a 

Isoxaflutole + Metribuzin 

   fb Glyphosate 

PRE 

lPOST 

105 +420 

900 

73ab 88ab 100a 100a 

Note: Means followed by the same letter within a column are not significantly different according to the Tukey-Kramer multiple 

range test at p <0.05. 
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Table 4.12. Barnyardgrass density and biomass at 4WA lPOST from 5 field experiments 

conducted in Ontario, Canada in 2017/2018.. 

 Density  Biomass 

Treatment Application 

Timing 

Rate 

g a.i. or a.e. ha
-1

 

Sites 

1,2,4,6,10 

Sites 

1,2,4,6,10 

   # m
-2

  g m
-2

 

Weedy Control - - 9.03c 6.39c 

Isoxaflutole + Metribuzin PRE 52.5+210 5.05bc 4.98bc 

Isoxaflutole + Metribuzin PRE 79 + 315 2.38abc 2.57abc 

Isoxaflutole + Metribuzin PRE 105 + 420 1.58ab 1.18abc 

Glyphosate ePOST 900 1.74ab 0.40ab 

Glyphosate lPOST 900 1.29ab 0.14a 

Glyphosate 

   fb Glyphosate 

ePOST 

lPOST 

900 

900 

0.39a 0.09a 

Isoxaflutole + Metribuzin 

   fb Glyphosate 

PRE 

lPOST 

52.5 +210 

900 

0.69ab 0.13a 

Isoxaflutole + Metribuzin 

   fb Glyphosate 

PRE 

lPOST 

79 + 315 

900 

0.70ab 0.12a 

Isoxaflutole + Metribuzin 

   fb Glyphosate 

PRE 

lPOST 

105 +420 

900 

0.40a 0.11a 

Note: Means followed by the same letter within a column are not significantly different according 

to the Tukey-Kramer multiple range test at p <0.05. 
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Table 4.13. Foxtail spp. control at ePOST and lPOST application timings and 4 and 8 WA lPOST from 8 field experiments conducted in 

Ontario, Canada in 2017/2018. 

   ePOST  lPOST  4WAA  8WAA 

Treatment Application 

Timing 

Rate 

g a.i. or a.e. ha
-1

 

Sites 

1,2,3,4,5,6,8,10 

Sites 

1,2,3,4,5,6,8,10 

Sites 

1,2,3,4,5,6,8,10 

Sites 

1,2,3,4,5,6,8,10 

  Visible Control (%) 

Isoxaflutole + Metribuzin PRE 52.5+210 44c 42c 58d 71e 

Isoxaflutole + Metribuzin PRE 79 + 315 57b 65c 75cd 84de 

Isoxaflutole + Metribuzin PRE 105 + 420 71a 73abc 86bc 92dc 

Glyphosate ePOST 900 - 97ab 94abc 95bcd 

Glyphosate lPOST 900 - - 98ab 98abc 

Glyphosate 

   fb Glyphosate 

ePOST 

lPOST 

900 

900 

- 97a 99ab 100abc 

Isoxaflutole + Metribuzin 

   fb Glyphosate 

PRE 

lPOST 

52.5 +210 

900 

43c 46c 100a 100a 

Isoxaflutole + Metribuzin 

   fb Glyphosate 

PRE 

lPOST 

79 + 315 

900 

55bc 64c 100a 100ab 

Isoxaflutole + Metribuzin 

   fb Glyphosate 

PRE 

lPOST 

105 +420 

900 

63ab 71bc 100a 100a 

Note: Means followed by the same letter within a column are not significantly different according to the Tukey-Kramer multiple range 

test at p <0.05. 
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Table 4.14. Foxtail spp. density and biomass at 4WA lPOST from 8 field experiments conducted in Ontario, 

Canada in 2017/2018. 

 Density  Biomass 

Treatment Application 

Timing 

Rate 

g a.i. or a.e. ha
-1

 

Sites 1,2,3,4,5,6,8,10 Sites 

1,2,3,4,5,6,8,10 

   # m
-2

  g m
-2

 

Weedy Control - - 74.78f 45.24d 

Isoxaflutole + Metribuzin PRE 52.5+210 16.72e 13.37c 

Isoxaflutole + Metribuzin PRE 79 + 315 10.78de 7.95bc 

Isoxaflutole + Metribuzin PRE 105 + 420 5.99cde 3.68b 

Glyphosate ePOST 900 3.26bcd 0.48a 

Glyphosate lPOST 900 1.81abc 0.14a 

Glyphosate 

   fb Glyphosate 

ePOST 

lPOST 

900 

900 

1.79abc 0.06a 

Isoxaflutole + Metribuzin 

   fb Glyphosate 

PRE 

lPOST 

52.5 +210 

900 

0.40a 0.07a 

Isoxaflutole + Metribuzin 

   fb Glyphosate 

PRE 

lPOST 

79 + 315 

900 

0.62ab 0.06a 

Isoxaflutole + Metribuzin 

   fb Glyphosate 

PRE 

lPOST 

105 +420 

900 

0.26a 0.04a 

Note: Means followed by the same letter within a column are not significantly different according to the 

Tukey-Kramer multiple range test at p <0.05. 
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Table 4.15. Crabgrass control at ePOST and lPOST application timings and 4 and 8 WA lPOST from 4 field experiments conducted in 

Ontario, Canada in 2017/2018. 

   ePOST  lPOST  4WAA  8WAA 

Treatment Application 

Timing 

Rate 

g a.i. or a.e. ha
-1

 

Sites 

4,8,9,10 

Sites 

4,8,9,10 

Sites 

4,8,9,10 

Sites 

4,8,9,10 

  Visible Control (%) 

Isoxaflutole + Metribuzin PRE 52.5+210 99a 99a 97b 98b 

Isoxaflutole + Metribuzin PRE 79 + 315 99a 98a 99ab 99ab 

Isoxaflutole + Metribuzin PRE 105 + 420 100a 99a 100ab 100ab 

Glyphosate ePOST 900 - 100a 99ab 99ab 

Glyphosate lPOST 900 - - 100ab 100a 

Glyphosate 

   fb Glyphosate 

ePOST 

lPOST 

900 

900 

- 100a 100a 100ab 

Isoxaflutole + Metribuzin 

   fb Glyphosate 

PRE 

lPOST 

52.5 +210 

900 

98a 97a 100a 100a 

Isoxaflutole + Metribuzin 

   fb Glyphosate 

PRE 

lPOST 

79 + 315 

900 

99a 99a 100a 100a 

Isoxaflutole + Metribuzin 

   fb Glyphosate 

PRE 

lPOST 

105 +420 

900 

99a 97a 100a 100a 

Note: Means followed by the same letter within a column are not significantly different according to the Tukey-Kramer multiple range 

test at p <0.05. 
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Table 4.16. Crabgrass density and biomass at 4WA lPOST from 4 field experiments conducted in Ontario, 

Canada in 2017/2018. 

 Density  Biomass 

Treatment Application 

Timing 

Rate 

g a.i. or a.e. ha
-1

 

Sites 

4,8,9,10 

Sites 

4,8,9,10 

   # m
-2

  g m
-2

 

Weedy Control - - 5.17b 4.95b 

Isoxaflutole + Metribuzin PRE 52.5+210 0.94a 0.77a 

Isoxaflutole + Metribuzin PRE 79 + 315 0.88a 0.33a 

Isoxaflutole + Metribuzin PRE 105 + 420 0.46a 0.21a 

Glyphosate ePOST 900 0.68a 0.21a 

Glyphosate lPOST 900 1.22ab 0.25a 

Glyphosate 

   fb Glyphosate 

ePOST 

lPOST 

900 

900 

0.16a 0.03a 

Isoxaflutole + Metribuzin 

   fb Glyphosate 

PRE 

lPOST 

52.5 +210 

900 

0.16a 0.06a 

Isoxaflutole + Metribuzin 

   fb Glyphosate 

PRE 

lPOST 

79 + 315 

900 

0.13a 0.01a 

Isoxaflutole + Metribuzin 

   fb Glyphosate 

PRE 

lPOST 

105 +420 

900 

0.16a 0.08a 

Note: Means followed by the same letter within a column are not significantly different according to the 

Tukey-Kramer multiple range test at p <0.05. 
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Table 4.17. Witchgrass control at ePOST and lPOST application timings and 4 and 8 WA lPOST from 3 field experiments conducted in 

Ontario, Canada in 2017/2018. 

   ePOST  lPOST  4WAA  8WAA 

Treatment Application 

Timing 

Rate 

g a.i. or a.e. ha
-1

 

Sites 

1,4,6 

Sites 

1,4,6 

Sites 

1,4,6 

Sites 

1,4,6 

  Visible Control (%) 

Isoxaflutole + Metribuzin PRE 52.5+210 95a 98a 95d 96d 

Isoxaflutole + Metribuzin PRE 79 + 315 99a 100a 97bcd 98bcd 

Isoxaflutole + Metribuzin PRE 105 + 420 99a 100a 99abc 99abcd 

Glyphosate ePOST 900 - 98a 96cd 97dc 

Glyphosate lPOST 900 - - 100abc 100abc 

Glyphosate 

   fb Glyphosate 

ePOST 

lPOST 

900 

900 

- 99a 100ab 100ab 

Isoxaflutole + Metribuzin 

   fb Glyphosate 

PRE 

lPOST 

52.5 +210 

900 

98a 97a 100ab 100a 

Isoxaflutole + Metribuzin 

   fb Glyphosate 

PRE 

lPOST 

79 + 315 

900 

99a 100a 100a 100a 

Isoxaflutole + Metribuzin 

   fb Glyphosate 

PRE 

lPOST 

105 +420 

900 

99a 99a 100ab 100a 

Note: Means followed by the same letter within a column are not significantly different according to the Tukey-Kramer multiple range test 

at p <0.05. 
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Table 4.18.Witchgrass density and biomass at 4WA lPOST from 3 field experiments conducted in Ontario, 

Canada in 2017/2018. 

 Density  Biomass 

Treatment Application 

Timing 

Rate 

g a.i. or a.e. ha
-1

 

Sites 

1,4,6, 

Sites 

1,4,6 

   # m
-2

  g m
-2

 

Weedy Control - - 12.55b 8.15b 

Isoxaflutole + Metribuzin PRE 52.5+210 1.19a 0.29a 

Isoxaflutole + Metribuzin PRE 79 + 315 1.01a 0.21a 

Isoxaflutole + Metribuzin PRE 105 + 420 0.08a 0.20a 

Glyphosate ePOST 900 1.08a 0.32a 

Glyphosate lPOST 900 0.64a 0.11a 

Glyphosate 

   fb Glyphosate 

ePOST 

lPOST 

900 

900 

0.35a 0.07a 

Isoxaflutole + Metribuzin 

   fb Glyphosate 

PRE 

lPOST 

52.5 +210 

900 

0.08a 0.04a 

Isoxaflutole + Metribuzin 

   fb Glyphosate 

PRE 

lPOST 

79 + 315 

900 

0.04a 0.04a 

Isoxaflutole + Metribuzin 

   fb Glyphosate 

PRE 

lPOST 

105 +420 

900 

0.21a 0.05a 

Note: Means followed by the same letter within a column are not significantly different according to the 

Tukey-Kramer multiple range test at p <0.05. 
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Table 4.19. Soybean yield from 10 field experiments conducted in Ontario, Canada in 2017/2018.   

Treatment Application 

Timing 

Rate 

g a.i. or a.e. ha
-1

 

Sites 

1,2,4,5,7,8,9 

Sites 

3,6,10 

   T Ha
-1

 

Weedy Control - - 3.50b 1.68b 

Weed-Free Control - - 5.06a 3.43a 

Isoxaflutole + Metribuzin PRE 52.5+210 4.56a 2.71ab 

Isoxaflutole + Metribuzin PRE 79 + 315 4.54a 3.01a 

Isoxaflutole + Metribuzin PRE 105 + 420 4.52a 2.99a 

Glyphosate ePOST 900 4.74a 3.27a 

Glyphosate lPOST 900 4.74a 3.41a 

Glyphosate 

   fb Glyphosate 

ePOST 

lPOST 

900 

900 

5.00a 3.51a 

Isoxaflutole + Metribuzin 

   fb Glyphosate 

PRE 

lPOST 

52.5 +210 

900 

4.98a 3.53a 

Isoxaflutole + Metribuzin 

   fb Glyphosate 

PRE 

lPOST 

79 + 315 

900 

4.74a 3.42a 

Isoxaflutole + Metribuzin 

   fb Glyphosate 

PRE 

lPOST 

105 +420 

900 

4.77a 3.41a 

Note: Means followed by the same letter within a column are not significantly different according to 

the Tukey-Kramer multiple range test at p <0.05. 
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Chapter 5. Discussion 

5.1 Contributions 

The future commercialization of isoxaflutole-resistant soybean in Canada will be supported 

by the research conducted within this thesis. This data will aid farmers in making weed 

management decisions for the control of common annual weeds on their farm. Multiple weed 

management strategies have been presented including one-, two- or three- way herbicide tank-

mixtures, and one- or two-pass herbicide programs for the control of annual weeds: common 

lambsquarters, green pigweed, redroot pigweed, common ragweed, velvetleaf, green foxtail, 

giant foxtail, yellow foxtail, crabgrass and witchgrass.  

Isoxaflutole and metribuzin applied alone or as a tank-mix provide a wide control spectrum 

of common annual weeds in Ontario. Weed control with these two herbicides is most greatly 

influenced by rainfall after application. Greater amounts of rain after application probably 

dissolve isoxaflutole and metribuzin in soil water solution and are absorbed by weed seedlings 

controlling the susceptible species. The potential for synergistic interactions of HPPD- and PSII- 

inhibiting herbicides is reconfirmed through this research. Previous studies have found 

combinations of HPPD inhibitors with atrazine in corn can have synergistic interactions; this 

research confirms isoxaflutole and metribuzin can have synergistic control of common 

lambsquarters, green pigweed, redroot pigweed, common ragweed, velvetleaf, green foxtail, 

giant foxtail, barnyardgrass and witchgrass in soybean. These field experiments also identified 

antagonistic interactions may occur for the control of pigweed spp. under conditions of limited 

rainfall preventing herbicide activation.  
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It was hypothesized that limitations with the application of isoxaflutole and metribuzin 

would include poor grass weed control. One solution included adding a third herbicide with 

enhanced grass activity to isoxaflutole and metribuzin. Results suggest the addition of 

pendimethalin, dimethenamid-P, pethoxamid, pyroxasulfone, or S-metolachlor to isoxaflutole + 

metribuzin (52.5 + 210 g a.i. ha
-1

) provides similar control of common lambsquarters, pigweed 

spp., common ragweed, velvetleaf, green and giant foxtail, yellow foxtail, barnyardgrass and 

witchgrass as isoxaflutole + metribuzin at the low (52.5 + 210 g a.i. ha
-1

), medium (79 + 315 g 

a.i. ha
-1

) and high (105 + 420 g a.i. ha
-1

) rates. These results suggest there is no weed control 

benefit to the addition of pendimethalin, dimethenamid-P, pethoxamid, pyroxasulfone, or S-

metolachlor to isoxaflutole + metribuzin. Although, including a third mode of action in the tank-

mix would reduce the selection intensity for new herbicide resistant weed biotypes from 

developing.  

In the event of poor activation of isoxaflutole + metribuzin from the lack of rainfall after 

application or poor control of naturally tolerant species a second herbicide pass may be necessary 

for acceptable control. Glyphosate applied lPOST after isoxaflutole + metribuzin applied PRE 

provided 98-100% control of common lambsquarters, pigweed spp. common ragweed, 

velvetleaf, foxtail spp., barnyardgrass, crabgrass and witchgrass.    

5.2 Limitations 

Due to natural environmental variability, weed species composition, and unforeseen 

outcomes within these studies there are limitations on the conclusions obtained.  
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Interspecies weed competition may have affected weed control otherwise accounted for by 

the herbicides in this study due to the variation in weed species and populations at the 10 sites. 

Some weed species are more competitive in nature, which would potentially suppress other 

species. Additionally, the competitiveness of differing species at each site may have altered the 

impact of weed interference on soybean yield. However, in real field situations it is highly 

unlikely that two fields will have the exact same weed populations and species therefore results 

within these studies give a general trend to the efficacy of the herbicides.   

In the study titled ‘Annual Weed Management in Isoxaflutole-Resistant Soybean using a 

Two-Pass Weed Control Strategy’ glyphosate was applied POST when the weeds were 7.5cm 

tall. Due to the variation in weed species with differing emergence dates, and growth rates at 

each site in this study, there was deviation in the size of the weeds when glyphosate was applied. 

An assumption during protocol development was weeds that escaped application of isoxaflutole 

+ metribuzin PRE would be stunted. Due to this assumption two POST application timings were 

developed ePOST; when weeds in the untreated, weedy control treatment measured 7.5cm tall 

and lPOST; when weeds reached 7.5cm tall in the treatment that had received a PRE application 

of isoxaflutole + metribuzin (52.5 + 210 g a.i. ha
-1

). This assumption was incorrect and weeds 

were not stunted if they escaped the PRE herbicide application. Due to this, a period of time was 

required to differentiate the two POST applications, and weeds were slightly larger at the lPOST 

application timing. Typically larger weeds are harder to control therefore efficacy of glyphosate 

may have been reduced on the larger weeds.  

Rainfall was thought to be one of the largest contributors to the efficacy of the soil applied 

herbicides within these studies. The rainfall data collected was from the nearest weather station 
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to the field trials. Some weather stations were up to 7km away and therefore slight variations 

may have occurred between the reported and actual rainfall levels. Conclusions may have 

differed slightly if actual rainfall levels at each site were obtained.  

One goal of this study was to determine how soil characteristics played a role in the 

efficacy of isoxaflutole and metribuzin. Based on results in this study soil characteristics did not 

impact herbicide efficacy. Variation in amounts of rainfall after application may have had a 

greater impact on isoxaflutole and metribuzin efficacy, and confounded any trends in soil type 

effects that may have occurred.   

5.3 Future Research 

This research identified multiple strategies that provide commercially acceptable annual 

weed control in isoxaflutole-resistant soybean for Ontario farmers. Since isoxaflutole-resistant 

soybean is new to the market the research needs are certainly not exhausted. Future research can 

aid in developing further management strategies to fit alternative farming practices and weed 

control issues. 

A concern identified in this thesis research is the tolerance of isoxaflutole-resistant soybean 

to isoxaflutole especially in seasons with repeated rain events when soybean absorbs higher 

amounts of isoxaflutole. Further research should be conducted to improve tolerance of 

isoxaflutole-resistant soybean cultivars to isoxaflutole that are suitable for the commercial 

market in Canada. Furthermore, development of isoxaflutole-resistant soybean cultivars with 

tolerance to isoxaflutole applied POST would dramatically increase the value of this technology 

since there are a limited number of herbicides applied POST in soybean that control both annual 
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grass and broadleaf weeds. This would allow for development of additional weed management 

options in isoxaflutole-resistant soybean which allow for applications later in the season.  

Isoxaflutole-resistant cultivars with resistance trait to glufosinate will be planted 

commercially in 2019 in the USA. Further research on two-pass herbicide programs should be 

conducted with isoxaflutole + metribuzin applied PRE fb glufosinate applied POST to determine 

the level and spectrum of weeds controlled. The use of glufosinate would be beneficial when 

growing isoxaflutole-resistant soybean in jurisdictions with glyphosate-resistant weed species, 

and when included in a long-term, diversified weed management program would reduce the 

selection of herbicide-resistant biotypes.   

Previous research on the management of resistant weed species with isoxaflutole-resistant 

soybean has been conducted without crop competition due to the unavailability of seed at the 

time. Follow-up research on the control of glyphosate-resistant weed species should be 

implemented in isoxaflutole-resistant soybean to evaluate efficacy with the benefit of crop 

competition.   

The control of perennial weed species is especially challenging if trying to limit the use of 

glyphosate to prevent the evolution of resistant weed biotypes in a field. Research on the control 

of perennial weed species in isoxaflutole-resistant soybean would be beneficial to farmers 

struggling with perennial weed control. Since isoxaflutole and metribuzin are systemic 

herbicides they may aid in the control or suppression of perennial weed species that are difficult 

to control.    
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In corn, isoxaflutole can be used as burn-down herbicide in no-till fields. Further research 

on the activity and interactions of isoxaflutole + metribuzin when applied to emerged weeds 

would be beneficial to determine the efficacy of isoxaflutole + metribuzin applied preplant prior 

to seeding and to determine if isoxaflutole-resistant soybean can be a successful weed 

management program in no-till farming practices.  
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Chapter 7. Appendix – SAS Coding 

7.1 Example SAS code for Chapter 2. 

Data first; 

  Infile (*insert file pathway in .csv format*); 

  input site trt rep injury7 injury14 injury14E injury28 injury28e 

chlorosis28 chlorosis28E stunting28 ABUTH28 ABUTH28E ABUTH56 ABUTH56E 

ABUTHden ABUTHdrwt ABUTH84 ABUTH84E AMARE28 AMARE28E AMARE56 AMARE56E 

AMAREden AMAREdrwt AMARE84 AMARE84E AMBEL28 AMBEL28E AMBEL56 AMBEL56E 

AMBELden AMBELdrwt AMBEL84 AMBEL84E CHEAL28 CHEAL28E CHEAL56 CHEAL56E 

CHEALden CHEALdrwt CHEAL84 CHEAL84E 

ECHCG28 ECHCG28E ECHCG56 ECHCG56E ECHCGden ECHCGdrwt ECHCG84 ECHCG84E 

PANCA28 PANCA28E PANCA56 PANCA56E PANCAden PANCAdrwt PANCA84 PANCA84E SETVI28 

SETVI28E SETVI56 SETVI56E SETVIden SETVIdrwt SETVI84 SETVI84E YIELDbu 

YIELDton  

Run; 

 

data new_first; 

set first; 

title1 'IFT+MTZ'; 

   

  **delete trt 1&2 for injury and control,  

  **delete trt 2 for biomass and density,  

  **keep everything for yield; 

if trt=1 then delete; 

if trt=2 then delete;  

 

  **Organize sites based on site groupings, delete all sites except for the 

group under analysis;  

if site in (2,7,8) then delete; 

if site in (3) then delete; 

if site in (5,9,10) then delete; 

*if site in (1,4,6) then delete; 

  

  **use for dist=normal; (yield) 

*title2 'CHEAL28-normal'; 

*analvar=CHEAL28; 

 

  **use for dist=lognormal (Density and Dry weight); 

*title2 'CHEALden-lognormal'; 

*analvar=CHEALdenE +1; 

*analvar1= log(CHEALden +1); 

*CHEALdenT=analvar1; 

*CHEALdenET=log(CHEALdenE +1);  

 

  **use for dist=normal (control data arsin(sqrt)transformation)  

*title2 'CHEAL28-arsin(sqrt)transformation'; 

analvar=CHEAL28E/100; 

if analvar=0 then analvar=0.0000000001; 

if analvar=1 then analvar=0.9999999999; 
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trans=arsin(sqrt(analvar)); 

 

CHEAL28ET= trans; 

 

analvar1=CHEAL28/100; 

if analvar1=0 then analvar1=0.0000000001; 

if analvar1=1 then analvar1=0.9999999999; 

 

trans1=arsin(sqrt(analvar1)); 

CHEAL28T=trans1; 

 

proc glimmix data=new_first plots=(studentpanel pearsonpanel)/*nobound*/;   

class site rep trt; 

 

  **use for when determining site groupings; 

*model trans= site trt site*trt/ dist=normal link=identity; 

 

  **use for density and dryweight; 

*model analvar= trt /dist=lognormal link=identity; 

 

  **use for control and yield; 

model trans= trt / dist=normal link=identity;  

 

  ** use for determining site groupings 

*random rep(site); 

*covtest 'test of rep(site)=0' 0 . /estimates wald restart; 

*lsmeans site/ ilink diff adjust=tukey lines; 

 

  **use for all variables when using multiple combined sites 

random site site*trt rep(site); 

covtest 'test of site=0' 0 . . /estimates wald restart; 

covtest 'test of site*trt=0' . 0 . /estimates wald restart; 

covtest 'test of rep(site)=0' . . 0  /estimates wald restart; 

lsmeans trt /ilink diff adjust=tukey lines;  

 

  **use for all variables when one independent site separated out 

*random rep; 

*covtest 'test of rep=0' 0 . /estimates wald restart; 

*lsmeans trt /ilink diff adjust=tukey lines;  

 

output out=rep_resid predicted=pred residual=resid residual(noblup)=mresid 

student=studentresid student(noblup)=smresid; 

 

ods output lsmeans=mmm diffs=ppp; 

ods html exclude lsmeans diffs; 

 

  **To determine which values are the outliers 

proc sort;  

by studentresid; 

proc print;  

run; 

 

  ** Linearity of fixed effects - both as a scatter and a boxplot; 
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Proc sgplot data=rep_resid; 

  scatter y=mresid x=site; 

  refline 0; 

Run; 

 

Proc sgplot data=rep_resid; 

  scatter y=mresid x=trt; 

  refline 0; 

Run; 

 

Proc sgplot data=rep_resid; 

  vbox mresid / group=site datalabel; 

Run; 

 

Proc sgplot data=rep_resid; 

  vbox mresid / group=trt datalabel; 

Run; 

 

  **Homogeneity of effects; 

Proc sgscatter data=rep_resid; 

  plot studentresid*(pred rep site trt); 

Run; 

 

  **Q-Q plot and Shapiro-Wilk for normal distribution; 

Proc univariate data=rep_resid normal plot; 

  var studentresid; 

Run; 

 

  **Back transformation of data from arsin(sqrt(analvar)); 

data mmm; set mmm; 

mean= (sin(estimate))**2; 

se_mean=2*(cos(estimate))*stderr; 

proc print; 

run; 

 

  ** Back transformation of data from log  

*/data btdata; set mmm; 

omega=exp(stderr*stderr); 

btlsmean=exp(estimate)*sqrt(omega)-1; 

btvar=exp(2*estimate)*omega*(omega-1); 

btse_mean=sqrt(btvar); 

  

run; 

*/ 

 

  **T Test for comparison of Observed vs Expected (Colby’s)  

proc ttest data=new_first; 

by trt; 

paired CHEAL28*CHEAL28E; 

*paired CHEAL56T*CHEAL56ET; 

*paired CHEAL84*CHEAL84E; 

*paired CHEALden*CHEALdenE; 

*paired CHEALdrwt*CHEALdrwtE; 

run; 
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7.2 Example SAS code for Chapter 3 and 4.  

Data first; 

  Infile (*insert file pathway* in .csv format); 

  input site trt rep injury7 injury14 injury28 chlorosis28 stunting28 ABUTH28 

ABUTH56 ABUTHden ABUTHdrwt ABUTH84 AMARE28 AMARE56 AMAREden AMAREdrwt AMARE84 

AMBEL28 AMBEL56 AMBELden AMBELdrwt AMBEL84 CHEAL28 CHEAL56 CHEALden CHEALdrwt 

CHEAL84 DIGSA28 DIGSA56 DIGSAden DIGSAdrwt DIGSA84 ECHCG28 ECHCG56 ECHCGden 

ECHCGdrwt ECHCG84 PANCA28 PANCA56 PANCAden PANCAdrwt PANCA84 SETPU28 SETPU56 

SETPUden SETPUdrwt SETPU84 SETVI28 SETVI56 SETVIden SETVIdrwt SETVI84 YIELDbu 

YIELDton;  

Run; 

 

data new_first; 

set first; 

title1 'IFT+MTZ'; 

   

  **delete trt 1&2 for injury and control,  

  **delete trt 2 for biomass and density,  

  **keep everything for yield; 

if trt=1 then delete; 

if trt=2 then delete;  

 

  **Organize sites based on site groupings, delete all sites except for the 

group under analysis;  

if site in (2,7,8) then delete; 

if site in (3) then delete; 

if site in (5,9,10) then delete; 

*if site in (1,4,6) then delete; 

  

  **use for dist=normal; (yield) 

*title2 'CHEAL28-normal'; 

*analvar=CHEAL28; 

 

  **use for dist=lognormal (Density and Dry weight); 

*title2 'CHEALdrwt-lognormal'; 

*analvar=CHEALdrwt +1; 

  

  **use for dist=normal (control data arsin(sqrt)transformation)  

*title2 'CHEAL28-arsin(sqrt)transformation'; 

analvar=CHEAL28/100; 

if analvar=0 then analvar=0.0000000001; 

if analvar=1 then analvar=0.9999999999; 

trans=arsin(sqrt(analvar)); 

run; 

 

proc glimmix data=new_first plots=(studentpanel pearsonpanel)/*nobound*/;   

class site rep trt; 

 

  **use for when determining site groupings; 

*model trans= site trt site*trt/ dist=normal link=identity; 

 

  **use for density and dryweight; 

*model analvar= trt /dist=lognormal link=identity; 
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  **use for control and yield; 

model trans= trt / dist=normal link=identity;  

 

  ** use for determining site groupings 

*random rep(site); 

*covtest 'test of rep(site)=0' 0 . /estimates wald restart; 

*lsmeans site/ ilink diff adjust=tukey lines; 

 

  **use for all variables when using multiple combined sites 

random site site*trt rep(site); 

covtest 'test of site=0' 0 . . /estimates wald restart; 

covtest 'test of site*trt=0' . 0 . /estimates wald restart; 

covtest 'test of rep(site)=0' . . 0  /estimates wald restart; 

lsmeans trt /ilink diff adjust=tukey lines;  

 

  **use for all variables when one independent site separated out 

*random rep; 

*covtest 'test of rep=0' 0 . /estimates wald restart; 

*lsmeans trt /ilink diff adjust=tukey lines;  

 

output out=rep_resid predicted=pred residual=resid residual(noblup)=mresid 

student=studentresid student(noblup)=smresid; 

 

ods output lsmeans=mmm diffs=ppp; 

ods html exclude lsmeans diffs; 

 

  **To determine which values are the outliers 

proc sort;  

by studentresid; 

proc print;  

run; 

 

  ** Linearity of fixed effects - both as a scatter and a boxplot; 

Proc sgplot data=rep_resid; 

  scatter y=mresid x=site; 

  refline 0; 

Run; 

 

Proc sgplot data=rep_resid; 

  scatter y=mresid x=trt; 

  refline 0; 

Run; 

 

Proc sgplot data=rep_resid; 

  vbox mresid / group=site datalabel; 

Run; 

 

Proc sgplot data=rep_resid; 

  vbox mresid / group=trt datalabel; 

Run; 

 

  **Homogeneity of effects; 

Proc sgscatter data=rep_resid; 
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  plot studentresid*(pred rep site trt); 

Run; 

 

  **Q-Q plot and Shapiro-Wilk for normal distribution; 

Proc univariate data=rep_resid normal plot; 

  var studentresid; 

Run; 

 

  **Back transformation of data from arsin(sqrt(analvar)); 

data mmm; set mmm; 

mean= (sin(estimate))**2; 

se_mean=2*(cos(estimate))*stderr; 

proc print; 

run; 

 

  ** Back transformation of data from log  

*/data btdata; set mmm; 

omega=exp(stderr*stderr); 

btlsmean=exp(estimate)*sqrt(omega)-1; 

btvar=exp(2*estimate)*omega*(omega-1); 

btse_mean=sqrt(btvar); 

  

run; 

*/ 


