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ABSTRACT 

CONTROL AND DISTRIBUTION OF MULTIPLE-HERBICIDE-RESISTANT 
WATERHEMP [Amaranthus tuberculatus (Moq.) J. D. Sauer] IN CORN (Zea mays L.) IN 

ONTARIO

Christian A. Willemse 

University of Guelph, 2021 

Advisor: 

Dr. P. H. Sikkema

Field surveys in 2019 and 2020 identified multiple-herbicide-resistant (MHR) waterhemp 

populations resistant to acetolactate synthase (ALS)-, photosystem II (PS II)-, 5-

enolpyruvylshikimate-3-phosphate synthase (EPSPS)-, and protoporphyrinogen IX oxidase 

(PPO)-inhibitors in the additional counties of Bruce, Elgin, Haldimand, Huron, Norfolk, 

Northumberland, and Wentworth. Several PRE, EPOST, POST and PRE fb POST herbicide 

programs were evaluated for control of MHR waterhemp in corn. The PRE application of S-

metolachlor/mesotrione/bicyclopyrone/atrazine and saflufenacil/dimethenamid-P controlled 

MHR waterhemp ≥ 95%. Several ePOST applications including glyphosate + S-

metolachlor/mesotrione/bicyclopyrone/atrazine, glyphosate/2,4-D choline + rimsulfuron + 

mesotrione + atrazine, and glyphosate + S-metolachlor/atrazine/mesotrione controlled MHR 

waterhemp 90% to 100%. The POST application of atrazine + isoxaflutole, mesotrione, 

tembotrione, topramezone, or tolpyralate controlled MHR waterhemp 81% to 99%. A POST 

application of glufosinate following tolpyralate + atrazine PRE, and a POST application of 

mesotrione + atrazine following dicamba/atrazine or S-metolachlor/atrazine PRE, increased 

MHR waterhemp control 5% to 37%.
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Chapter 1: Literature Review 

1.1 Waterhemp [Amaranthus tuberculatus (Moq.) J. D. Sauer] 

1.1.1 Overview 

Waterhemp [Amaranthus tuberculatus (Moq) J. D. Sauer] is a summer annual, broadleaf 

species native to the Great Plains Region of the United States (Sauer 1957). Waterhemp has 

become problematic in corn (Zea mays L.) and soybean (Glycine max (L.) Merr.) production, 

spreading throughout the midwestern United States and southwestern Ontario due to its 

fecundity, genetic variability, and changes in weed management and tillage practices (Costea et 

al. 2005; Nordby and Hartzler 2004). The repeated use of herbicides with the same mode-of-

action and adoption of reduced tillage have facilitated the evolution of herbicide-resistant 

waterhemp biotypes which has further increased its prevalence in crop production (Steckel and 

Sprague 2004). 

1.1.2 Botanical Classification 

Waterhemp is a member of the amaranth (Amaranthaceae) family which consists of 

approximately 70 species worldwide including redroot pigweed (Amaranthus retroflexus L.) and 

Palmer amaranth (Amaranthus palmeri S. Watson) (Costea et al. 2005). Waterhemp was 

classified in 1835 and has since experienced many nomenclatural and taxonomical changes. 

Waterhemp was initially assigned two temporary names Amaranthus altissimus and Amaranthus 

miamiensis by Riddell (1835) and was later reclassified in 1849 by Moquin-Tandon (1849) as a 

single species, Acnida tuberculata. Due to the similarities between Acnida and Amaranthus, the 

two genera were united by Sauer (1955) and referred to as the single genus Amaranthus. This 

unification led to the recognition of waterhemp as two species, Amaranthus tuberculatus and 

Amaranthus rudis (Sauer 1972). Fruit dehiscence was suggested as a means to differentiate 
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between the two species, but further research determined that dehiscence segregates within 

populations and cannot be used to separate waterhemp into two species; it was proposed that 

waterhemp be recognized as a single, highly variable species subject to geographical differences 

under the name A. tuberculatus (Moq.) J. D. Sauer (Pratt and Clark 2001). Costea et al. (2005) 

evaluated A. tuberculatus in Canada and recognized species separation at the varietal level: A. 

tuberculatus var. tuberculatus has a geographic range spanning from Indiana to Ohio, and A. 

tuberculatus var. rudis has a geographic range spanning from Nebraska to Texas. Given the 

geographical ranges of the two species, Missouri, Illinois, and Iowa have been identified as areas 

of sympatry containing hybridized individuals. Due to the ability of A. tuberculatus var. 

tuberculatus and A. tuberculatus var. rudis to produce hybrid offspring, there are still many 

inconsistencies in the literature regarding the classification and identification of waterhemp. 

According to Weed Science Society of America (2019), waterhemp (A. tuberculatus) is the 

appropriate designation for both tall (A. tuberculatus var. tuberculatus) and common (A. 

tuberculatus var. rudis) waterhemp. For the purpose of this research, the term ‘waterhemp’ refers 

to the species A. tuberculatus, although there are still discrepancies among botanists.  

1.1.3 Identification and Characteristics 

Waterhemp is a small-seeded, dioecious weed species (Sauer 1955). Waterhemp can be 

difficult to distinguish from similar agricultural weeds such as Palmer amaranth, redroot 

pigweed, and smooth pigweed (Amaranthus hybridus L.) (Horak and Loughin 2000). Waterhemp 

is a highly competitive C4 plant with an erect growth habit and rapid growth rate of 0.16 cm per 

growing degree day which enables it to reach up to 3 m in height (Horak and Loughin 2000). 

Waterhemp seedlings have egg-shaped cotyledons, a completely hairless stem, and hairless 

leaves with a waxy upper surface (Nordby et al. 2007). The true leaves of waterhemp appear 
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waxy, completely hairless, and are typically narrower and longer giving them a more lance shape 

appearance than those of other pigweed species. The stem of waterhemp is completely hairless 

with a glossy appearance and can vary in colour from reddish-pink to green. Waterhemp can be 

more easily identified at maturity by a long, branched inflorescence compared to that of redroot 

pigweed and smooth pigweed. Waterhemp’s inflorescence also depicts the sex of the plant; 

female plants can easily be identified by the production of shiny, black to dark reddish-brown 

seeds (Sauer 1955). Waterhemp exhibits an extensive amount of morphological variation 

regarding overall plant size, stem and leaf colour (red and/or green), and the shape and size of 

leaves and inflorescences due to its dioecious nature (Costea et al. 2005).  

1.1.4 Geographic Distribution 

Waterhemp is native to the midwestern United States where it covers a large geographic 

area (Olsen and Waselkov 2014; Sauer 1955; Sauer 1957). In the mid-1850s, waterhemp was 

identified in 11 states along the Missouri, Mississippi, and Ohio river systems (Sauer 1972). 

Over the past few decades, waterhemp has been expanding its range by invading artificially 

modified habitats. The spread of waterhemp northward and eastward from the Mississippi river 

was originally hypothesized to be due to the intraspecific hybridization between the western 

variety A. tuberculatus var. rudis and the eastern variety A. tuberculatus var. tuberculatus (Olsen 

and Waselkov 2014). However, in agricultural ecosystems, the currently problematic waterhemp 

variety is A. tuberculatus var. rudis and not a hybrid of the two previously mentioned species. 

Although both varieties grow in similar habitats, Sauer (1955) found A. tuberculatus var. rudis 

has “a very definite weedy tendency” which enables it to thrive in agricultural ecosystems.  
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Herbarium records suggest natural populations of A. tuberculatus var. tuberculatus were 

present in the Ontario counties of Carleton, Essex, Hastings, Huron, and Russell as early as 1871 

(Sauer 1957). There are no herbarium records of A. tuberculatus var. rudis in Ontario before the 

21st century. The recent presence of A. tuberculatus var. rudis in Ontario agricultural fields 

suggests it was introduced from the United States (Costea et al. 2005). A. tuberculatus var. rudis 

was first confirmed in Lambton County in 2002. Seed collected in Ontario from 2014 to 2018 

confirms waterhemp’s presence in Essex, Kent, Lambton, Middlesex, Huron, Wentworth, and 

Haldimand counties (Benoit et al. 2020). 

1.1.5 Habitat and Optimal Growing Conditions 

 The vast geographic distribution of waterhemp indicates that there are a wide range of 

environments and climates suitable for habitation. Waterhemp naturally occurs on the margins of 

rivers, streams, lakes, ponds, marshes, and bogs, and is found abundantly in the narrow zone of 

exposed bare sand or mud created by falling water levels (Costea et al. 2005; Sauer 1955). As a 

weed, waterhemp has successfully adapted to disturbed environments such as low-lying 

agricultural fields, gardens, and roadsides (Liu et al. 2012; Sauer 1955). Waterhemp prefers well-

drained soils rich in nutrients, but it can tolerate a broad range of soil types and textures (Costea 

et al. 2005). Although waterhemp will grow under cooler conditions, it achieves optimal growth 

at warmer temperatures as evidenced by greater biomass production, plant height, stem diameter, 

and root volume at day/night temperatures of 25/20ºC and 35/30ºC compared to 15/10ºC (Guo 

and Al-Khatib 2003). Adaptation to a wide range of growing conditions enables waterhemp to 

become established in diverse environments. 
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1.1.6 Germination and Emergence 

Waterhemp seed dormancy, germination, and seedling establishment are dependent on 

environmental conditions and agricultural management practices (Leon and Owen 2003). 

Compared to other agricultural weeds, waterhemp emerges later in the growing season and for a 

longer period of time (Hartzler et al. 1999). Waterhemp typically emerges from late spring to late 

fall; in southern Ontario, waterhemp emergence begins in early June and continues into October 

(Schryver et al. 2017c; Vyn et al. 2006). Waterhemp can germinate under a broad range of 

environmental conditions and emerge over an extended period of time due to the ability of 

temperature and light to reduce seed dormancy levels which varies among biotypes (Leon and 

Owen 2003; Leon et al. 2006). Seed dormancy is reduced by exposure to a period of cold 

temperatures; waterhemp seeds that undergo cold stratification at 4ºC for 12 weeks display 4 

times greater germination than non-cold stratified seeds (Leon and Owen 2003). Exposure to red 

light promotes the germination of waterhemp, but the light requirement needed to break 

dormancy can be overcome by high temperatures and wide diurnal temperature fluctuations. 

Waterhemp seeds commence germination once soil temperatures reach 10-12ºC (Leon et al. 

2004; Steckel et al. 2004; Steckel et al. 2007). At a constant temperature of 32ºC, Leon et al. 

(2004) observed an average of 30% germination, with a maximum of 72% germination, whereas 

germination averaged 90% under fluctuating temperatures. Diurnal and seasonal fluctuations in 

temperature alleviate waterhemp seed dormancy and initiate germination (Leon and Owen 2003; 

Leon et al. 2006). The optimum diurnal temperature differential for waterhemp germination is 

18ºC; a higher differential does not favour germination (Leon et al. 2004).   

Agricultural management practices, such as tillage, influence waterhemp seed dormancy, 

germination, and seedling establishment. No-till systems have greater waterhemp seed bank 
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densities in the top 3 cm of the soil profile, leading to higher levels of germination and 

emergence than in conventional-till systems (Refsell and Hartzler 2009). Compared to 

conventional tillage, there is 1.8 to 4 times more seedling emergence in no-till systems (Refsell 

and Hartzler 2009; Steckel et al. 2007). Due to the enhanced germination of shallow-placed 

seeds, waterhemp seeds are less persistent in no-till systems (Steckel et al. 2007). Conventional-

till systems have a more persistent waterhemp seed bank at depths of 6 to 15 cm due to 

incorporation by fall tillage (Refsell and Hartzler 2009; Steckel et al. 2007). Seed bank densities 

also fluctuate between spring and fall due to germination, seed production, and deposition. 

Steckel et al. (2007) found that the waterhemp seed bank can be depleted by more than 99% in 4 

years, regardless of tillage type, when seed return is completely prevented. In contrast, Buhler 

and Hartzler (2001) and Hartzler et al. (1999) determined that even though the majority of 

waterhemp emergence occurred within the first two years, waterhemp seed remained viable into 

the fourth year. Burnside et al. (1996) observed 3% germination from seed buried in soil for 17 

years. Waterhemp seed can be persistent in the soil seedbank and even a single escape negates 

seed bank depletion efforts due to its fecundity (Burnside et al. 1996; Costea et al. 2005). 

1.1.7 Reproduction and Dispersal 

The genetic variability of waterhemp can be attributed to its dioecism (Costea et al. 

2005). Male and female reproductive organs of a dioecious species are located on separate 

plants, which prevents self-pollination and facilitates genetic diversity in waterhemp (Franssen et 

al. 2001a). In order to produce viable seed, waterhemp populations require both male and female 

plants. In Ontario, the ratio of male to female individuals within waterhemp populations is 

approximately 1:1 (Costea et al. 2005). 
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Seed production is influenced by many factors such as emergence date, the presence of 

competition, environmental conditions, and pollination success. The small size, shape, and 

presence of apertures on the surface of waterhemp pollen grains allows them to be dispersed by 

wind to neighbouring female plants (Costea et al. 2005; Franssen et al. 2001a). Successful pollen 

dispersal is further aided by a period of viability that can extend up to 5 days (Liu et al. 2012). 

Even though seed production has been documented up to 800 m from the source, pollination 

mostly occurs within 25 m; seed set is reduced by 90% at 50 m. Once an ovule is fertilized, it 

takes approximately 10 to 14 days to produce mature seed (Bell and Tranel 2010). Waterhemp 

has an indeterminate growth habit and displays a facultative short-day flowering response which 

enables flowering and seed set to occur until frost (Costea et al. 2005). This allows individuals 

emerging from late May to early July to produce viable seed, although seed production decreases 

in later emerging plants (Costea et al. 2005; Wu and Owen 2014). A single waterhemp plant can 

yield up to 4.8 million seeds; however, seed production more typically averages approximately 

300,000 seeds per plant (Hartzler et al. 2004). Increased density, shade levels, water stress, and 

competition with crops may reduce waterhemp seed production, in some cases by more than 

99% (Sarangi et al. 2015a; Steckel and Sprague 2004; Steckel et al. 2003; Wu and Owen 2014).  

 Once seeds are shed, they can be dispersed via water, farm machinery, manure, birds, 

and animals (Costea et al. 2005). Dispersal by surface runoff, surface irrigation, rivers, and 

streams are most common due to waterhemp’s characteristic close proximity to water and the 

ability of its seeds to float. Waterhemp’s fecundity, genetic diversity, and adaptations for seed 

dispersal facilitates the rapid spread and development of herbicide resistance due to the rapid 

flow of genes within populations. 
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1.1.8 Herbicide Resistance 

 Herbicide resistance can be introduced into, and spread within, waterhemp populations 

via pollen dispersal (Bell and Tranel 2010). Female ovules fertilized by pollen containing 

nuclear-inherited herbicide resistance genes can produce viable offspring that are resistant to 

specific herbicides. The development and spread of herbicide resistance is further facilitated by 

hybridization between different Amaranthus species (Costea et al. 2005). Controlled crosses 

conducted by Tranel et al. (2002) and Wetzel et al. (1999) demonstrated the transfer of herbicide 

resistance genes from waterhemp to Palmer amaranth and from smooth pigweed to waterhemp, 

respectively. Waterhemp’s dioecism enables it to “stack” traits that confer resistance to multiple 

herbicides and rapidly increase the frequency of resistant alleles within populations (Bell et al. 

2013). 

Throughout the US Midwest and Ontario, Canada, waterhemp populations have evolved 

resistance to many herbicide modes-of-action (MOA), including acetolactate synthase (ALS) 

inhibitors, synthetic auxins, photosystem II (PS II) inhibitors, 5-enolpyruvylshikimate-3-

phospate synthase (EPSPS) inhibitors, protoporphyrinogen oxidase (PPO) inhibitors, and 4-

hydroxyphenylpyruvate dioxygenase (HPPD), inhibitors, which correspond to herbicide Groups 

2, 4, 5, 9, 14, and 27, respectively (Heap 2019). Waterhemp resistant to PS II-inhibitors was first 

reported in Nebraska in 1990 and is now present in Missouri, Kansas, Nebraska, Iowa, Illinois, 

and Ontario (Anderson et al. 1996a; Heap 2019). Enhanced metabolism and amino acid 

substitution confer resistance to the PS II-inhibitor atrazine (Rong et al. 2013). Resistance to 

PPO-inhibitors was first reported in Kansas in 2001 and has since been found in 7 additional 

states and Ontario (Heap et al. 2019; Shoup et al. 2003). PPO-resistance is inherited as a single, 

incompletely dominant gene which codes for a codon deletion (Patzoldt et al. 2006). Glyphosate-
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resistant (GR) waterhemp was first reported in Missouri in 2005 and is now present in 15 

additional states and Ontario (Heap 2019). Resistance to glyphosate is conferred through one or 

more of the following mechanisms in waterhemp: reduced glyphosate translocation, EPSPS gene 

amplification, and amino acid substitution (Bell et al. 2013; Chatham et al. 2015b; Nandula et al. 

2013). Resistance to HPPD-inhibitors was first recognized in Iowa in 2009 and has since been 

confirmed in Illinois and Nebraska (Heap 2019). Kohlhase et al. (2018) concluded mesotrione 

resistance is due to nuclear polygenic inheritance and each major loci requires at least one 

dominant allele to confer resistance. 

 Waterhemp populations in the U.S Midwest also display resistance to multiple herbicide 

MOA. In Missouri, 52% of waterhemp populations exhibit two-way resistance, 11% exhibit 

three-way resistance, 2% exhibit four-way resistance, and 0.5% (1 population) exhibit five-way 

resistance (Schultz et al. 2015). Ontario waterhemp populations display multiple resistance to 

Groups 2, 5, 9, and 14. Benoit et al. (2020) surveyed Ontario populations from 2014 to 2017 and 

found that 100%, 88%, 84%, and 44% of the populations had individuals that were resistant to 

Groups 2, 5, 9, and 14, respectively. In Ontario, waterhemp displaying multiple herbicide 

resistance to atrazine and imazethapyr was first reported in 2002. Waterhemp populations with 

multiple resistance to glyphosate and imazethapyr were confirmed in 2014. Multiple resistance 

to atrazine, glyphosate, imazethapyr, and lactofen was later identified in 2017 (Heap 2019). 

To prevent future development of resistance among waterhemp populations, current 

resistant populations need to be managed (Schultz et al. 2015). Current methods of managing 

resistance include tank-mixing multiple effective herbicide MOA, using pre-emergence (PRE) 
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and post-emergence (POST) herbicides, rotating herbicides, rotating crops, integrating cover 

crops, and strategically using tillage (Benoit et al. 2019a, 2019b; Schultz et al. 2015). 

1.1.9 Competition in Corn 

Weeds must be controlled during the critical period of weed control to prevent corn yield 

loss due to weed interference (Steckel and Sprague 2004). Corn yield is reduced when weeds are 

present before the V11-growth (14-leaf) stage (Hall et al. 1992). Waterhemp emerges 

approximately 5 to 25 days later than other agricultural weeds which enables it to escape weed 

control tactics such as tillage and early herbicide applications; however, it does place the weed at 

a competitive disadvantage with the established crop (Nordby and Hartzler 2004; Steckel et al. 

2004).   

Compared to other Amaranthus species, waterhemp is more competitive with corn than 

redroot pigweed but less competitive than Palmer amaranth (Horak and Loughin 2000). 

Maximum corn yield reductions occur when waterhemp emerges before V6 corn growth stage; 

when not controlled at all, waterhemp interference can reduce corn yield by up to 74% (Steckel 

and Sprague 2004). When waterhemp emerges approximately 20 days after planting corn, high 

densities (369-445 plants m-2) can reduce corn yield by 36% (Cordes et al. 2004). As corn 

develops, it competes with waterhemp for nitrogen, water, and photosynthetically active 

radiation (PAR), causing reductions in waterhemp biomass, seed production, and seedling 

survival. Waterhemp emerging at V3-4, V5-6, and V8 corn experiences biomass reductions of 

51% to 80%, 55% to 97%, and 78% to 100%, respectively, depending on growing conditions; 

waterhemp seed production at the same emergence times is reduced 19% to 83%, 92% to 97%, 

and 99% to 100%, respectively (Nordby and Hartzler 2004; Steckel and Sprague 2004). By V6-
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V8 corn, less than 20% of available PAR reaches the soil surface, and when the crop is not 

moisture-stressed, late emerging waterhemp seedlings experience 90%, 90%, and 100% 

mortality when emerging at V6, V8, and V10 corn, respectively (Steckel and Sprague 2004). 

Low densities of late emerging waterhemp (≤ 82 plants m-2) have minimal effects on corn yield 

(≤ 10%) (Cordes et al. 2004). These results suggest that the critical period of weed control for 

waterhemp is from emergence (VE) to V6 corn; control of waterhemp from emergence up to the 

V6 stage will minimize waterhemp interference and optimize corn yield (Nordby and Hartzler 

2004; Steckel and Sprague 2004).   

1.2 Weed control in Corn 

1.2.1 Corn Production and Consumption 

Corn is one of the most widely produced and consumed cereal grains globally with many 

uses in livestock feed, processed foods, and industrial products (Food and Agricultural 

Organization of the United Nations 2019; USDA 2019). In 2017, the top three corn producing 

countries were the United States, China, and Brazil accounting for 33%, 23% and 9% of total 

world production, respectively. Canada ranks 11th, producing nearly 14 million t grown annually 

on 1,500,000 ha, which represents 1.2% of total world corn production (Food and Agricultural 

Organization of the United Nations 2019; Statistics Canada 2019). In terms of annual production 

and farm cash receipts, grain corn is the third largest crop in Canada, after wheat and canola 

(Statistics Canada 2019). Ontario, Quebec, and Manitoba are the top three corn producing 

provinces, accounting for 62%, 30%, and 6% of total Canadian production, respectively. In 

Ontario, corn is grown on approximately 900,000 ha and is considered one of the province’s 

major crops [Ontario Ministry of Agriculture, Food and Rural Affairs (OMAFRA) 2018a]. 

Ontario produces nearly 9 million t annually worth $1.4 billion CAD in farm cash receipts. In 
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2017, Ontario corn producers harvested an average 10.5 t ha-1 (OMAFRA 2018a). Weed 

interference has a large impact on corn yield and therefore weed management is one of the most 

important agronomic practices in corn production. 

1.2.2 Corn Yield Loss Due to Weed Interference 

Effective weed control in corn is crucial to prevent yield reductions and economic losses 

caused by weed interference. Corn yield can be affected by numerous agronomic and 

environmental variables, but weed interference is the most important factor impacting corn 

production (Rajcan and Swanton 2001). A meta-analysis of primary corn producing regions of 

the US and Canada found that uncontrolled weeds can reduce corn yields by up to 50%, resulting 

in an annual loss of more than 26.7 billion USD (Soltani et al. 2016). Corn yield loss due to weed 

interference is caused by a series of resource-dependent and resource-independent interactions 

that affect plant growth and development (Page et al. 2010). 

1.2.3 Mechanisms of Weed Interference 

Mechanisms of weed interference include direct competition for soil moisture, nutrients, 

light, and the indirect effect of light signalling processes (Page et al. 2009; Rajcan and Swanton 

2001). When soil moisture and nutrients are limiting, weed interference advances the onset of 

water stress and nutrient deficiencies in the crop. Water stress during vegetative growth stages 

can reduce plant dry matter accumulation, plant height, leaf area index, and yield; however, the 

effect of water stress on corn yield is most severe during the reproductive growth stages (Cakir 

2004). The supply or shortage of major nutrients such as nitrogen (N) can alter assimilate 

partitioning within a corn plant (Evans et al. 2003). Ample supplies of N increase early season 

corn growth rates, height, dry matter accumulation, and yield. Conversely, when corn is N 
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deficient, silking and maturity can be delayed by as much as 2.9 and 1.8 days, respectively. 

Kernel number per plant (KNP) is the highest yield determining factor given the susceptibility of 

corn to stress during the period bracketing silking (Andrade et al. 1999). When plants are 

stressed vs. not stressed, KNP is reduced more than kernel weight and is therefore a better 

indicator of yield. Page et al. (2010) proposed KNP and kernel weight account for approximately 

65% and 35% of the total effect on yield, respectively. Stress during the early stages of 

vegetative growth affect yield since total KNP is determined as early as V4-V5; KNP decreases 

by 18% when weed control is delayed from V3-V4 (early POST) to V5-V6 (late POST) 

(Andrade et al. 1999; Cox et al. 2006). It is critical to ensure the crop receives adequate supplies 

of nutrients to maximize its competitive ability during early stages of growth and reduce the 

effect of early season weed competition (Evans et al. 2003; Page et al. 2012). 

In the absence of resource competition, weed interference can indirectly affect the 

physiological condition of corn through light signalling processes (Page et al. 2009, 2010; 

Rajcan and Swanton 2001). Light signals with a lower red:far-red (R:FR) ratio reflected from the 

stem and leaf tissue of nearby weeds can initiate the shade avoidance response in corn seedlings 

(Page et al. 2009). Corn seedlings are most susceptible to changes in light quality during the 

early stages of growth and can respond to the presence of weeds within the first 24 hours after 

their presence is sensed. The most characteristic response to weed interference is an increase in 

plant height followed by a subsequent delay in seedling leaf appearance. Adverse conditions 

experienced by corn seedlings translate into mature plants that exhibit decreased shoot biomass, 

root biomass, stem biomass, and leaf area which increase plant-to-plant variability, lower dry 

matter accumulation, and lower grain yield (Cerrudo et al. 2012). These physiological alterations 

in the crop due to weed interference are dependent on weed species composition, weed density, 
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competitive ability of the weed, relative time of weed and crop emergence, and duration of weed 

interference. 

1.2.4 Weed Interference and Corn Yield 

Corn yield loss due to weed interference depends on weed species composition, weed 

density, and time of weed emergence relative to the crop (Bosnic and Swanton 1997; Steckel and 

Sprague 2004). Grass weeds such as giant foxtail (Setaria faberi Herrm), barnyardgrass 

(Echinochloa crus-galli (L.) Beauv.), and Johnsongrass (Sorghum halepense (L.) Pers.) 

emerging with the crop have been reported to reduce corn yield by up to 18%, 82%, and 76%, at 

densities of 17, 100, and 3 plants m-2, respectively (Beckett et al. 1988; Ghosheh et al. 1996; 

Spitters et al. 1989). With more competitive weed species such as Johnsongrass, the onset of 

yield loss can commence when population densities reach 0.2 plants m-2 (Ghosheh et al. 1996). 

Green foxtail (Setaria viridis (L.) Beauv), a less competitive grass, causes yield losses of up to 

40% at a density of 50 plants m-2 and delays tasseling by 3 to 4 days at densities of 89 to 120 

plants m-2 (Cathcart and Swanton 2004; Sibuga and Bandeen 1980). Yield losses can be even 

greater when broadleaf weeds are present due to their more competitive nature (OMAFRA 

2009). Broadleaf weeds such as Canada fleabane (Conyza canadensis (L.) Cronq.) and common 

lambsquarters (Chenopodium album L.) can reduce corn yield by up to 92% and 58%, 

respectively (Ford et al. 2014; Sibuga and Bandeen 1980). Interference by amaranth species such 

as redroot pigweed, smooth pigweed, common waterhemp and Palmer amaranth have been 

documented to reduce corn yield by up to 34%, 39%, 74%, and 91%, respectively (Knezevic et 

al. 1994; Massinga et al. 2001; Moolani et al. 1964; Steckel and Sprague 2004).  
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The impact of weed competition on crop yield is often less dependent on weed density 

and biomass and more dependent on the relative time of crop and weed emergence and length of 

weed interference (Kropff and Spitters 1991). Weeds that emerge with the crop cause greater 

yield reductions than individuals that emerge later in the growing season (Page et al. 2012). 

Steckel and Sprague (2004) observed corn yield losses of 74%, 54%, 38%, and 2% due to 

waterhemp emerging at VE, V4, V6, and V8, respectively. Similarly, when weed control is 

delayed from V3-V4 to V5-V6, yield can be reduced by 25% (Cox et al. 2006). Corn is sensitive 

to weed interference in its early stages of growth, therefore early season weed control is critical 

to prevent corn yield loss (Hall et al. 1992; OMAFRA 2009; Swanton et al. 1999).  

1.2.5 The Critical Weed-Free Period of Corn 

The understanding of the critical weed-free period (CWFP) in corn is essential for 

successful weed management which will enable growers to optimize weed control from a 

temporal, agronomic, and economical standpoint (Hall et al. 1992). The CWFP is defined as the 

period during crop development when it must be kept weed-free to prevent yield losses of 5% or 

greater (Hall et al. 1992; Knezevic et al. 2002; Page et al. 2012). Weed interference outside of 

this period should have no effect on yield; however, season-long weed control is important to 

prevent additions to the soil seed bank (Swanton et al. 1999). Due to species differences in plant 

morphology, physiology, and development, CWFPs are crop specific (Knezevic et al. 2002). 

Defining the onset and duration of the CWFP for any given crop requires the recognition of two 

crop-weed competition components: a) the length of time weeds can remain before they cause 

yield loss (the “critical weedy period”), and b) the length of time weeds must be controlled to 

prevent yield loss (the “critical weed free period”) (Swanton and Wiese 1991; Weaver and Tan 

1983). The onset and duration of the CWFP is also influenced by the level of acceptable yield 
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loss, which typically ranges from 2% to 5% (Hall et al. 1992; Van Acker et al. 1993). 

Inconsistencies in the literature regarding the onset and length of the CWFP in corn are caused 

by several factors, including the time of weed emergence relative to the crop, weed density, weed 

species composition, environmental conditions, and agronomic practices (Cox et al. 2006; 

Knezevic et al. 2002; Kropff and Spitters 1991). Examples of inconsistencies include one 

Ontario study that defines the CWFP of corn to be V1 to V12 with a yield loss of < 2%, and 

reports that control of weeds emerging after V12 is not necessary (Hall et al. 1992). Reinforcing 

these findings, Page et al. (2012) suggest that the onset of the CWFP to be V1-V3. Contrariwise, 

when Cox et al. (2006) delayed weed control until V3-V4, no yield reductions were observed; 

however, when weed control was delayed until V5-V6, corn silking was delayed by 2 days and 

grain yield was reduced by 25%. Evans et al. (2003) found that the length of the CWFP was 

reduced and the onset delayed to V4 and V6 with the addition of 60 and 120 kg N ha-1, 

respectively. Though they did not experience a supplemental increase in yield, the addition of N 

improved the competitive ability of corn by stimulating early season growth which reduced the 

overall effects of weed interference. For Ontario corn production, OMAFRA (2018b) states that 

corn should be kept weed free from emergence to V4 to minimize yield loss from weed 

interference, and up to V6-V8 to maximize weed control and reduce additions to the soil seed 

bank. The establishment of the CWFP and use of herbicide-resistant crops (HRC) provide 

producers with the ability to mitigate the effects of weed interference and prevent corn yield 

losses. 

1.2.6 Herbicide-Resistant Crops 

The introduction of HRC revolutionized agricultural weed management (Green 2012). 

Biotechnological advances have enabled scientists to develop crops resistant to specific 
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herbicides that provide easy, effective, and economical weed control (Devine 2005). Of the few 

traits responsible for this shift, the CP4 EPSPS gene that encodes for GR EPSPS is the most 

significant (Green 2012). Though glyphosate was first commercially available in 1974, the first 

commercialized GR crops containing the CP4 EPSPS gene were GR canola (Brassica napa L.) 

and soybean in 1996, followed by cotton (Gossypium hirisutum L.), corn, and alfalfa (Medicago 

sativa L.) in 1997, 1998, and 2006, respectively (Devine 2005; Heap 2014). GR corn (Roundup 

Ready, Monsanto) was rapidly adopted after its introduction and was sown on over 85% of US 

corn hectares in 2013 (Fernandez-Cornejo et al. 2014; Green 2012). The popularity of the GR 

system is due to its efficacy, consistency, flexibility, and simplicity (Green 2012). Transgenic 

and non-transgenic HRC such as corn hybrids resistant to glufosinate ammonium (Liberty Link, 

Bayer CropScience Inc.) are also available; however, they were not widely adopted like GR 

crops due to higher costs and application rates (Green and Owen 2011). Corn herbicide programs 

were expanded in 2018 with the introduction of multiple-herbicide resistant (MHR) corn hybrids 

resistant to glyphosate, glufosinate ammonium, 2,4-D, and the aryloxyphenoxy propionates 

(Enlist, Corteva Agriscience) (Anonymous 2015a; OMAFRA 2018b). Enlist hybrids have a 

higher level of tolerance to 2,4-D, a POST broadleaf herbicide, which can cause stalk brittleness, 

malformed brace roots, leaf rolling, and reduced yield in non-transformed corn hybrids 

(OMAFRA 2018b; Rodgers 1952). In general, conventional corn hybrids have natural tolerance 

to 2,4-D that varies with hybrid, application timing, soil characteristics, and weather conditions. 

Due to the efficacy and excellent margin of crop safety, glyphosate is the most widely applied 

herbicide to Ontario corn hectares (Farm & Food Care Ontario 2015).  

HRC promoted the adoption of conservation tillage practices steering growers away from 

conventional cropping systems toward reduced- and no-till systems that rely heavily on 
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herbicides for weed management (Swanton and Weise 1991). The rapid adoption of GR corn and 

soybean led to heavy reliance on glyphosate-based weed control programs that consisted of 

multiple passes throughout the growing season (Green and Owen 2011). Although glyphosate-

based systems reduced the use of more toxic and persistent herbicides, overreliance on one active 

ingredient increased the selection pressure for the evolution of herbicide-resistant weeds 

(Fernandez-Cornejo et al. 2014). As of 2020, there are 50 confirmed GR weed species globally, 

17 of which occur in the US and 6 in Canada (Heap 2020). Implementing weed management 

practices that incorporate the use of cultural, biological, mechanical, and chemical measures is 

essential to reduce the selection intensity for herbicide-resistant weeds and protect the usefulness 

of these valuable weed management tools for future farmers (Swanton and Weise 1991). 

1.2.7 Weed Management Strategies and Two-Pass Weed Control 

The integration of preemergence (PRE) and postemergence (POST) herbicide programs 

represents a shift in weed management practices that aims to achieve nearly perfect weed control 

and minimize weed seed return to the soil. Prior to the introduction of HR corn, single-pass weed 

management systems relied heavily on the use of atrazine, metolachlor, alachlor, dicamba, and 

cyanazine (USDA 2000). Widespread adoption of complete POST herbicide programs using 

nicosulfuron, dicamba, and atrazine was limited due to concerns regarding crop tolerance and 

early season weed interference in the absence of a PRE herbicide (Bradley et al. 2000). The 

introduction of HR corn shifted weed control practices from PRE to POST applications of broad-

spectrum herbicides that lack residual (Duke and Powles 2009). In GR corn, two POST 

applications of glyphosate tends to provide better weed control than a single glyphosate 

application when weeds are ≤ 10 cm in height (Gower et al. 2003). To achieve optimum control, 

glyphosate must be applied before weeds reach 10 cm in height but no later than V3-V4 corn; if 
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glyphosate applications are delayed to V5-V6, corn yield can be reduced by 25% (Cox et al. 

2006; Gower et al. 2003). POST herbicides such as glyphosate and glufosinate do not require 

precipitation to be activated; however, only weeds that have emerged at the time of application 

are controlled since neither provide residual weed control (Tharp and Kells 2002). To circumvent 

this problem, growers implemented single-pass programs consisting of glyphosate or glufosinate 

tank-mixed with other POST herbicides that provide residual control. Tharp and Kells (2002) 

reported increased control of redroot pigweed, common lambsquarters, common ragweed, and 

giant foxtail when glyphosate or glufosinate were applied in combination with either acetochlor, 

atrazine, metolachlor, or pendimethalin. More recently, consistent and effective weed control is 

being obtained with the use of two-pass programs consisting of a residual PRE tank-mix 

followed by a POST tank-mix (Lindsey et al. 2012; Tharp and Kells 2002). PRE and POST 

applications often include multiple effective modes of action (MOAs) and residual herbicides to 

provide an increased level of weed control that outlasts the duration of the CWFP (Rabaey and 

Harvey 1997; Tharp and Kells 2002). Mixing multiple effective MOAs also delays the evolution 

of herbicide resistant weeds by providing broad spectrum weed control while reducing the 

selection pressure by individual herbicides (Green and Owen 2011). 

1.2.8 Integrated Weed Management (IWM) and Herbicide Stewardship 

Shifts in weed population dynamics due to the adoption of reduced- and no-till systems 

necessitated the need for integrated weed management (IWM) strategies. As tillage is reduced, 

populations of summer annual grasses and small-seeded broadleaves, winter annuals, biennials, 

and perennials increase while large-seeded dicot species decrease (Buhler 1995). It is crucial to 

develop weed management systems that adapt to these changes to prevent crop yield loss and 

proactively delay the evolution of herbicide resistance while preserving currently effective 
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MOAs (Green and Owen 2011). For an IWM system to be effective, it must evaluate all aspects 

of a cropping system given knowledge of the hybrid/cultivar, CWFP, level of acceptable weed 

interference, resistant weed populations, economic thresholds, and appropriate herbicide 

applications (Swanton and Weise 1991). IWM strategies evaluate cultural practices such as crop 

rotation, row spacing, the use of cover crops, and tillage to increase the overall level of weed 

control (OMAFRA 2018b; Swanton and Weise 1991). Crop rotations such as corn-soybean can 

effectively increase weed control levels due to differences in crop competition and herbicide 

MOA rotation (Davis et al. 2009). More complex rotations such as corn-soybean-wheat-cover 

crop have an even greater capacity to reduce weed populations and weed seedbanks, in part due 

to a more diverse herbicide rotation (Davis et al. 2009; Swanton et al. 2002). Cover crops also 

provide many soil health benefits including erosion control, nutrient retention, and carbon 

sequestration, all while supressing weeds during fallow periods (Baraibar et al. 2018). Increased 

weed suppression from cover crops has been observed with grass species such as oats and cereal 

rye that exhibit rapid early-season emergence, growth, and soil coverage compared to brassica 

species such as tillage radish and canola or legumes like pea and red clover. Though some cover 

crop species are controlled by winter-kill, terminating cover crops via a non-selective herbicide, 

roller-crimper, or tillage is advantageous to prevent competition with the following crop. Tillage 

remains an important agricultural tool due to its wide array of uses including the incorporation of 

crop residues, reducing compaction, seed bed preparation, the ability to eliminate the need for 

pre-plant (PP) herbicide burndown, and use with pre-plant incorporated (PPI) herbicides 

(Johnson et al. 2012; Timmons 1970). There are many tillage methods available to Ontario corn 

producers but none that provide residual control of late-emerging seedlings (Johnson et al. 2012). 

IWM programs that combine crop rotation, tillage, and herbicides is a common Ontario practice 
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to reduce weed interference, achieve effective season-long weed control, and maximize crop 

yield and net returns for growers. 

Implementing IWM strategies to protect currently available, effective herbicide MOAs 

are essential for herbicide weed management. Herbicides represent the most widely used method 

of weed control in North America; however, new herbicide MOAs have not been 

commercialized for use in agronomic crops since the 1990s (Duke 2012; NASS 2019). The lag in 

herbicide discovery can be attributed to the low success rate of compound discovery and 

development with more rigorous registration and environmental regulations (Duke 2012; Heap 

2014). IWM strategies currently circumvent this situation, enabling producers to strategically use 

all aspects of the cropping system while incorporating the use of herbicide programs that rotate 

and tank mix multiple effective MOAs to conserve currently available technology. Implementing 

weed control tactics that optimize the use of biological, cultural, mechanical, and chemical 

methods of weed control is critical to reduce the evolution of herbicide resistance and ensure that 

currently available MOAs continue to provide effective weed management in the future. 

1.3 Glyphosate 

 Glyphosate is the most widely used herbicide globally and is registered in over 100 

countries (Benbrook 2016). Glyphosate belongs to the organophosphorus chemical family and is 

the only Group 9 herbicide due to its unique mode of action (MOA) (Anonymous 2019d; Franz 

et al. 1997). In the US, glyphosate was applied to 62% of corn hectares in 2014 and 85% of 

soybean hectares in 2015 (NASS 2015, 2016). Global use of glyphosate in 2014 was more than 

825,000 t (Benbrook 2016). Glyphosate use has increased substantially since the introduction of 

GR crops due to its excellent crop safety, broad-spectrum weed control, low cost, and rotational 
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flexibility which make it “a once-in-a-century herbicide” discovery (Duke and Powles 2008; 

Green and Owen 2011). 

1.3.1 History 

 The molecule that is now known as glyphosate was first synthesized by Swiss chemist 

Dr. Henri Martin in 1950 while working for Cilag pharmaceutical company, but due to its lack of 

pharmaceutical applications, there was no documentation of it in the literature at that time (Franz 

et al. 1997). Johnson and Johnson acquired Cilag in 1959, after which their samples were sold to 

Aldrich Chemical. Small amounts of the compound were sold to several other companies; 

however, no herbicidal activity was reported. At the same time, Monsanto was investigating 

water softening agents related to amino methylphosphonic acid (AMPA). When tested as 

herbicides, two of the compounds were discovered to have activity on perennial weeds, which 

led to the involvement of Monsanto Company chemist Dr. John Franz (Dill et al. 2010; Franz et 

al. 1997). Dr. Franz investigated many analogs and derivates before synthesizing a metabolite 

that displayed greater herbicidal activity. Glyphosate was first synthesized and tested as a 

herbicide by Monsanto Company (St. Louis, MO) in 1970, and it was patented for its’ herbicidal 

use (Duke and Powles 2008; Franz et al. 1997). Glyphosate was first marketed by Monsanto 

Company in 1974 under the trade name Roundup®, for use on crop and non-crop land (Franz et 

al. 1997; US EPA 1993). After its introduction, glyphosate’s popularity as a herbicide continued 

to increase. 

1.3.2 Chemical Formulation 

 The unique chemical properties of glyphosate [N-(phosphonomethyl) glycine] and its 

formulations are responsible for its success as a herbicide (Anonymous 2019d; Franz et al. 
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1997). Glyphosate products are formulated as a salt and surfactant blend to facilitate its 

application under a wide range of conditions with minimal toxicity to humans and the 

environment (Dill et al. 2010). Losses of glyphosate due to volatilization are minimal due to its 

low vapour pressure of 2.59 x 10-5 Pa at 25˚C and a high density of 1.73 g cm-3 which enable it 

to be retained on plant surfaces (Franz et al. 1997; Shaner et al. 2014). Glyphosate’s activity 

within plants can be attributed to its zwitterionic properties (Franz et al. 1997). The C-OH, P-OH 

and N-H groups of the glyphosate molecule function as proton donors and the P=O groups 

functions as proton acceptors. Glyphosate molecules therefore have both positively and 

negatively regions that provide ionizable functionality which confers good symplastic mobility. 

Glyphosate is a white, odorless, crystalline acidic amino acid (Franz et al. 1997). 

Glyphosate is a derivative of the non-essential amino acid glycine and has the chemical formula 

C3H8NO5P (Franz et al. 1997; Shaner et al. 2014). When formulated as an acid, glyphosate has 

limited solubility in water, which results in reduced herbicidal activity; therefore, commercial 

formulations typically contain salts of glyphosate (Baylis 2000; Franz et al. 1997; Shaner et al. 

2014). The single amine site and three acid sites of glyphosate are available for protonation 

which allows for the formulation of several salts or esters of glyphosate. Anionic and cationic 

salts are formed by dissolving glyphosate in dilute aqueous bases and strong aqueous acids. The 

presence of cations greatly increases the solubility of glyphosate salt formulations which 

enhances leaf absorption and herbicidal activity. The solubility of a glyphosate salt is expressed 

in terms of the amount of soluble salt; however, different salts have different molecular weights, 

which complicates comparing the glyphosate amount among salts. A more accurate measure of 

active ingredient is the amount of equivalent glyphosate acid dissolved in the salt solution which 

is referred to as percent acid equivalent (% ae) (Dill et al. 2010; Shaner et al. 2014). In Ontario, 
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salts of glyphosate such as potassium, dimethylamine and isopropylamine are available. 

Glyphosate is typically not formulated as a granular herbicide due to the high hygroscopicity of 

salts; it is therefore most commonly formulated as a water-soluble liquid (Anonymous 2019d; 

Baylis 2000). The most common formulation, Roundup WeatherMAX®, contains glyphosate 

potassium salt at 540 g ae L-1 (Anonymous 2019d). To achieve maximum efficacy, glyphosate 

can be applied in combination with a non-ionic surfactant which may be added to the tank-mix or 

included in the formulation (Anonymous 2019d; Shaner et al. 2014). Common surfactants tank-

mixed with glyphosate include AGRAL® 90, Ag-Surf® and CompanionTM (Anonymous 2019d). 

1.3.3 Herbicidal Use 

 As of 2019, glyphosate is an active ingredient in 180 herbicidal products registered with 

the Canadian Pest Management Regulatory Agency, 34 of which are registered for domestic use 

(Health Canada 2019b). Glyphosate is sold under many different trade names including the most 

common Roundup® (Franz et al. 1997; Health Canada 2019b; Shaner et al. 2014;). Glyphosate 

is a broad-spectrum, non-selective, foliar-applied herbicide with activity on over 300 weeds 

species and can be used in the production of over 100 different crops (Franz et al. 1997; Shaner 

et al. 2014). Prior to the introduction of HRC, glyphosate use was restricted to spot treatments, 

PP burndown, and non-crop situations (Green 2012, Heap 2014). The development of GR crops 

such as soybean, corn, cotton, and canola enabled glyphosate to be used POST with a wide 

margin of crop safety while providing excellent weed control. 

Glyphosate controls annual, biennial, and perennial grass and broadleaf weeds; however, 

it is generally more phytotoxic to annual grasses (Anonymous 2019d; Baylis 2000; Shaner et al. 

2014). Perennial weeds typically require a higher rate due to their greater ability to regrow from 
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underground structures following the application of glyphosate (Anonymous 2019d; Baylis 

2000). Glyphosate is often tank-mixed with residual herbicides to lengthen the period of weed 

control (Anonymous 2019d). Glyphosate can also be used as a desiccant to facilitate the dry-

down of certain non-GR crops to improve ease of harvesting (Anonymous 2019d; Baylis 2000). 

1.3.4 Absorption and Translocation 

 Glyphosate is a POST, systemic herbicide that is rapidly absorbed by plant foliage (Franz 

et al. 1997). The strong soil binding properties and high susceptibility of glyphosate to microbial 

degradation in the soil profile make it an ineffective soil-applied herbicide (Gisey et al. 2000; 

Sprankle et al. 1975). Moreover, uptake of glyphosate via the root system from soil applications 

is negligible because it rapidly binds to clay and organic matter within the soil profile (Sprankle 

et al. 1975).  

Glyphosate is a very effective herbicide due to its good plant uptake, excellent 

translocation, slow activity, and minimal, to no, degradation within the plant (Duke and Powles 

2008). The uptake of glyphosate through plant surfaces is relatively rapid; however, the speed of 

uptake does vary with weed species (Duke and Powles 2008; Franz et al. 1997). Palmer 

amaranth can absorb and translocate glyphosate throughout the entire plant is as little as 2 days 

(Lorentz et al. 2011). Differences in species susceptibility to glyphosate can partially be 

accounted for by the differences in leaf uptake rates (Duke and Powles 2008; Gottrup et al. 

1976). The steep concentration gradient between the glyphosate solution and the plant surface 

causes it to be taken up rapidly during the initial phase of absorption whereas subsequent uptake 

occurs at a slower rate (Franz et al. 1997). Glyphosate is highly polar and water-soluble which 

enables it to readily diffuse across the leaf cuticle and plant cell membranes, into the phloem 
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where it can be symplastically translocated to metabolic sinks and rapidly growing, meristematic 

regions of the plant (Duke and Powles 2008; Franz et al. 1997; Gottrup et al. 1976). A significant 

amount of translocation occurs in the xylem, or apoplast, as well, making glyphosate an 

ambimobile herbicide. The translocation pattern of glyphosate enables it to accumulate in root, 

shoot and leaf tissue where it can exhibit phytotoxic effects (Duke and Powles 2008; Gottrup et 

al. 1976). 

1.3.5 Mode of Action 

 Glyphosate is an amino acid synthesis inhibitor that exhibits a unique MOA; no other 

commercial herbicide has this MOA (Franz et al. 1997). Glyphosate inhibits the EPSPS enzyme 

in the shikimic acid (shikimate) pathway that is primarily located in the plastids (Amrhein et al. 

1980; Baylis 2000). EPSPS is only found in plants, fungi, and bacteria where it catalyzes the 

penultimate step in the shikimic acid pathway: the condensation of shikimate-3-phosphate (S3P) 

and phosphoenolpyruvate (PEP) to produce 5-enolpyruvylshikimate 3-phosphate and inorganic 

phosphate (Franz et al. 1997; Kishore and Shah 1988). Plants depend on the shikimic acid 

pathway to produce anthranilate (chorismate), the precursor for the biosynthesis of many 

aromatic plant metabolites such as essential amino acids (phenylalanine, tyrosine and 

tryptophan), plant hormones, and vitamins (Abraham 2010; Franz et al. 1997). Aromatic plant 

metabolites derived from the shikimic acid pathway are vital for plant growth and development 

due to their necessity for protein synthesis (Baylis 2000).  

 Glyphosate readily occupies the EPSPS binding site and is therefore a competitive 

inhibitor with PEP. After the formation of EPSPS-S3P binary complex, glyphosate binds in the 

place of PEP forming an EPSPS-S3P-glyphosate ternary complex (Alibhai and Stallings 2001). 
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EPSPS has 80,000 times greater affinity for glyphosate than PEP and glyphosate dissociates 

from EPSPS 2,300 times slower than PEP (Franz et al. 1997). Plant death results from the 

accumulation of S3P and shikimate in meristematic regions of actively growing plants, the 

deregulation of carbon flow through the shikimic acid pathway, and the shortage of essential 

amino acids needed for protein synthesis (Baylis 2000; Shaner 2010).  

1.3.6 Biological Activity and Symptomology 

 Glyphosate is a foliar-applied herbicide and therefore its biological activity depends on 

the degree of leaf retention, cuticular penetration, and subsequent translocation within the plant 

(Nalewaja et al. 1996; Wills 1978). For glyphosate to exhibit phytotoxic effects, it must 

accumulate at high enough concentrations to successfully inhibit EPSPS. The inability of most 

plants to degrade glyphosate is a significant component of its biological activity (Franz et al. 

1997). Environmental factors that induce stress in plants, such as cold growing temperatures or 

drought, can reduce the activity of glyphosate by impairing its absorption and translocation 

within the plant (Wills 1978). The activity of glyphosate is greatest at cooler temperatures and 

relative humidity that increases the rate of transpiration of actively growing plants which 

enhances absorption and translocation. The activity of glyphosate is also influenced by the 

surfactant used, which to function effectively must be compatible with the product formulation 

(Dill et al. 2010).  

Compared to other herbicides, plants treated with glyphosate typically develop 

symptomology relatively slowly (Franz et al. 1997). Even though plant growth is inhibited soon 

after application, the first signs of phytotoxicity, foliar chlorosis and necrosis, can take from 4 to 

20 days (Shaner et al. 2014). The plant structures most likely to develop chlorotic and necrotic 
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tissue first are immature leaves and growing points. Other plant structures can be affected as well 

which result in stunting, necrosis of meristems, rhizomes, and stolons (Franz et al. 1997; Lorentz 

et al. 2011). Leaf malformation and crinkling can often be observed after regrowth. In some 

cases where glyphosate exhibits more rapid action, an epinastic response similar to auxin-

inhibitors can occur. Following glyphosate application, several days or weeks may be required 

for plant death depending on glyphosate rate, environmental conditions, and weed species. 

1.3.7 Antagonism and Synergy 

The activity of glyphosate can be influenced by interactions with the water carrier 

solution and liquid fertilizers. The relative cation content of the tank-mixture can affect the 

phytotoxicity of glyphosate (Bailey et al. 2002). Applications of glyphosate in combination with 

foliar fertilizers that contain cations, such as calcium, manganese, and zinc, can reduce its 

efficacy (Bailey et al. 2002; Scroggs et al. 2009). Similarly, the presence of hard water cations 

such as calcium, aluminum, iron, and magnesium in the spray solution can affect the efficacy of 

glyphosate (Buhler and Burnside 1983; Chahal et al. 2012). The presence of positively charged 

ions may lead to the formation of insoluble salt complexes which cannot readily diffuse through 

the plant cuticle, ultimately reducing the absorption of glyphosate (Buhler and Burnside 1983; 

Chahal et al. 2012). The addition of ammonium sulphate to the spray solution can restore 

glyphosate’s phytotoxicity by preventing the formation of insoluble salt complexes with 

glyphosate molecules by precipitating cations, such as calcium sulphate, out of solution before 

they can bind with glyphosate and form an immobilizing complex with the herbicide (O’Sullivan 

et al. 1980; Thelen et al. 1995b). Many studies have called into question the ability of 

ammonium sulphate to reduce the effect of hard water cations on glyphosate efficacy. A previous 

study conducted by Buhler and Burnside (1983) found the efficacy of glyphosate was reduced 
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when applied in various hard water solutions at rates of 100, 200, and 400 g ae ha-1. However, 

more recent studies by Chahal et al. (2012), Mahoney et al. (2014) and Mueller et al. (2006) 

concluded that effect of water carrier hardness on glyphosate efficacy was inconsistent when 

applied at 840, 950, and 900 g ae ha-1, respectively. These results suggest when glyphosate is 

used at the 900 g ae ha-1 rate recommended by OMAFRA (2018b), the water carrier hardness 

and addition of ammonium sulphate may have negligible effects on efficacy. 

The activity of glyphosate can be influenced by the tank-mix partner and targeted weed 

species (Bailey et al. 2002; Chahal et al. 2012). Glyphosate is commonly tank-mixed with other 

POST and PRE herbicides; however, some antagonism has been reported (Anonymous 2019d; 

Franz et al. 1997). Antagonistic responses may also be observed when glyphosate is tank-mixed 

with substituted ureas, triazines, benzonitriles, bipyridiliums, phenoxy carboxylic acids, benzoic 

acids, and other auxin type herbicides (Bailey et al. 2002; Shaner et al. 2014; Thelen et al. 

1995a). Synergism with the addition of 2,4-D, dicamba, or metribuzin to glyphosate is well 

documented; however, antagonism can also occur depending on the weed species (Franz et al. 

1997). The addition of ammonium sulfate to glyphosate tank-mixes containing either atrazine, 

2,4-D, dicamba, or metribuzin can overcome some associated antagonism; however, the 

restorative effect is weed species dependent 

1.3.8 Metabolism and Degradation 

Glyphosate is slowly metabolized by most plant species, with the exception of GR 

soybean. Reddy et al. (2004) observed injury from the accumulation of AMPA due to the 

metabolism of glyphosate in GR soybean; the formation of AMPA and subsequent injury to GR 

soybean is dependent on environmental conditions, glyphosate rate, and genotype. Metabolism 
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of glyphosate in the soil environment is rapid and the predominant route of degradation is by soil 

microflora (Franz et al. 1997; Shaner et al. 2014). Following the initial inactivation of glyphosate 

through adsorption to soil particles and organic matter, glyphosate undergoes rapid initial 

degradation followed by a prolonged period of slower degradation (Sprankle et al. 1975). 

Glyphosate does not support microbial growth, but rather is degraded by indigenous microflora 

under aerobic and anaerobic conditions. Soil microorganisms rapidly degrade glyphosate to the 

primary metabolite AMPA, which is further degraded to inorganic phosphate, ammonia, and 

CO2 at a slightly slower rate (Dill et al. 2010; Sprankle et al. 1975). The specific rate and amount 

of degradation varies with soil type and microbial populations (Shaner et al. 2014; Sprankle et al. 

1975). During the growing season, 79% to 86% of glyphosate may evolve as CO2 in as little as 6 

months. 

1.3.9 Toxicological and Environmental Profile 

 Glyphosate has a favourable toxicological and environmental profile due to its unique 

MOA and physiochemical properties. The specific interaction of glyphosate with EPSPS, which 

is unique to plants and microbes, accounts for its low toxicity to other life forms (Duke and 

Powles 2008; Franz et al. 1997). A recent review of glyphosate by the EPA concluded it is 

unlikely to be carcinogenic and does not pose risks to human health based on results from 

toxicological studies that indicate glyphosate has a mammalian LD50 greater than 5 g kg-1 (EPA 

2020; Franz et al. 1997). 

 In the soil environment, glyphosate is considered an immobile herbicide. Minimal 

movement of glyphosate to groundwater can be attributed to its low mobility in the soil profile 

due to rapid and tight adsorption to soil particles and organic matter occurring within the first 
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hour following application (Franz et al. 1997; Sprankle et al. 1975). The degree of glyphosate 

adsorption is correlated with the soil type, number of free phosphate sites, and cation levels; 

however, it is not influenced by pH (Okada et al. 2016; Shaner et al. 2014; Sprankle et al. 1975). 

Clay loam soils have a higher cation exchange capacity (CEC) and can therefore adsorb greater 

amounts of glyphosate (Okada et al. 2016). Glyphosate and phosphate compete for the same 

binding sites; therefore, lower soil phosphate levels increase glyphosate adsorption to soil 

particles (Sprankle et al. 1975). Though glyphosate binds tightly to soil constituents, glyphosate 

has a relatively short persistence with a soil half-life of 47 days which can be attributed to rapid 

microbial degradation (Duke and Powles 2008; Wauchope et al. 1992). Following multiple 

applications, glyphosate and AMPA do not accumulate in the soil profile due to microbial 

degradation; therefore, glyphosate has no re-cropping restrictions and crops can be planted 

immediately after application (Anonymous 2019d; Shaner et al. 2014). Microbial degradation is 

the primary route of decomposition as glyphosate is not appreciably lost to photodegradation and 

volatilization. The exceptional toxicological profile and herbicidal activity of glyphosate make it 

ideal for weed control in many cropping systems. 

1.4 Glyphosate-Resistant Weeds and Waterhemp 

1.4.1 Introduction 

 Glyphosate remains an important herbicide for weed management in many agricultural 

production systems despite the evolution of GR weed biotypes. GR weeds threaten the 

production of many agricultural crops and the future use of one of the most valued herbicides in 

weed management (Duke and Powles 2008). The ability to control a broad range of weed species 

coupled with the lack of GR weed biotypes after over two decades of extensive use between 

1972 and 1996 led many to believe the potential for evolution of glyphosate-resistance was 
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extremely low and that GR weeds would not pose an economic threat to agricultural production 

(Bradshaw et al. 1997). However, the increased use of glyphosate, facilitated by the 

commercialization of GR crops, contributed significantly to the evolution of GR weeds (Duke 

and Powles 2008). Glyphosate resistance was first reported in 1996 and has been identified in 

numerous weed species with new cases reported each year (Heap 2020; Lorraine-Colwill et al. 

2001; Powles et al. 1998). The evolution of numerous GR weed biotypes creates new challenges 

for weed management in field crops. 

1.4.2 Glyphosate-Resistant Weed Species 

 There are very few weed species that display a natural tolerance to glyphosate; many 

have evolved resistance due to selection events imposed by the use pattern of the herbicide 

(Green 2012). Herbicide tolerance can be defined as the inherent ability of a plant to survive and 

reproduce following exposure to a dose of herbicide normally lethal to the wildtype (Weed 

Science Society of America 1998). Field bindweed (Convolvulus arvensis L.) represents a unique 

case of natural herbicide tolerance considering this biotype was not previously exposed to 

glyphosate (DeGennaro and Weller 1984). Other weed species with a natural tolerance to 

glyphosate include birdsfoot trefoil (Lotus corniculatus L.), tropical spiderwort (Commelina 

benghalensis L.), Asiatic dayflower (Commelina communis L.), common lambsquarters, and 

velvetleaf (Abutilon theophrasti Medic.) (Boerboom et al. 1990; Owen and Zelaya 2005).  

Many GR weed species have evolved in response to the repeated use of glyphosate. As of 

2020, glyphosate resistance has been confirmed in 50 weed species globally (Heap 2020). Rigid 

ryegrass (Lolium rigidum Gaudin) was the first reported GR weed and was found in an apple 

orchard near Orange, New South Wales, Australia in 1996 (Powles et al. 1998). This population 
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developed a 7- to 11-fold level of resistance following two to three glyphosate applications 

annually over a 15-year period. Glyphosate resistance has since been identified in several other 

species including goosegrass (Eleusine indica (L.) Gaertner), Canada fleabane, and Italian 

ryegrass (Lolium multiflorum Lam.) (Heap 2020). GR Canada fleabane was first identified in a 

GR soybean field in 2000 and represents the first weed to evolve resistance in a GR crop 

(VanGessel 2001). Glyphosate resistance has since developed in Amaranthus species such as 

Palmer amaranth and waterhemp, which have now become some of the worst weeds in the US 

due to their propensity to develop resistance to multiple herbicide MOA (Bell et al. 2013; 

Culpepper et al. 2006; Legleiter and Bradley 2008).  

In Canada, there are currently six weed species that have evolved resistance to 

glyphosate, four of which occur in Ontario (Heap 2020). The first confirmed GR weed in Ontario 

was giant ragweed (Ambrosia trifida) in 2008 followed by Canada fleabane, common ragweed, 

and waterhemp in 2010, 2011, and 2014, respectively (Budd et al. 2016; Heap 2020; Vink et al. 

2012). Following its initial discovery in Ontario, GR Canada fleabane has spread rapidly across 

the province and has been confirmed in 30 counties as of 2015. As the most recent weed species 

to evolve resistance to glyphosate, waterhemp has experienced a much slower range expansion 

and has been confirmed in 13 counties as of 2019; however, many populations have developed 

resistance to multiple MOA including herbicide Groups 2, 5, 9, and 14 (Willemse unpublished). 

The high genetic variability in waterhemp favours the evolution of multiple resistance 

mechanisms to individual MOA such as glyphosate (Liu et al. 2012; Nandula et al. 2013; Preston 

et al. 2009). 
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1.4.3 Resistance Selection Events 

Herbicides impose selection pressures that cause weed population shifts. Selection for 

resistant weed biotypes depends on herbicidal properties and the physiological characteristics of 

the population (LeBaron and McFarland 1990). More intense selection pressures are induced by 

herbicides with a single site-specific MOA, control a broad range of weed species, provide 

season-long residual control, and are applied repeatedly. Glyphosate induces a short selection 

event; however, the introduction of GR crops increased the selection intensity for GR weed 

biotypes due to more frequent glyphosate applications (Green 2012; VanGessel 2001). 

Physiological characteristics such as high genetic variability, prolificacy, and cross-pollination 

favour the rapid evolution and spread of GR weed species such as rigid ryegrass, Canada 

fleabane, Palmer amaranth, and waterhemp (Gaines et al. 2010; Lorraine-Colwill et al. 2001). 

For a resistant biotype to develop, genetic variation must be present within the susceptible 

population (Jasieniuk et al. 1996). The number of generations to reach a specific frequency of 

resistant individuals depends on the selection intensity, initial frequency of resistant alleles, and 

complete or incomplete dominance of the trait. Herbicide-resistance is usually conferred by a 

dominant trait which increases the rate of resistance evolution (Jasieniuk et al. 1996).  

1.4.4 Mechanisms of Glyphosate Resistance 

 The known mechanisms that confer resistance to glyphosate can be broadly categorized 

as target site resistance and non-target site resistance. Target site resistance occurs when a 

herbicide can reach the target site at a normally lethal dose, but changes at the target site prevent 

it from binding and exhibiting its phytotoxic effects (Powles and Yu 2010). Two mechanisms 

that confer target site resistance to glyphosate are target site mutations and the overexpression of 

the target site enzyme. Contrariwise, non-target site resistance involves mechanisms that prevent 
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the herbicide from reaching the target site at a lethal dose (Powles and Yu 2010; Yuan et al. 

2006). Non-target site mechanisms conferring glyphosate resistance include reduced absorption, 

reduced translocation, herbicide sequestration, and enhanced metabolism.  

1.4.5 Target Site Resistance 

1.4.5.1 Gene Amplification 

 Gene amplification is one of the most studied mechanisms of glyphosate resistance. 

EPSPS gene amplification was first identified in a Palmer amaranth biotype from Macon County, 

Georgia, in 2009, and has since been identified in numerous GR weed biotypes (Gaines et al. 

2010; Nandula et al. 2013; Salas et al. 2015). The amplification of genes that code for the EPSPS 

enzyme results in the overexpression of the EPSPS target site. The increase in EPSPS prevents 

glyphosate from binding to all of the enzyme produced which allows aromatic amino acid 

synthesis to continue normally (Chatham et al. 2015a; Gaines et al. 2010). The level of resistance 

conferred by gene amplification is positively correlated with EPSPS copy number (Salas et al. 

2015). Extra copies of EPSPS have an additive effect on the rate of glyphosate required to inhibit 

EPSPS activity; individuals with more copies of EPSPS can survive increasingly higher rates of 

glyphosate (Chatham et al. 2015a; Gaines et al. 2010; Salas et al. 2015). The number of EPSPS 

copies produced depends on the weed species and the selection events imposed through the use 

of glyphosate.  

1.4.5.2 Target Site Mutation 

 GR weed species can exhibit glyphosate resistance through mutations of the EPSPS 

target site. Point mutations of the EPSPS enzyme reduce the ability of glyphosate to bind and 

inhibit aromatic amino acid synthesis (Healy-Fried et al. 2007). EPSPS point mutations can 
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involve single, double, or triple amino acid substitutions that confer varying levels of glyphosate-

resistance (Baerson et al. 2002; Perotti et al. 2019; Yu et al. 2015). EPSPS proline substitutions 

at position 106 (Pro106) are the most common target site mutations amongst GR weed biotypes 

and confer a relatively low level of resistance, 2- to 5-fold, compared to the double amino acid 

substitution Thr102Ile + Pro106Ser, known as the TIPS mutation, which can confer greater than 

180-fold level of resistance in goosegrass (Yu et al. 2015). The triple amino acid substitution 

Thr102Ile, Arg103Val, and Pro106Ser, known as TAP-IVS, has been recently identified in a smooth 

pigweed population from Argentina (Perotti et al. 2019). In weed species such as goosegrass and 

rigid ryegrass, the Pro106Ser mutation is caused by the single nucleotide polymorphism of 

cytosine to thymine of EPSPS DNA (Baerson et al. 2002; Simarmata and Penner 2008). The 

substitution of the polar Pro with the nonpolar Ser reduces the binding affinity of EPSPS by 

narrowing the PEP binding pocket making glyphosate a less competitive inhibitor (Baerson et al. 

2002; Healy-Fried et al. 2007; Steinrucken and Amrhein 1980). A GR goosegrass population 

with the Pro106Ser point mutation was studied by Baerson et al. (2002) who reported a 16-fold 

decrease in the binding affinity for glyphosate. In this population, it was concluded the EPSPS 

point mutation was solely responsible for glyphosate resistance. Similar substitutions at position 

106 of Pro to Ala, Ser, or Thr have been documented in rigid ryegrass which confer varying 

levels of resistance (Simarmata and Penner 2008; Wakelin and Preston 2006; Yu et al. 2015).  

1.4.6 Non-Target Site Resistance 

1.4.6.1 Reduced Absorption 

 Glyphosate uptake by plant foliage is species specific. The reduced absorption of 

glyphosate into treated leaves has been observed in GR johnsongrass and annual ryegrass 

(Lolium multiflorum Lam.) biotypes (Nandula et al. 2008; Vila-Aiub et al. 2012). In GR 
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johnsongrass, decreased glyphosate absorption cannot be attributed to changes in leaf structure 

due to the similarity of the cuticle, stomata, as well as epidermal and mesophyll cells between 

susceptible and resistant individuals (Vila-Aiub et al. 2012). Similarly, epicuticular differences 

were not observed amongst annual ryegrass biotypes; however, resistant individuals absorbed 

27% less glyphosate than susceptible individuals (Nandula et al. 2008). GR annual ryegrass 

biotypes also accumulated 3- to 6-fold less shikimate suggesting the EPSPS target site remains 

sensitive; however, at increasing glyphosate rates, shikimate levels between resistant and 

susceptible individuals were similar. The rate and extent of glyphosate absorption differs among 

plant species and differences in glyphosate translocation suggest other mechanisms may be 

responsible for resistance in these weed biotypes (Nandula et al. 2008; Vila-Aiub et al. 2012). 

1.4.6.2 Reduced Translocation 

Differences in glyphosate translocation have been documented between susceptible and 

resistant weed biotypes. Glyphosate susceptible biotypes can experience reduced translocation 

due to the self-limiting toxicity of glyphosate (Geiger et al. 1999). The successful inhibition of 

EPSPS disrupts carbon fixation which restricts the translocation of carbon and glyphosate 

throughout the plant. In spite of the restricted movement of glyphosate, susceptible biotypes are 

still controlled. The self-limiting toxicity of glyphosate is not considered to confer resistance in 

GR biotypes of Canada fleabane and rigid ryegrass due to the restricted basipetal movement of 

glyphosate to regions containing EPSPS and minimal inhibition of the shikimate pathway (Feng 

et al. 2004; Geiger et al. 1999; Lorraine-Colwill et al. 2003). Resistance in these species can be 

attributed to the accumulation of glyphosate in the tips of treated leaves and reduced 

translocation to the roots and meristematic regions of the plant. EPSPS activity is highest in 

meristematic regions where products of the shikimate pathway are needed for plant growth; 
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therefore, glyphosate must translocate to actively growing regions of the plant to be effective 

(Arnaud et al. 1994; Shaner 2009). Feng et al. (2004) observed a 50% reduction in the amount of 

glyphosate translocated from the foliage to the roots of GR Canada fleabane biotypes from 

across the US. Similarly, GR biotypes of rigid ryegrass have demonstrated a 70% reduction in 

the amount of applied glyphosate translocated to the roots of treated plants (Lorraine-Colwill et 

al. 2003; Wakelin and Preston 2006). Postulated mechanisms to explain the altered translocation 

patterns of glyphosate include reduced phloem loading due to the inhibition of active glyphosate 

transporters, the removal of glyphosate from the chloroplast via active transport and the 

sequestration of glyphosate into cell vacuoles (Ge et al. 2010; Lorraine-Colwill et al. 2003; 

Shaner 2009). The exact mechanisms responsible for reduced translocation of glyphosate within 

GR biotypes are not well understood. 

1.4.6.3 Herbicide Sequestration 

 The inability of glyphosate to reach meristematic regions in GR Canada fleabane 

biotypes can be attributed to reduced translocation induced by increased vacuolar sequestration 

(Ge et al. 2010). Susceptible and resistant biotypes exhibit similar levels of foliar absorption and 

net cellular glyphosate uptake; however, glyphosate is more rapidly sequestered in the cell 

vacuoles of resistant biotypes (Feng et al. 2004; Ge et al. 2010). Ge et al. (2010) reported that 

glyphosate occupied approximately 85% and 15% of cell vacuole volume in resistant and 

susceptible plants at 1 DAA, respectively. The sequestration of glyphosate into plant cell 

vacuoles decreases the cytosolic concentration and the amount available for export to 

meristematic regions (Feng et al. 2004; Ge et al. 2010).  
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1.4.6.4 Enhanced Metabolism 

 The rate and extent of glyphosate metabolism is slow in most plant species. Glyphosate 

can be enzymatically metabolized by glutathione S-transferase (GST), glycosyl transferase, and 

cytochrome P450 to non-toxic metabolites such as AMPA, glyoxylate, and sarcosine (Gonzalez-

Torralva et al. 2012; Sprankle et al. 1975). The rapid decrease in cellular glyphosate 

concentration and the accumulation of metabolites suggests enhanced metabolism confers 

resistance in a GR Canada fleabane biotype from Spain (Gonzalez-Torralva et al. 2012). At 4 

DAA, glyphosate was completely metabolized by the GR biotype while the susceptible 

individuals only produced glyoxylate. Enhanced herbicide metabolism reduces cellular 

concentrations and limits the amount glyphosate that can translocate and inhibit EPSPS. 

1.4.7 Glyphosate-Resistant Waterhemp 

GR waterhemp was first identified in soybean fields in Platte and Holt counties of 

Missouri in 2005 and has since been identified in 18 additional US states and Ontario, Quebec 

and Manitoba (Heap 2020; Legleiter and Bradley 2008;). Glyphosate resistance in waterhemp 

can be conferred by multiple mechanisms including gene amplification, target site alteration, 

reduced absorption, reduced translocation, and vacuolar sequestration (Bell et al. 2013; Chatham 

et al. 2015b; Nandula et al. 2013). The obligate requirement of waterhemp to cross pollinate and 

resultant genetic variability enables it to evolve multiple mechanisms of glyphosate resistance 

(Nandula et al. 2013).  

Bell et al. (2009) was the first to identify gene amplification as a mechanism of 

glyphosate resistance in a waterhemp biotype from Missouri. Subsequently, gene amplification 

has been identified in the majority of Illinois waterhemp populations and has been suggested to 
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be the primary mechanism of glyphosate resistance in waterhemp (Chatham et al. 2015b). Like 

Palmer amaranth, higher glyphosate rates can select for individuals with greater EPSPS gene 

copy number and a corresponding higher level of resistance to glyphosate (Chatham et al. 2015a; 

Gaines et al. 2010). Dillon et al. (2017) suggested waterhemp only needs 3 EPSPS copies to 

survive a field rate of glyphosate (865 g a.e. ha-1), which is fewer than that required by Palmer 

amaranth. Susceptible individuals analyzed by Chatham et al. (2015b) contained an average 

EPSPS gene copy number of 0.98; a gene copy number of 1.4 was considered to be elevated. 

Within waterhemp populations, individuals with gene amplification vary in EPSPS copy number, 

ranging from 2 to 29, and which provide varying levels of resistance from 2- to 19-fold 

(Chatham et al. 2015b; Kreiner et al. 2018; Nandula et al. 2013). The glyphosate resistance 

factor due to gene amplification is influenced by EPSPS gene copy number and weed species. 

Native A. tuberculatus biotypes from Walpole Island, Ontario express more copies of 

EPSPS than A. rudis biotypes across the US Midwest and Essex County, Ontario with an average 

of 9, 5, and 4 copies, respectively (Kreiner et al. 2018). Kreiner et al. (2018) identified two 

waterhemp individuals from Walpole Island with up 29 EPSPS copies. In contrast, EPSPS 

amplification occurs more commonly in the US Midwest populations with 83% of individuals 

exhibiting gene amplification, compared to 70% and 52% of individuals in Walpole Island and 

Essex biotypes, respectively (Kreiner et al. 2018). The Walpole Island biotype can be 

differentiated from Essex County and US Midwest biotypes by EPSPS copy number, which 

suggests that glyphosate resistance evolved on Walpole Island from independent selection 

events. The lack of differentiation between US Midwest and Essex County biotypes reinforces 

previous literature that suggest GR individuals were introduced into Essex County, rather than 

via pollen migration to a native population (Costea et al. 2005; Kreiner et al. 2018). The transfer 
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of glyphosate resistance due to pollen mediated gene flow from Palmer amaranth to other 

Amaranthus species such as smooth pigweed and waterhemp has been documented (Gaines et al. 

2012; Liu et al. 2012; Wetzel et al. 1999). Sarangi et al. (2017) showed that pollen-mediated 

gene flow declines by 50% and 90% at distances of < 3 and 88 m from the source, respectively. 

Gene amplification is a nuclear-inherited trait that can rapidly spread throughout waterhemp 

populations. 

The Pro106Ser substitution is the only known point mutation conferring resistance to 

glyphosate in waterhemp. The occurrence of the Pro106Ser point mutation in waterhemp 

represents its first documentation in a dicot weed species (Nandula et al. 2013). EPSPS DNA of 

susceptible and resistant waterhemp biotypes were sequenced by Nandula et al. (2013), which 

revealed the Pro106Ser mutation was due to the same single nucleotide change of thymine to 

cytosine present in biotypes of goosegrass and rigid ryegrass (Nandula et al. 2013; Baerson et al. 

2002; Simarmata and Penner 2008). Waterhemp plants with the Pro106Ser mutation can be 

controlled by higher glyphosate application rates (Bell et al. 2013). The Pro106Ser mutation 

provides a low level of glyphosate resistance in waterhemp; therefore, highly resistant 

individuals must contain other mechanisms to confer high levels of resistance observed in some 

biotypes (Bell et al. 2013; Chatham et al. 2015b). Reduced absorption and translocation have 

been documented in waterhemp populations (Nandula et al. 2013). Susceptible and resistant 

individuals can take up approximately 40% of applied glyphosate within the first 24 hours after 

application. Uptake by resistant individuals tends to plateau 1 DAA, whereas susceptible plants 

can absorb up to 55% by 2 DAA. GR waterhemp can retain higher concentrations of glyphosate 

in treated leaves; leaf tissue analyses have shown 23% and 32% of glyphosate is translocated out 

of GR and glyphosate-susceptible plant leaves 48 hours after treatment, respectively (Nandula et 
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al. 2013). The accumulation of glyphosate in treated leaves and restricted movement within 

resistant waterhemp plants is similar to rigid ryegrass, goosegrass and Canada fleabane (Feng et 

al. 2004; Lorraine-Colwill et al. 2003; Nandula et al. 2013). This suggests another mechanism, 

possibly vacuolar sequestration, can prevent the translocation of glyphosate out of treated leaves 

to meristematic regions of the plant.  

1.5 Photosystem II Inhibitors and Atrazine  

 PS II-inhibitors are an important component of weed management in crop production. 

The PS II-inhibitors comprise Weed Science Society of America Groups 5, 6, and 7 (Shaner et 

al. 2014). PS II-inhibitors include the following herbicide families: Group 5 - triazines, 

pyridazinones, and uracils; Group 6 - benzothiadiazoles and benzonitriles; and Group 7 - 

substituted ureas. These herbicides have the same MOA and bind to the same protein; however, 

they differ regarding the specific binding site which is why they are classified into three separate 

groups (Shaner et al. 2014; Wildner et al. 1990). The binding site specificity of these groups 

enables PS II-inhibitors to be used in rotation without often selecting for cross-resistance. PS II-

inhibitors can be further classified as classical – atrazine, metribuzin, and linuron, or fast-acting 

– bromoxynil and bentazon (Wildner et al. 1990). This section will focus on the most commonly 

used PS II-inhibitor in corn production, atrazine. 

1.5.1 Mode of Action 

 PS II-inhibitors target the photosynthesis light reaction that occurs in PS II. These 

herbicides bind to the QB binding site on the D1 protein of PS II located in chloroplast thylakoid 

membranes (Hess 2000; Shaner et al. 2014). Due to the low binding affinity between 

plastoquinone and the QB binding site, PS II-inhibitors readily displace plastoquinone effectively 
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blocking electron transport from QA to QB (Hankamer et al. 1997; Hess 2000). The inhibition of 

electron transport stops CO2 fixation and the production of ATP and NADPH2; however, plant 

death does not result from the depletion of photosynthates, but rather indirectly from the 

accumulation of energy in the PS II complex (Hess 2000; Shaner et al. 2014). When electron 

transport is inhibited, the exchange of energy between singlet chlorophyll and the PS II complex 

is prevented, which leads to the accumulation of the reactive oxygen species (ROS) singlet 

oxygen and triplet chlorophyll. Carotenoids typically quench ROS produced during 

photosynthesis; however, the overproduction of ROS exceeds the capacity of carotenoids to 

quench ROS produced resulting in lipid peroxidation (Hankamer et al. 1997). Accumulation of 

ROS is the ultimate cause of cell death through the peroxidation of lipids and destruction of cell 

membranes (Hess 2000; Shaner et al. 2014). The overproduction of ROS results in a loss of cell 

integrity and death with the corresponding herbicide injury symptoms of chlorosis, necrosis, and 

ultimately plant death. 

1.5.2 Synergistic Interactions 

 Tank-mixing herbicides can have a substantial impact on herbicide efficacy. Colby’s 

equation is often used to determine if an interaction between two or more herbicides is 

antagonistic, additive, or synergistic (Colby 1967). Herbicides that are synergistic when tank-

mixed provide a higher level of weed control when applied in combination compared to the 

expected control based on their efficacy applied individually. Contrariwise, herbicides that are 

antagonistic reduce the level of weed control compared to the control expected of the herbicides 

applied alone. 



44 

 

Tank-mixes of PS II- and HPPD-inhibitors frequently results in a synergistic increase in 

weed control (Armel et al. 2009; Hugie et al. 2008; Williams et al. 2011). HPPD-inhibitors 

inhibit the biosynthesis of homogentisate, a precursor for the production of tocopherols and 

plastoquinone. Plastoquinone serves as an electron transporter on the D1 protein of PS II and is a 

co-factor in carotenoid synthesis (Armel et al. 2009; Hankamer et al. 1997). The inhibition of 

HPPD therefore reduces the competition for the QB binding site on the D1 protein due to the lack 

of plastoquinone, as a result, herbicides such as atrazine bind more efficiently (Armel et al. 

2009). Furthermore, the effects of ROS on lipid peroxidation and cell membrane destruction are 

enhanced due to reduced production of quenching antioxidants, tocopherols, and plastoquinone, 

and the decreased production of carotenoids. The complementary activity of the PS II- and 

HPPD-inhibitors is well documented. Several studies have shown synergism between PS II- and 

HPPD-inhibitor tank mixes for the control of broadleaf weeds including common lambsquarters, 

giant ragweed, Canada fleabane, waterhemp, and Palmer amaranth (Abendroth et al. 2006; 

Armel et al. 2009; Benoit et al. 2019b; Khort and Sprague 2017b; Woodyard et al. 2009). In 

waterhemp, POST applications of atrazine alone and in combination with isoxaflutole, 

mesotrione, topramezone, tembotrione, and tolpyralate provided 65%, 86%, 94%, 87%, 98%, 

and 97% control at 12 WAA, respectively (Benoit et al. 2019b). Similarly, atrazine applied 

alone, and in a tank-mix with mesotrione, tembotrione, tolpyralate, and topramezone applied to 8 

cm tall Palmer amaranth provided 61%, 97%, 96%, 98%, and 97% control, respectively (Khort 

and Sprague 2017b). The synergism of PS II- and HPPD-inhibitor tank-mixes results in a 

broader spectrum of weeds controlled, an increase the level of weed control, and more consistent 

weed control (Armel et al. 2009; Benoit et al. 2019b; Chahal and Jhala 2018; Khort and Sprague 

2017b; Williams et al. 2011).  
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1.5.3 Atrazine 

1.5.3.1 Herbicidal Use 

Atrazine (2-chloro-4-(ethylamino)-6-(isopropylamino)-s-triazine) was first 

commercialized in 1958, and has been used extensively in corn, sorghum (Sorghum bicolor L.), 

sugarcane (Saccharum officinarum L.), and turf (Patzoldt et al. 2003; Williams et al. 2011). 

There are 13 commercial herbicide products registered currently with the Canadian Pest 

Management Regulatory Agency that include atrazine as one of the active ingredients (Health 

Canada 2019a). The most common trade name associated with atrazine is AATREX® LIQUID 

480 (Anonymous 2019a; Health Canada 2019a). Atrazine is an apoplastically translocated 

herbicide that controls many annual broadleaf weeds and certain annual grasses (Anonymous 

2019a; OMAFRA 2018b). Common annual broadleaf weeds controlled by atrazine include 

ladysthumb (Persicaria maculosa Gray), jimsonweed (Datura stramonium L.), common 

lambsquarters, and pigweed species (OMAFRA 2018b). Wild oats (Avena fatua L.) is one of the 

few annual grasses controlled by atrazine. Residual weed control, broad-spectrum broadleaf 

weed control, wide window of application, and low cost contributed to atrazine being the most 

widely used herbicide in 1983 for weed control in Ontario corn production (Farm & Food Care 

2015; Woodyard et al. 2009). Atrazine use declined by approximately 83% between 1983 and 

2013 due to reduced application rates; however, in terms of treated hectares, it is still the most 

widely applied herbicide in corn production (Farm and Food Care 2015; NASS 2019). The 

decrease in atrazine use during this period can be attributed to the reduction of the maximum 

label rate of atrazine, increased use of glyphosate due to the adoption of GR corn, and the 

commercialization of new corn herbicides (Duke and Powles 2009; Farm & Food Care 2015). 
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Atrazine remains an important herbicide in corn production due to its low-cost, residual activity, 

and complementary activity with many corn herbicides. 

1.5.3.2 Absorption and Translocation 

 Atrazine is readily absorbed by the roots and foliage of actively growing plants. Atrazine 

is rapidly absorbed during the first two hours after application, followed by a period of slower 

uptake (Price and Balke 1982; Smith and Nalewaja 1972). Atrazine readily enters roots via 

diffusion across the cell membrane into the xylem where it can be translocated in the flow of 

water (Price and Balke 1983). Atrazine predominantly moves acropetally in transpiring plants 

and accumulates near the leaf tip and margins (Roeth and Lavy 1971; Thompson et al. 1970). 

Higher rates of evapotranspiration by older leaves cause atrazine to accumulate in increasing 

concentrations, in turn causing older growth to exhibit symptomology sooner. Weather 

conditions that increase evapotranspiration, such as higher temperature and low relative 

humidity, result in more rapid development of herbicide injury symptoms due to increased 

absorption and translocation (Dexter et al. 1966; Price and Balke 1982; Smith and Nalewaja 

1972; Thompson et al. 1970). When atrazine is applied POST, it remains in treated leaves and 

cannot move to other plant structures because it does not translocate basipetally (Dexter et al 

1966). The amount of atrazine taken up by plant foliage depends on herbicide interception, 

retention, and absorption (Smith and Nalewaja 1972). Foliar uptake of atrazine is improved with 

the addition of an oil-based adjuvant such as ASSIST® (Anonymous 2011; Grains Research & 

Development Corporation 2012). Adjuvants solubilize the waxy leaf cuticle and reduce the 

evaporation of spray droplets which increases the absorption and penetration of the herbicide. 

Adjuvants can also reduce the surface tension of spray droplets allowing them to cover a greater 

leaf area which increases the rate and amount of herbicide absorption (Dexter et al. 1966; Grains 
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Research & Development Corporation 2012). The absorption and translocation of atrazine reflect 

its selectivity and spectrum of weed control. 

1.5.3.3 Biological Activity and Symptomology 

 Susceptible plants typically show atrazine symptomology in the older growth first 

(Thompson et al. 1970). Plant structures with greater evapotranspiration rates, such as older 

leaves, experience higher water losses due to evapotranspiration which leads to an increase in the 

concentration of atrazine deposited at the leaf tips and margins (Roeth and Lavy 1971; Shaner et 

al. 2014; Thompson et al. 1970). Sensitive weeds sprayed with a classical PS II-inhibitors 

herbicide develop injury symptoms over the course of several days, whereas injury from fast-

acting PS II-inhibitors can appear in as little as one day (Hess 2000; Shaner et al. 2014). The first 

signs of injury include interveinal chlorosis of leaves and the yellowing of the leaf tip and 

margins, followed by marginal chlorosis and complete necrosis (Hess 2000; Shaner et al. 2014). 

Plants first become chlorotic due to the destruction of chlorophyll by ROS created through the 

inhibition of the PS II complex (Hess 2000). Necrosis eventually occurs due to the destruction of 

cell membranes caused by subsequent lipid peroxidation. Plants treated with a PS II-inhibitor 

develop injury faster at higher levels of PAR. Similarly, stress induced by cool, wet weather 

conditions in the 48-hour period after application, followed by a period of high temperature and 

PAR levels can cause symptomology to develop in species that are not normally susceptible to 

the triazine herbicides (Thompson et al. 1970). Tolerant monocot species such as corn can be 

injured from the accumulation of atrazine in plant tissue as a result of increased foliar absorption 

and reduced metabolism under stressful conditions. 
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1.5.3.4 Metabolism and Degradation 

The primary basis of selectivity with atrazine is enhanced metabolism by tolerant species 

(Obien and Green 1969; Shimabukuro 1968). Atrazine can undergo degradation via several 

different metabolic pathways that produce a variety of primary metabolites ranging in 

phytotoxicity (Roeth and Lavy 1971; Shaner et al. 2014; Shimabukuro et al. 1970). The 

production of metabolites is species-specific, with the primary difference occurring between 

grass and broadleaf weed species (Shimabukuro 1968; Shimabukuro and Swanson 1969). Corn is 

a unique grass that displays a naturally high tolerance to atrazine due to its ability to rapidly 

degrade the herbicide to non-phytotoxic metabolites (Smith and Nalewaja 1972). A study by 

Smith and Nalewaja (1972) examined atrazine metabolism in corn leaves and found 60% of 

atrazine remained 4 hours after application and less than 2% remained at 24 hours. Atrazine can 

be metabolized by corn via three degradation pathways which include N-dealkylation, 

hydroxylation, and tripeptide glutathione (GSH) conjugation (Shimabukuro 1968; Shimabukuro 

et al. 1970). The primary metabolite found in corn leaves is GS-atrazine which is produced from 

the conjugation of atrazine and glutathione via GSH (Shimabukuro et al. 1970). GS-atrazine is 

found more abundantly in leaf tissue than phytoatrazine; therefore, GSH conjugation has been 

suggested to be the primary metabolic pathway for foliar applied atrazine. N-dealkylation of 

atrazine represents a minor route of atrazine metabolism in corn (Roeth and Lavy 1971; 

Shimabukuro 1968; Shimabukuro et al. 1970). When measured by Roeth and Lavy (1971), 16% 

and 59% of atrazine was degraded to dealkylated compounds and hydroxyatrazine, respectively. 

The hydroxylation of atrazine to hydroxyatrazine is non-enzymatically catalyzed by 

benzoxazinone and represents the predominant metabolic pathway in corn roots (Palmer and 

Grogan 1965; Shaner et al. 2014; Shimabukuro 1968). This metabolic pathway endows a very 
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high tolerance to triazine herbicides since hydroxyatrazine is 300-fold less phytotoxic than 

atrazine (Roeth and Lavy 1971). Broadleaf weeds are more susceptible to triazine herbicides 

given their predominant metabolism pathway is via N-dealkylation which produces compounds 

that are only 5- to 25-fold less phytotoxic than atrazine (Roeth and Lavy 1971; Shimabukuro 

1968). The susceptibility of different plant species to atrazine is based on their ability to 

metabolize the herbicide to non-phytotoxic metabolites. 

 There are multiple factors that influence the persistence of atrazine in the soil 

environment. Atrazine is susceptible to breakdown by chemical degradation (hydrolysis), photo-

degradation, and microbial degradation to a multitude of metabolites (Mandelbaum et al. 1993; 

Obien and Green 1969). Environmental factors such as soil type, pH, organic matter, 

temperature, and precipitation affect the rate and degree of atrazine degradation (Obien and 

Green 1969). Of these factors, soil pH has the largest influence on atrazine persistence due to its 

association with hydroxylation, the predominant degradation pathway (Armstrong and Chesters 

1968; Obien and Green 1969; Shaner et al. 2014). In contrast, photodegradation contributes the 

least to the degradation of atrazine; however, microbial degradation has a significant effect on its 

soil half-life (Krutz et al. 2008; Mueller et al. 2017; Shaner and Henry 2007). Reports across 

several US corn producing states indicate that the residual activity of atrazine has been reduced 

by the adaptation of microbial communities to rapidly metabolize the herbicide in the soil 

environment (Krutz et al. 2008; Mueller et al. 2017; Shaner and Henry 2007). Krutz et al. (2008) 

observed an average 13-fold reduction in the half-life of atrazine in soils from Colorado and 

Mississippi. Half-lives ranged from 1 to 12 and 32 to 128 days for fields with and without a 

history of atrazine use, respectively (Krutz et al. 2008). The reduced persistence of atrazine in the 
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soil environment due to increased microbial activity may have implications on its future use as a 

major corn herbicide. 

1.5.3.5 Resistance 

 The repeated and extensive use of the triazine herbicides has led to the evolution of 

resistant weed biotypes. The first case of triazine resistance was reported in 1970 in common 

groundsel (Senecio vulgaris L.) in Washington, US with simazine and atrazine (Heap 2020; 

Ryan 1970). Resistance to the PS II-inhibitors has now been identified in 74 weed species 

globally (Heap 2020). There are 11 triazine-resistant weed species in Ontario including common 

lambsquarters, common ragweed, redroot pigweed, and waterhemp. Triazine resistance can be 

conferred by several mechanisms including an altered target site, reduced absorption, reduced 

translocation, and enhanced metabolism (Gray et al. 1996; Hirschberg and McIntosh 1983; Ma et 

al. 2013; Svyantek et al. 2016). The most common mechanism of triazine resistance is the 

modification of the target site caused by amino acid substitutions or deletions in the psbA gene 

that codes for the D1 protein of the PS II complex (Oettmeier 1999). Mutations in the psbA gene 

can involve single, double, or triple amino acid substitutions. There are currently eight known 

psbA gene mutations that confer resistance to the triazine herbicides with serine to glycine at 

position 264 (Ser264Gly) being the most common (Hirschberg and McIntosh 1983; Oettmeier 

1999). The Ser264Gly point mutation was first identified by Hirschberg and McIntosh (1983) and 

confers a high level of resistance (Oettmeier 1999). The PS II complex of plants with this 

mutation contains an altered D1 protein with a reduced binding affinity for triazine herbicides 

(Hirschberg and McIntosh 1983). The Ser264Gly removes the hydroxymethyl group associated 

with serine that binds triazine herbicides through hydrogen bonds created with their amino side 

chain (Oettmeier 1999). The binding affinity of PS II-inhibitors and cross-resistance conferred 
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by amino acid substitutions is point mutation specific (Wildner et al. 1990). Cross-resistance to 

the PS II-inhibitors often occurs within, but not between, herbicide families due to their specific 

binding sites. In addition, weed species such as annual bluegrass (Poa annua L.), velvetleaf, and 

waterhemp may also exhibit triazine resistance through enhanced metabolism (Gray et al. 1996; 

Ma et al. 2013; Svyantek et al. 2016). Glutathione-S-transferase (GST) catalyzes the conjugation 

of GSH with atrazine to form GS-atrazine, a compound that is essentially non-phytotoxic to 

plants that can reside in leaves without causing injury (Gray et al. 1996). Moreover, the same 

annual bluegrass biotype has also been found to exhibit atrazine resistance through reduced 

absorption and translocation (Svyantek et al. 2016). Even though there is widespread triazine-

resistance, the PS II-inhibitors remain an integral part of weed management in crop production. 

1.6 HPPD-Inhibitors 

1.6.1 Introduction 

HPPD-inhibitors are widely used for managing weeds in field corn production. HPPD-

inhibitors represent a relatively new MOA, they were discovered by scientists at Stauffer 

Chemical in 1977 (Beaudegnies et al. 2009). The observation of few plants growing beneath the 

bottlebrush tree (Callistemon citrinus) led to the identification of the root exudate, 

leptospermone; its herbicidal properties were later patented in 1980 (Mitchell et al. 2001). The 

discovery of the first HPPD-inhibitor family, the triketones, was more unexpected; in 1982, 

Zeneca chemists at the Western Research Center working to synthesize new acetyl-CoA 

carboxylase (ACCase) inhibitors generated a benzoyl moiety that induced similar bleaching 

symptoms as leptospermone (Beaudegnies et al. 2009; Mitchell et al. 2001). The combination of 

the benzoyl moiety with the syncarpic acid unit of leptospermone increased herbicidal activity 

and broadened the spectrum of weed control; however, these derivatives were not selective to 



52 

 

corn and were persistent in the soil profile. The removal of substituents produced the benzyl 

cyclohexane-1,3-diones, the first triketone herbicides, with increased selectivity to corn, and a 

broader spectrum of weed control and increased herbicidal activity (Beaudegnies et al. 2009). 

Consequently, sulcotrione was the first HPPD-inhibitor registered for use in US corn production 

in 1993 followed by isoxaflutole, mesotrione, topramezone, tembotrione, pyrasulfotole, 

bicyclopyrone, and tolpyralate in 1996, 2001, 2006, 2007, 2008, 2015, and 2018, respectively 

(Ahrens et al. 2013; Mitchell et al. 2001; US EPA 2007; US EPA 2015; Williams et al. 2011). 

The aforementioned herbicides comprise Weed Science Society of America Group 27 and 

belong to the isoxazole (isoxaflutole), triketone (mesotrione and tembotrione), and pyrazolone, 

also known as the benzoylpyrazole (topramezone, tolpyralate, and pyrasulfotole), herbicide 

families (Shaner et al. 2014).  

 HPPD-inhibitors are known for inducing the characteristic white bleaching symptoms 

associated with inhibition of carotenoid synthesis (Lee et al. 1997). Herbicides that inhibit 

carotenoid biosynthesis can be classified into four groups based on their site-of-action: inhibitors 

of carotenoid biosynthesis site-of-action unknown (Group 11), inhibitors of phytoene desaturase 

(PDS) (Group 12), inhibitors of 1-deoxy-D-xyulose 5-phosphate synthase (DOXPS) (Group 13), 

and inhibitors of HPPD (Group 27) (Ferhatoglu and Barrett 2006; University of California 2020). 

The term “bleachers” is often used to describe the various herbicides belonging to these groups; 

however, their sites-of-action should not be amalgamated as they are drastically different 

(Bartels and Watson 1978; Schultz et al. 1993). 
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1.6.2 Mode of Action 

 The competitive inhibition of the HPPD-enzyme is unique to the Group 27 herbicides. In 

photosynthetic organisms, the HPPD enzyme catalyzes the conversion of 4-

hydroxypheynylpyruvate (HPP) to homogentisate (HGA), which serves as a precursor for the 

production of α- and β-tocopherols and plastoquinone (Fritze et al. 2004; Lindblad et al. 1970). 

The condensation of HGA with phytyl disphosphate (PDP) via phytyltransferase (HTP) and with 

solanesyl diphosphate (SDP), via homogentisate solanesyl transferase (HST), yields 2-methyl-6-

phytyl-1,4-benzoquinol (MBPQ) and 2-methyl-6-solanesyl-1,4-benzozuinol (MSBQ), 

respectively (Collakova and DellaPenna 2001). MBPQ serves as an intermediate for the 

biosynthesis of α- and β-tocopherols and MSBQ serves as a precursor to the formation of 

plastoquinone. Plastoquinone serves as an electron carrier in the light reactions of PS II and is an 

essential cofactor for the phytoene desaturase enzyme that is required for carotenoid biosynthesis 

(Hankamer et al. 1997; Norris et al. 1995; Schultz et al. 1993). Plastoquinone and tocopherols 

serve as antioxidants that quench ROS, such as singlet oxygen and triplet chlorophyll, that are 

produced during photosynthesis at high light intensity (Ahrens et al. 2013; Collakova and 

DellaPenna 2001). While also an antioxidant, carotenoids dissipate excess energy absorbed by 

chlorophyll molecules that would otherwise result in the formation of high-energy triplet 

chlorophyll and subsequent development of singlet oxygen (Siefermann-Harms 1987). 

The binding-site for all HPPD-inhibitors is located at the centre of the HPPD-enzyme. At 

this juncture, the iron molecule of the ‘open’ form of the HPPD-enzyme binds with the chelating 

moiety of the herbicide (Ahrens et al. 2013; Frtize et al. 2004). Differences in acidity caused by 

various substituents on the aromatic ring structure can alter the binding affinity of HPPD-

inhibitors (Lee et al. 1998). The successful inhibition of the HPPD-enzyme indirectly prevents 
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carotenoid production through the reduction of phytoene desaturase activity due to the shortage 

of plastoquinone (Norris et al. 1995). Taken together, the shortage of carotenoids, plastoquinone, 

and tocopherols rid the plant of the ability to protect chlorophyll and quench ROS that cause 

lipid peroxidation and cell membrane destruction (Pallett et al. 1998; Schultz et al. 1993). The 

loss of chlorophyll and accumulation of ROS creates the characteristic white bleaching followed 

by necrosis and eventual plant death. 

1.6.3 Absorption, Translocation and Symptomology 

The phytotoxicity of HPPD-inhibitors can, in part, be attributed to their absorption and 

translocation within susceptible plant species. In general, HPPD-inhibitors are rapidly taken up 

by the roots and leaves of actively growing plants and translocated via the xylem and phloem to 

various plant structures (Grossman and Ehrhardt 2007; Mitchell et al. 2001; Pallett et al. 1998). 

Plant uptake and activity of these herbicides is influenced by adjuvants, temperature, relative 

humidity, and PAR; however, sensitivity is weed species specific (Goddard et al. 2010; Grains 

Research & Development Corporation 2012; Grossman and Ehrhard 2007; Johnson and Young 

2002). When applied to the foliage of actively growing plants, the uptake of mesotrione, 

tembotrione, and topramezone can be increased with the addition of an adjuvant such as 

AGRAL® 90, HASTEN®, and MERGE®, respectively (Anonymous 2015b, 2018a, 2018b; 

Grains Research & Development Corporation 2012). Furthermore, the foliar absorption and 

translocation of HPPD-inhibitors, such as topramezone, by corn, giant foxtail, and shattercane is 

maximized under higher light intensities; nearly dark conditions can reduce foliar uptake and 

translocation by up to 50% (Grossman and Ehrhard 2007). Similarly, when the ambient air 

temperature is reduced from 22 to 8˚C, plant uptake and translocation can be reduced by 50% 

and 75%, respectively. Johnson and Young (2002) reported a 7-fold increase in the susceptibility 
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of large crabgrass (Digitaria sanguinalis L. Scop.) to mesotrione when temperature was reduced 

from 32 to 18˚C; however, this could be attributed to greater plant metabolism exhibited by C4 

weed species at higher temperatures. In contrast, McCurdy et al. (2009) found that the 

susceptibility of large crabgrass was not influenced by temperature. This finding is supported by 

Goddard et al. (2010) who suggest relative humidity has a greater effect on the foliar absorption 

of mesotrione by smooth crabgrass and tall fescue [Schedonorus phoenix (Scop.)]. Plant 

phytotoxicity increased 4- to 8-fold when relative humidity was increased from 50% to 90%. 

Weed species such as giant foxtail, shattercane (Sorghum bicolor L.) and corn can take up nearly 

80% of applied topramezone within the first 24 hours of application; up to 6% and 25% of which 

can be translocated to roots and shoots, respectively (Grossman and Ehrhard 2007). Under lower 

ambient temperatures, greater amounts of applied herbicide are taken up and translocated 

throughout the plant; higher temperatures promote more rapid herbicide degradation limiting the 

amount of translocation (Godar et al. 2015; Johnson and Young 2002). Pro-herbicides, such as 

isoxaflutole, depend on rapid plant metabolism to produce the phytotoxic metabolite 

diketonitrile; a less lipophilic derivative with limited plant uptake (Pallett et al. 2001). Pallett et 

al. (2001) reported 70% to 100% and 10% to 70% control of velvetleaf, redroot pigweed, 

barnyardgrass, green foxtail, and morningglory species (Ipomea spp.) with isoxaflutole and 

diketonitrile applied PRE, respectively (Pallett et al. 2001). Isoxaflutole is taken up by roots via 

passive diffusion due to the concentration gradient created between the root and soil; the rapid 

conversion of isoxaflutole to diketonitrile, and the ability of diketonitrile to translocate via the 

phloem once inside the plant, facilitate greater rates of isoxaflutole uptake (Pallett et al. 1998; 

Pallett et al. 2001). Under optimal conditions, the acropetal and basipetal movement of HPPD-
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inhibitors enables them to accumulate in meristematic regions of the plant and control 

susceptible plant species. 

Susceptible weed species treated with an HPPD-inhibitor often display reduced growth, 

chlorosis, and eventually necrosis (Pallett et al. 1998). Bleaching symptoms first appear in 

meristematic regions, leaf veins, and leaf margins (Grossman and Ehrhardt 2007). Older tissue is 

slower to develop symptoms; HPPD-inhibitors prevent carotenoid formation they do not affect 

existing carotenoids (Hankamer et al. 1997; Lee et al. 1998). The synthesis of new carotenoids 

occurs in meristematic regions of the plant which causes weeds to display symptomology in 

young tissue first. Characteristic white bleaching of leaf tissue develops within 2 to 3 days after 

application while leaf elongation is repressed, and growth is inhibited leading to complete 

necrosis and plant death (Grossman and Ehrhardt 2007). 

1.6.4 Metabolism and Selectivity 

HPPD-inhibitors are highly selective herbicides with a wide margin of crop safety in 

tolerant crops. The selectivity between corn and susceptible weed species has been estimated to 

be up to 1000-fold with HPPD-inhibitors such as topramezone (Grossman and Enrhardt 2007). 

The selectivity of HPPD-inhibitors can be attributed to differential metabolism, absorption, and 

target site sensitivity. Mesotrione, tembotrione, topramezone, isoxaflutole, and tolpyralate are 

rapidly metabolized by corn to non-phytotoxic derivatives (Grossman and Ehrhardt 2007; 

Mitchell et al. 2001). Isoxaflutole is a pro-herbicide that is biologically inactive until undergoing 

the first step of metabolism in plants and soil (Pallett et al. 1998; Taylor-Lovell et al. 2002). The 

first step of metabolism in corn occurs quite rapidly after absorption; the isoxazole ring is opened 

to yield diketonitrile, a phytotoxic derivative, which is further metabolized to the inactive 
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benzoic acid derivative. A study by Pallett et al. (1998) reported PRE applications of isoxaflutole 

caused corn, morningglory, and velvetleaf to accumulate an average 10%, 37%, and 90% 

diketonitrile which caused 5%, 55% and 100% bleaching 10 DAA, respectively. Similar rates of 

absorption and translocation of isoxaflutole and topramezone between corn and weed species 

suggest selectivity is strictly metabolism based; however, reduced absorption and HPPD-target 

site sensitivity also provide selectivity of corn to mesotrione (Grossman and Ehrhardt 2007; 

Mitchell et al. 2001; Pallett et al. 1998). Mesotrione is more phytotoxic to susceptible weed 

species than corn due to greater herbicide uptake and sensitivity of the HPPD target site 

(Mitchell et al. 2001). Rapid cytochrome P450 monooxygenase mediated metabolism allows 

corn to detoxify mesotrione rapidly to 4-hydroxymesotrione and 2-amino-4-methylsulfonyl 

benzoic acid (AMBA) before it can be translocated to meristematic regions (Edmunds and 

Morris 2012; Kaundun et al. 2017). 

The activity of the cytochrome P450 enzyme can affect the tolerance of corn hybrids to 

HPPD-inhibitors. Despite the same metabolic pathway, certain sweet corn hybrids can display 

varying levels of tolerance to mesotrione, tembotrione, and topramezone (Williams and Pataky 

2010). Hybrids that are homozygous for the mutated cytochrome P450 (cyp) allele are sensitive 

to HPPD-inhibitors, while hybrids containing at least one functional cytochrome P450 (CYP) 

allele, either heterozygous or homozygous, are rarely injured at registered use rates (Williams 

and Pataky 2010). In contrast, corn hybrids normally tolerant to HPPD-inhibitors can experience 

injury due to reductions in plant metabolism and excessive herbicide uptake caused by adverse 

weather conditions such as hot or cold temperatures, high relative humidity, or excessive rainfall 

following application (Taylor-Lovell et al. 2002; Williams and Pataky 2010). The rapid 

production of diketonitrile, and its increased solubility under wet conditions, can cause 
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isoxaflutole to exhibit “recharge activity” when applications made in dry conditions are followed 

by periods of increased moisture (Taylor-Lovell et al. 2002). The addition of herbicide safeners, 

such as isoxadifen-ethyl and cyprosulfamide, to tembotrione and isoxaflutole, respectively, 

increase crop safety and reduce the potential for crop injury (Williams and Pataky 2010). 

Safeners enhance the activity of metabolic enzymes, such as cytochrome P450, to rapidly 

convert HPPD-inhibitors to non-phytotoxic metabolites prior to translocation.  

Soil-applied HPPD-inhibitors, such as mesotrione and isoxaflutole, provide residual weed 

control that lasts beyond canopy closure (Pallett et al. 2001; Rouchaud et al. 2001). The length of 

residual provided by mesotrione and isoxaflutole is influenced by photodegradation, soil pH, soil 

moisture, soil microbial activity, and soil adsorption (Barchanska et al. 2016; Taylor-Lovell et al. 

2002). Mesotrione, isoxaflutole, and the diketonitrile derivative of isoxflutole have half-lives of 

34 to 50, 1.5 to 9.6, and 20 to 30 days, respectively (Dyson et al. 2002; Pallett et al. 2001; 

Rouchaud et al. 2001; Taylor-Lovell et al. 2002). Under dry conditions, the half-life of 

isoxaflutole can be up to 9.6 days; however, the addition of soil moisture can reduce it to just 1.5 

days (Taylor-Lovell et al. 2002). Mesotrione is a weak acid that is degraded more rapidly under 

high light intensity and in soils with a higher pH, increased microbial activity, and adequate soil 

moisture (Barchanska et al. 2016). Metabolic derivatives of the parent herbicides exhibit greater 

water solubility which enables them to move more easily throughout the soil profile (Barchanska 

et al. 2016; Pallett et al. 2001). 

1.6.5 Application, Activity and Spectrum of Weed Control 

The widespread use of HPPD-inhibitors can be attributed to broad spectrum weed control 

and excellent crop safety. Pyrasulfotole is the only HPPD-inhibitor not used in corn and 
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represents the first to be registered for use in cereal crops. In Ontario, pyrasulfotole is applied 

POST, either in the fall or spring, for the control of common chickweed (Stellaria media (L.) 

Cyrillo), lambsquarters, nightshade (Solanum spp.), velvetleaf, and Canada fleabane (van 

Almsick 2012; Mahoney et al. 2016; OMAFRA 2018b). In corn, mesotrione, bicyclopyrone, and 

isoxaflutole are registered as PP, PRE, and POST applications while tembotrione, topramezone, 

and tolpyralate are only applied POST (Anonymous 2015b, 2018a, 2018b, 2019b, 2019e, 2019f). 

In general, HPPD-inhibitors provide full-season control of annual broadleaves and some annual 

grass weed species. Mesotrione is the most widely applied HPPD-inhibitor and is the second 

most widely applied corn herbicide in the US following atrazine due to its excellent herbicidal 

activity and wide margin of crop safety (NASS 2019). In 2018, mesotrione was used on 42% of 

planted corn acres; a 15% increase in use since 2014 (NASS 2015, 2019). In Canada, mesotrione 

is an active ingredient in 21 registered products formulated as the sole active ingredient or in 

combination with other MOA (Health Canada 2020). Compared to sulcotrione, mesotrione has 

greater activity on a broader range of weed species (Rouchaud et al. 2001). Mesotrione controls 

numerous broadleaf weeds including Canada fleabane, green and redroot pigweed, giant 

ragweed, lambsquarters, velvetleaf, yellow nutsedge (Cyperus esculentus L.), and waterhemp 

(Mitchell et al. 2001; OMAFRA 2018b). Grass weed species controlled by mesotrione include 

barnyardgrass, wild-proso millet (Panicum miliaceum L.), smooth crabgrass [Digitaria 

ischaemum (Schreb.) Schreb. Ex Muhl.], and large crabgrass (Mitchell et al. 2001; Soltani et al. 

2012a). The addition of atrazine is recommended with mesotrione, isoxaflutole, topramezone, 

and tolpyralate (OMAFRA 2018b). The co-application of an HPPD-inhibitor with atrazine 

results in a broader range of weed species controlled, increased speed of activity, and more 

consistent weed control (Abendroth et al. 2006; Metzger et al. 2018b; Sutton et al. 2002). The 
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activity of HPPD-inhibitors on a broad spectrum of weeds coupled with few reported cases of 

resistance make these herbicides effective resistance management tools (Ahrens et al. 2013; 

Heap 2020). HPPD-inhibitors can be used in combination with other MOA to control weeds with 

resistance to acetolactate synthase (ALS-) (Group 2), PS II- (Group 5), EPSPS- (Group 9), and 

PPO-inhibitors (Group 14).  

HPPD-inhibitors applied to the soil prevent most weed seedlings from emerging. 

Mesotrione and isoxaflutole, applied PRE, are taken up by weed seedlings as they grow through 

the herbicide treated zone in the soil (Rouchaud et al. 2001; van Almsick 2012). The herbicidal 

activity and length of residual provided by these herbicides depends on the amount of soil 

moisture which regulates the rate of microbial degradation (Pallett et al. 2001; Rouchaud et al. 

2001; Taylor-Lovell et al. 2002). The length of residual weed control provided by isoxaflutole is 

extended under low rainfall conditions; however, the increased water solubility of diketonitrile 

causes it to be washed into the soil profile by heavy rainfall possibly causing injury to the crop 

(Pallett et al 2001; Taylor-Lovell et al 2002). 

1.6.6 Antagonisms with HPPD-Inhibitors 

 The control of several weeds can be reduced when ALS-inhibitors are applied in 

combination with mesotrione or topramezone. Control of green foxtail, yellow foxtail, and 

shattercane were reduced when sulfonylurea herbicides such as foramsulfuron, nicosulfuron, or 

rimsulfuron were co-applied POST with mesotrione or mesotrione + atrazine (Schuster et al. 

2004; Schuster et al. 2007). Poor control of these grass weed species can be attributed to reduced 

absorption and translocation of ALS-inhibitors within the plant when applied in combination 

with mesotrione (Schuster et al. 2007). In addition, the antagonistic effect of mesotrione on ALS-
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inhibitors is more pronounced at higher rates of mesotrione and when applied in combination 

with atrazine. In contrast, reduced control of large crabgrass and barnyardgrass caused by the 

addition of nicosulfuron to topramezone can be overcome with addition of atrazine (Kaastra et 

al. 2008). Reduced control of barnyardgrass and giant foxtail has been reported with tank-mixes 

of topramezone with nicosulfuron or nicosulfuron + rimsulfuron; in this case, the activity of the 

HPPD-inhibitor is being antagonized by the ALS-inhibitor. 

1.6.7 Sensitivity of Waterhemp to HPPD-Inhibitors 

HPPD-inhibitors exhibit a high degree of activity on waterhemp. In a study from Urbana, 

IL, mesotrione applied POST at 35 and 105 g ai ha-1 controlled waterhemp 43% to 67% and 53% 

to 75% 10 DAA, respectively (Woodyard et al. 2009). In this same study, atrazine (560 g ai ha-1) 

applied in combination with mesotrione at 35 and 105 g ai ha-1 synergistically improved 

waterhemp control and provided 84% to 98% and 94% to 99% control 10 DAA, respectively. 

Similarly, Vyn et al. (2006) reported excellent control of two Ontario waterhemp populations 

with mesotrione, applied PRE, providing 97% to 100% control 10 WAE. Environmental factors 

such as temperature and relative humidity can affect the sensitivity of waterhemp to mesotrione 

(Johnsons and Young 2002). Johnson and Young (2002) reported that temperature reductions 

from 32 to 18˚C and increasing relative humidity from 30% to 85% increased the sensitivity of 

waterhemp to mesotrione by 6- and 4-fold, respectively. Similar to mesotrione, tembotrione 

provided excellent waterhemp control of 81% and 98% at 12 WAA when applied PRE and 

POST, respectively (Benoit et al. 2019b). In this same study, isoxaflutole and topramezone, 

applied PRE controlled waterhemp 90% and 74% and applied POST controlled waterhemp 86% 

and 87%, respectively. An HPPD- sensitive waterhemp biotype was controlled with mesotrione, 

tembotrione, topramezone, and isoxaflutole, applied POST, at 26, 50, 5, and 50 g ai ha-1, 
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respectively; the low application rates suggest these herbicides are highly active on waterhemp 

(Kaundun et al. 2017). A study from the University of Nebraska-Lincoln reported that the dose 

of tolpyralate required to provide 90% visible control (ED90) of waterhemp 30 and 60 DAT was 

28 and 31 g ai ha-1, respectively; when applied in combination with atrazine, the ED90 was 

reduced to 12 and 16 g ai ha-1 at 30 and 60 DAT, respectively (Osipitan et al. 2018). Field trials 

from Ontario found tolpyralate + atrazine (30 + 1000 g ai ha-1), applied PRE and POST, 

controlled waterhemp 84% and 97%, respectively, at 12 WAA (Benoit et al. 2019b). HPPD-

inhibitors exhibit a high degree of activity on susceptible waterhemp populations. 

1.6.8 Resistance to HPPD-Inhibitors 

 Waterhemp has evolved resistance to multiple herbicide MOA including the HPPD-

inhibitors (Heap 2020). Waterhemp is the first weed species to evolve resistance to HPPD-

inhibitors and was first confirmed in a Henry County, Iowa seed corn field in 2009 (Heap 2020; 

McMullan and Green 2011). In this population, resistance developed under a consistent seed 

corn-soybean rotation with mesotrione + atrazine, applied POST, to corn. HPPD-inhibitor 

resistant waterhemp was reported in Iowa, Nebraska, and Missouri in 2009, 2011, and 2015, 

respectively (Hausman et al. 2011; Heap 2020; McMullan and Green 2011; Oliveira et al. 2017; 

Schultz et al. 2015). To date, HPPD-resistance has only been reported in two weed species, 

waterhemp and Palmer amaranth (Heap 2020). HPPD-resistant waterhemp has been reported 

across Iowa, Illinois, and Nebraska with cross-resistance to mesotrione, tembotrione, 

topramezone, and isoxaflutole (Hausman et al. 2011; Kaundun et al. 2017). Waterhemp 

populations from Iowa and Illinois exhibited up to 8- and 35-fold resistance to mesotrione, 

respectively, while in Nebraska, HPPD-resistant waterhemp displayed 18-, 5-, and 2-fold 

resistance to mesotrione, tembotrione, and topramezone, respectively (Hausman et al. 2011; 
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McMullan and Green 2011; Oliveira et al. 2017). Variation in resistance levels among published 

manuscripts may be due the sensitivity of the susceptible biotype used for comparison, the 

resistance profile of the resistant biotype, and waterhemp size at the time of herbicide application 

(Hausman et al. 2011; McMullan and Green 2011; Oliveira et al. 2017). A study by O’Brien et 

al. (2018) that compared resistance levels between Nebraska and Illinois waterhemp populations 

suggests they exhibit greater levels of resistance to mesotrione than isoxaflutole. Considering 

neither population was previously exposed to isoxaflutole, the mechanism of HPPD-resistance in 

waterhemp confers cross-resistance to other HPPD-inhibitors (Kaundun et al. 2017; O’Brien et 

al. 2018).  

 HPPD-resistance can be conferred by target site and non-target site mechanisms. In 

Palmer amaranth, resistance can be conferred by HPPD gene amplification and enhanced 

metabolism (Kupper et al. 2017; Nakka et al. 2017). Palmer amaranth populations from Kansas 

and Nebraska exhibited a 4- to 9-fold increase in HPPD gene expression due to upregulated 

mRNA levels for HPPD (Nakka et al. 2017). In contrast Ma et al. (2013) and Kaundun et al. 

(2017) reported similar levels of HPPD enzyme expression between susceptible and resistant 

biotypes and an absence of HPPD enzyme point mutations suggesting that HPPD-resistance in 

waterhemp is conferred by non-target site mechanisms. These studies also reported similar levels 

of mesotrione absorption between susceptible and resistant individuals; however, significantly 

less parent mesotrione was recovered in the leaves and meristems of resistant biotypes. Kaundun 

et al. (2017) reported the leaves of susceptible and resistant individuals retained 35% and 8% of 

parent mesotrione, respectively, and accumulated 36% and 81% of 4-hydroxymesotrione, 

respectively. Higher levels of parent mesotrione in corn and resistant waterhemp plants treated 

with mesotrione + malathion or tetcyclacis, potent inhibitors of cytochrome P450 
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monooxygenase (P450), indicates a similar mechanism of metabolic detoxification exists in corn 

and HPPD-resistant waterhemp (Hawkes 2012; Kaundun et al. 2017; Kreuz and Fonne-Pfister 

1992; Leah et al. 1991; Ma et al. 2013). In contrast, HPPD-resistance conferred by enhanced 

metabolism may be species specific; Lygin et al. (2018) suggests topramezone is degraded by a 

different metabolic pathway in waterhemp than corn. Analysis of the same waterhemp 

population studied by O’Brien et al. (2018) indicates topramezone is degraded to different 

metabolites in waterhemp than corn. In waterhemp, multiple metabolic enzymes may confer 

cross-resistance to HPPD-inhibitors. 

1.7 Hypothesis & Objectives 

1.7.1 Hypothesis 

1) MHR waterhemp will continue to expand its range across Ontario.  

2) The addition of atrazine will improve the control of MHR waterhemp in corn with HPPD-

inhibitors applied POST.  

3) Tolpyralate (30 g ai ha-1) + atrazine (560 g ai ha-1) will provide ≥ 80% control of MHR 

waterhemp in Ontario. 

4) Single-pass, two-pass, PRE, ePOST, and POST programs will control MHR waterhemp ≥ 

80%. 

1.7.2 Objectives  

1) To document the distribution and herbicide-resistance pattern of MHR waterhemp populations 

in Ontario.  
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2) To develop effective two-pass herbicide programs for the control of MHR waterhemp in 

Ontario using currently registered herbicides. 

3) To determine the efficacy of HPPD-inhibitors, applied POST, with and without atrazine for 

the control of MHR waterhemp. 

4) To determine the biologically effective dose (BED) of tolpyralate and tolpyralate + atrazine, 

applied POST, for the control of MHR waterhemp in corn. 

5) To evaluate the control of MHR waterhemp in corn with HPPD- + PS II-inhibitors applied 

PRE or POST emergence. 

6) To evaluate the control of MHR waterhemp in corn with currently registered herbicides 

applied ePOST.
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Chapter 2: Herbicide Programs for Control of Waterhemp 
[Amaranthus tuberculatus (Moq.) J. D. Sauer] Resistant to Three 
Distinct Modes of Action in Corn  

Christian Willemse, Nader Soltani, Lauren Benoit, David C. Hooker, Amit J. Jhala, Darren E. 

Robinson, and Peter Sikkema 

2.1 Abstract 

Control of waterhemp is becoming more difficult in Ontario as biotypes have evolved 

resistance to four herbicide modes of action (MOA) including groups 2, 5, 9, and 14. The 

objective of this study was to compare pre-emergence (PRE), post-emergence (POST), and PRE 

followed by (fb) POST herbicide programs for their effect on control, density, and biomass of 

multiple herbicide-resistant (MHR) waterhemp as well as corn injury and grain yield. Two 

separate field studies, each consisting of five field trials, were conducted over a two-year period 

(2018 and 2019) in corn in Ontario, Canada. The first experiment evaluated MHR waterhemp 

control with 4-hydroxyphenyl-pyruvate dioxygenase (HPPD) inhibitor containing programs 

applied PRE, HPPD-inhibitor containing programs applied PRE fb glufosinate applied POST, 

and glufosinate applied POST. The second experiment evaluated MHR waterhemp control with 

non-HPPD inhibitor containing programs applied PRE, non-HPPD inhibitor containing programs 

applied PRE fb mesotrione + atrazine applied POST, and mesotrione + atrazine applied POST. 

Atrazine + isoxaflutole caused up to 5% corn injury at E1; no corn injury was observed with 

PRE and POST herbicide programs at other environments. In general, S-

metolachlor/mesotrione/bicyclopyrone/atrazine and saflufenacil/dimethenamid-P, applied PRE, 

controlled MHR waterhemp ≥ 95% 12 weeks after POST application (WAA). A POST 

application of glufosinate following tolpyralate + atrazine PRE, and a POST application of 
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mesotrione + atrazine following dicamba/atrazine or S-metolachlor/atrazine PRE, improved 

control at 4, 8, and 12 WAA in most environments. In general, PRE fb POST applications 

resulted in better control of MHR waterhemp throughout the growing season than PRE and 

POST applications (P < 0.05). It is concluded that herbicide programs based on multiple 

effective MOA are available for effective control of MHR waterhemp in field corn and it is 

advisable that when choosing a herbicide program, excellent control of MHR waterhemp should 

be the goal given its high fecundity and competitive ability. 

2.2 Introduction 

Waterhemp is an extremely competitive, summer annual broadleaf weed that interferes 

with corn production. Waterhemp is difficult to manage due to its extended period of emergence, 

rapid growth rate, high fecundity, and dioecious reproductive system which enables it to thrive in 

diverse agricultural cropping systems (Hartzler et al. 1999; Sauer 1955). A broad range of 

environmental conditions are conducive for waterhemp germination, which enables it to emerge 

from spring to late autumn (Costea et al. 2005; Hartzler et al. 1999). In Ontario, Canada, 

waterhemp begins to emerge in May and continues to emerge through late October (Schryver et 

al. 2017c). Compared to early emerging annual weeds such as giant ragweed (Ambrosia trifida 

L.) and common lambsquarters (Chenopodium album L.), waterhemp emerges 5 to 25 days later 

which allows it to escape weed control tactics such as pre-plant tillage and early non-residual 

herbicide applications (Hartzler et al. 1999; Nordby and Hartzler 2004).  

Waterhemp is a dioecious weed species; male and female reproductive organs occur on 

separate plants and viable offspring are produced following fertilization via cross-pollination 

(Costea et al. 2005). Obligatory out-crossing increases the rapid recombination and spread of 
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genes between individual plants and populations thereby increasing the rate of herbicide 

resistance evolution (Bell and Tranel 2010; Liu et al. 2012). Following pollination, mature seed 

can be produced in as little as 10 to 14 days; seed typically germinates or degrades within the 

first five years in the soil profile (Bell and Tranel 2010; Burnside et al. 1996; Hartzler et al. 

1999). In contrast, when seed return is prevented, the soil seed bank can be depleted by more 

than 99% in four years; however, a single escape negates soil seed bank depletion efforts (Costea 

et al. 2005; Steckel et al. 2007). 

Waterhemp is native to the Great Plains region of the United States and is now present in 

18 states in the United States and three Canadian provinces (Heap 2020; Sauer 1957). Globally, 

waterhemp has evolved resistance to six herbicide modes of action (MOA) including acetolactate 

synthase inhibitors (Group 2), synthetic auxins (Group 4), photosystem II inhibitors (Group 5), 

5-enolpyruvyl shikimate-3-phosphate synthase inhibitors (Group 9), protoporphyrinogen oxidase 

inhibitors (Group 14), and 4-hydroxyphenyl-pyruvate dioxygenase (HPPD) inhibitors (Group 27) 

(Bell et al. 2013; Heap 2020; McMullan and Green 2011; Sarangi et al. 2019). In 2018, the first 

waterhemp biotype resistant to six herbicide MOA, groups 2, 4, 5, 9, 14, and 27, was confirmed 

in Missouri, with 16% of individuals possessing genes for six-way resistance (Shergill et al. 

2018). In Ontario, waterhemp was first found in a commercial field in Lambton County in 2002 

and has since been identified in ten other counties as of 2019 (Costea et al. 2005; Willemse 

unpublished). Waterhemp populations with multiple resistance to four herbicide MOA: Groups 

2, 5, 9, and 14 have been confirmed in Ontario with 35% of populations containing individuals 

that possess genes for four-way resistance (Benoit et al. 2020; Willemse unpublished). The 

adaptability of waterhemp to variable environments including the ability to survive and produce 
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seeds under water stress conditions (Sarangi et al. 2015a), its genetic diversity, prolific seed 

production, and propensity to evolve herbicide resistance necessitates the need for season-long 

control to eliminate weed seed return to the soil, reduce the evolution of herbicide resistance, and 

prevent movement to additional fields.  

Weed management programs that provide season-long control are crucial to reduce 

interference, yield loss, and weed seed return to the soil (Horak and Loughin 2000; Schryver et 

al. 2017b). In the absence of weed control measures, waterhemp interference can reduce corn 

yield up to 74% (Steckel and Sprague 2004). Corn is sensitive to early-season weed interference; 

the absence of weed interference during the critical weed free period from V1- to V11-growth 

(3- to 14-leaf) stage is required to prevent yield loss (Hall et al. 1992). Current methods for 

managing multiple-herbicide-resistant (MHR) waterhemp include the use of either preemergence 

(PRE) or postemergence (POST) herbicides, tank-mixing multiple effective MOA, rotating 

herbicides, rotating crops, and the strategic use of tillage (Benoit et al. 2019a; Schultz et al. 

2015). The HPPD-inhibitors exhibit a high degree of activity on waterhemp in corn, but often 

provide less than 100% control. Despite the evolution of resistance, atrazine is still widely used 

in corn weed management in herbicide premixes or tank-mixtures due to its synergism with 

HPPD-inhibitors and for control of other susceptible weed species (Khort and Sprague 2017b; 

NASS 2019; Woodyard et al. 2009). Glufosinate is a non-systemic herbicide that controls many 

common grass and broadleaf weeds (Anonymous 2019c). When used in early POST programs, 

glufosinate can be mixed with residual herbicides (Bradley et al. 2000; Tharp and Kells 2002). 

Glufosinate can also be used to manage glyphosate-resistant weeds and has activity on 



71 

 

waterhemp (Bradley et al. 2000; Jhala et al. 2017). An additional glufosinate application late in 

the season can improve season-long waterhemp control (Schultz 2015). 

Although there are reports on the use of PRE fb POST programs for broad spectrum weed 

control in corn, further studies are needed to develop PRE fb POST programs that specifically 

target MHR waterhemp given its prolificity and propensity to develop herbicide resistance. It is 

hypothesized herbicide programs consisting of HPPD-inhibitors PRE followed by (fb) 

glufosinate POST and PRE herbicides fb HPPD-inhibitors POST will provide greater MHR 

waterhemp control than PRE or POST-only herbicide programs. The objectives of these studies 

were to identify effective herbicide programs for control of MHR waterhemp in corn while 

upholding proper resistance management practices across various Ontario environments. 

2.3 Materials and Methods 

Two separate field studies were conducted over a two-year period (2018 and 2019). Each 

study consisted of five field trials conducted on Walpole Island, ON (42.561492ºN, -

82.501487ºW) and near Cottam, ON (42.149076ºN, -82.683687ºW). The first study investigated 

the efficacy of HPPD-inhibitor containing programs applied PRE, HPPD-inhibitor containing 

programs applied PRE fb glufosinate applied POST, and glufosinate applied POST. The HPPD-

inhibitor containing programs isoxaflutole + atrazine, S-

metolachlor/mesotrione/bicyclopyrone/atrazine, and tolpyralate + atrazine were selected to 

represent the isoxazole, triketone, and benzoyl pyrazole herbicide families, respectively. Atrazine 

and HPPD-inhibitors were tank-mixed at rates consistent with herbicide labels in Ontario. The 

second experiment evaluated non-HPPD-inhibitor containing residual herbicides applied PRE, 

non-HPPD-inhibitor containing residual herbicides applied PRE fb mesotrione + atrazine applied 
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POST, and mesotrione + atrazine applied POST. The three non-HPPD-inhibitor containing 

programs were S-metolachlor/atrazine, saflufenacil/dimethenamid-P, and dicamba/atrazine. 

Treatments in both experiments were selected based on previous studies that evaluated 

waterhemp control in Ontario (Benoit et al. 2019a, 2019b; Schryver et al. 2017b; Vyn et al. 

2006).  

Soil characteristics and herbicide application information of each environment are listed 

in Tables 2.1 and 2.2; the previous crop at all environments was either corn or soybean. The 

Cottam environment was not tilled in the autumn; it was cultivated twice in the spring following 

fertilizer application to prepare the seedbed for planting. The Walpole environments were disked 

in the autumn and cultivated twice in the spring following fertilizer application. Glyphosate- and 

glufosinate-resistant DKC45-65RIB (Monsanto, St. Louis, MO) corn was planted approximately 

4 cm deep at 83,000 seeds ha-1 in late-May to late-June (Table 2.1). Each plot measured 2.25 m 

wide (3 corn rows spaced 0.75 m) and 8 m long with a 2 m alley between blocks. Waterhemp 

populations at all environments were resistant to Group 2, 5, 9, and 14 herbicides (Willemse 

unpublished). Potassium salt of glyphosate was applied early POST at 450 g ae ha-1 to the entire 

experimental area to control glyphosate-susceptible waterhemp biotypes and all other weed 

species.  

Each experiment was designed as a randomized complete block with four replications. 

Each replicate included a nontreated control and a weed-free control. The weed-free control was 

maintained with S-metolachlor/mesotrione/bicyclopyrone/atrazine (1259/140/35/1259 g ai ha-1) 

applied PRE fb dicamba/atrazine (504/996 g ai ha-1) applied POST and subsequent hand weeding 

as required. The PRE, PRE fb POST, and POST applications were applied using a CO2-
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pressurized backpack sprayer equipped with a hand-held boom fitted with four 120-02 ultra-low 

drift (ULD) nozzles (Hypro/Pentair, New Brighton, MN). The CO2 backpack sprayer was 

calibrated to deliver a water volume of 200 L ha-1 at 240 kPa. PRE herbicides were applied 1-3 

days after planting and POST herbicides were applied when MHR waterhemp escapes were 10 

cm tall or when the corn crop reached the V6 growth stage, whichever occurred first.  

Crop injury was assessed visually at 2 and 4 weeks after emergence (WAE) on a scale of 

0 to 100; 0 representing no visible damage and 100 representing complete corn death. Weed 

control, a visual estimate of the decrease in MHR waterhemp biomass relative to the nontreated 

control, was evaluated at 4, 8, and 12 weeks after the POST application (WAA). Weed density 

and biomass were determined 4 WAA using two 0.25 m2 quadrats. The quadrats were randomly 

placed in each plot; MHR waterhemp within each quadrat was counted, cut at the soil surface, 

placed in a paper bag, and kiln-dried over a two week period to a constant moisture. Samples 

were then weighed using an analytical balance and biomass, presented as g m-2, was recorded. 

Grain corn yield (t ha-1) and harvest moisture (%) were obtained by harvesting two rows from 

each plot using a small plot combine. Grain yields were adjusted to 15.5% moisture content prior 

to statistical analysis. 

The two studies were analyzed separately. Data were subjected to ANOVA and analyzed 

using the PROC GLIMMIX procedure in SAS v9.4 (Raleigh, NC). For both studies, an initial 

mixed model analysis was conducted to evaluate site by treatment interactions. Replication and 

environment were random effects and herbicide treatment was considered the fixed effect. In 

both studies, treatment by environment interactions were significant (P < 0.05) for all 

parameters, with no difference between environments (E) 1 and E4, and E2, E3, and E5; 
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therefore, environments were combined into two groups: E1, E4 and E2, E3, and E5. A second 

mixed model analysis was conducted to evaluate herbicide treatment effects. Environments were 

analyzed as groups; replication was the random effect and herbicide treatment was the fixed 

effect. Analysis of MHR waterhemp control and corn yield did not require transformation. 

Density and biomass data for MHR waterhemp were analyzed on the natural log scale and means 

were back-transformed using the omega method (M. Edwards, Ontario Agricultural College 

Statistician, University of Guelph, personal communication). Normality was tested using the 

Shapiro-Wilk statistic conducted using PROC UNIVARIATE. Normality assumptions were 

confirmed by plotting residuals against the predicted estimates, treatments, environments, and 

replications. Non-orthogonal contrasts were used to compare PRE, POST, and PRE fb POST 

herbicide programs. Treatment means were separated using Tukey-Kramer grouping for Least 

Square Means. Statistical comparisons were based on P < 0.05.  

2.4 Results and Discussion 

2.4.1 MHR Waterhemp Control with HPPD-Inhibitor Containing Programs Applied PRE, 
HPPD-Inhibitor Containing Programs Applied PRE fb Glufosinate Applied POST and 
Glufosinate Applied POST 

Control of MHR waterhemp was comparatively lower at E1 and E4 due to greater plant 

density, biomass, and more competitive nature of Amaranthus tuberculatus var. rudis compared 

to Amaranthus tuberculatus var. tuberculatus at E2, E3, and E5 (Costea et al. 2005; Kreiner et al. 

2018; Steckel and Sprague 2004) (Table 2.4). Density of MHR waterhemp varied between 

environments and was 704 plants m-2 at E1 and E4 compared to 61 plants m-2 at E2, E3, and E5 

at 4 WAA (data not shown). Plant density and biomass of MHR waterhemp reflect control 

results which ranged from 57% to 99% with all PRE, PRE fb POST, and POST treatments (Table 

2.4). S-metolachlor/mesotrione/bicyclopyrone/atrazine resulted in better control of MHR 
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waterhemp, and greater reductions in density and biomass, than isoxaflutole + atrazine, 

tolpyralate + atrazine, and glufosinate 4 WAA at E1 and E4 (Tables 2.4 and 2.5). In contrast, all 

PRE herbicides controlled MHR waterhemp 95% to 99% 4, 8, and 12 WAA, and reduced density 

and biomass 68% to 100% at E2, E3, and E5. These findings are consistent with Benoit et al. 

(2019a) who reported 94%, 84%, and 93% MHR waterhemp control with PRE applications of S-

metolachlor/mesotrione/bicyclopyrone/atrazine, isoxaflutole + atrazine, and tolpyralate + 

atrazine, respectively at 4 WAA. Another study reported 97% control of a triazine-resistant 

waterhemp population 10 WAA with isoxaflutole + atrazine applied PRE (Vyn et al. 2006). 

Additionally, Sarangi and Jhala (2017) reported ≥ 95% control of glyphosate-resistant 

waterhemp with S-metolachlor/mesotrione/bicyclopyrone/atrazine applied PRE. Tolpyralate + 

atrazine applied PRE controlled MHR waterhemp the least of all PRE, PRE fb POST, and POST 

herbicide applications 4, 8, and 12 WAA at E1 and E4. Glufosinate resulted in 65% to 100% 

MHR waterhemp control 4, 8, and 12 WAA and reduced plant density and biomass 69% to 96% 

across all environments. This is consistent with Bradley et al. (2000) who reported 73 to 100% 

control of waterhemp 5 WAA with glufosinate (400 g ha-1) applied early POST and Jhala et al. 

(2017) who reported 76% control 14 days after late POST application. Greater MHR waterhemp 

control with glufosinate at E2, E3, and E5 can be attributed to MHR waterhemp biotype, lower 

density, and possibly the result of greater competition between MHR waterhemp and corn due to 

natural thinning of waterhemp populations that occurs as the season progresses (Benoit et al. 

2019b; Heneghan and Johnson 2017). Weather conditions and time-of-day influence glufosinate 

efficacy; control can be variable from year-to-year and environment-to-environment (Peterson 

and Hurle 2000). Poor control with glufosinate relative to other herbicides evaluated in this study 
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can also be attributed to the lack of residual activity with glufosinate and continual waterhemp 

emergence throughout the growing season (Anonymous 2019c; Costea et al. 2005).  

All PRE fb POST herbicide programs controlled MHR waterhemp ≥ 89% at 4, 8, and 12 

WAA. Similarly, Schryver et al. (2017a) reported PRE herbicides fb glufosinate controlled 

glyphosate-resistant waterhemp > 96% in soybean at 2, 4, 8, and 12 WAA. S-

metolachlor/mesotrione/bicyclopyrone/atrazine controlled MHR waterhemp 98% to 99% across 

all environments at 4, 8, and 12 WAA; the contrast analysis suggested control was not improved 

when fb glufosinate. This is consistent with Sarangi and Jhala (2017) who reported superior 

control of waterhemp with S-metolachlor/mesotrione/bicyclopyrone/atrazine applied PRE which 

resulted in 98% and 91% control 14 and 63 days after treatment, respectively. Based on non-

orthogonal contrasts, when glufosinate was applied POST following isoxaflutole + atrazine or 

tolpyralate + atrazine, MHR waterhemp control increased 17% to 37% at 4, 8, and 12 WAA, 

respectively, at E1 and E4. Contrast analysis suggested PRE fb POST applications resulted in 

better control of MHR waterhemp than PRE- and POST-only applications 4, 8, and 12 WAA (P 

< 0.05) which is consistent with Jhala et al. (2017) and Schryver et al. (2017a). This is due to 

MHR waterhemp that escape PRE-only applications and the lack of residual control associated 

with glufosinate (Anonymous 2019c; Soltani et al. 2012b). Based on non-orthogonal contrasts, 

PRE-only applications resulted in greater reductions in MHR waterhemp density than POST-

only applications and PRE fb POST applications reduced density and biomass more than PRE- 

and POST-only herbicide applications (P < 0.05). These results are consistent with Benoit et al. 

(2019a) and Schryver et al. (2017a) who reported greater MHR waterhemp density and biomass 

reductions with PRE and PRE fb POST herbicide applications, respectively.  
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Minimal corn injury due to herbicide application was observed in this experiment. 

Isoxaflutole + atrazine resulted in 3% to 5% corn injury at E1 and did not affect corn grain yield 

(data not shown). Corn injury was not observed from PRE, PRE fb POST, or POST herbicide 

applications at all other environments. Despite the high density and biomass of MHR waterhemp 

and the more competitive nature of Amaranthus tuberculatus var. rudis, there were no 

differences in corn grain yield among herbicide treatments or between PRE, POST, or PRE fb 

POST applications (Table 2.5). At the V5 to V6 corn growth stage, MHR waterhemp in the 

nontreated control ranged from 3 to 10 cm in height (data not shown). Steckel and Sprague 

(2007) reported corn yield reductions when waterhemp emerged before V6 corn growth stage 

and suggest corn yield is closely associated with the length of time waterhemp interferes. Soil 

cultivation prior to planting may have placed MHR waterhemp at a competitive disadvantage 

with the corn crop resulting in no yield penalty (Steckel et al. 2007). In contrast, Aulakh and 

Jhala (2015) and Schryver et al. (2017a) reported greater soybean yield with PRE fb POST 

applications than PRE- or POST-only applications.  

2.4.2 MHR Waterhemp Control with Non-HPPD Inhibitor Containing Residual Herbicides 
Applied PRE, Non-HPPD Inhibitor Containing Residual Herbicides Applied PRE fb 
Mesotrione + Atrazine Applied POST and Mesotrione + Atrazine Applied POST 

Control of MHR waterhemp was comparatively lower at E1 and E4 due to greater plant 

density, biomass, and more competitive nature of Amaranthus tuberculatus var. rudis compared 

to Amaranthus tuberculatus var. tuberculatus at E2, E3, and E5 (Costea et al. 2005; Kreiner et al. 

2018; Steckel and Sprague 2004) (Table 2.7). Density of MHR waterhemp varied between 

environments and was 1,172 plants m-2 at E1 and E4 compared to 85 plants m-2 at E2, E3, and E5 

at 4 WAA (data not shown). Plant density and biomass of MHR waterhemp reflect control 

results which ranged from 72% to 99% with PRE, PRE fb POST, and POST treatments (Table 
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2.6). At E1 and E4, S-metolachlor/atrazine and dicamba/atrazine resulted in the lowest control of 

MHR waterhemp ranging from 72% to 83% at 4, 8, and 12 WAA. Dicamba/atrazine resulted in 

the lowest MHR waterhemp control at E2, E3, and E5 ranging from 87% to 90% at 4, 8, and 12 

WAA. These results are consistent with Benoit et al. (2019a), Steckel et al. (2002) and Vyn et al. 

(2006) who reported 91%, 98%, and 97% to 100% control of MHR waterhemp 4 WAA with 

saflufenacil/dimethenamid-P, dicamba/atrazine, and S-metolachlor/atrazine, respectively. In 

contrast to the PRE herbicides evaluated in this study, Khort and Sprague (2017a) reported 81% 

and 92% control of MHR Palmer amaranth with saflufenacil/dimethenamid-P (75 + 660 g ai ha-

1) and S-metolachlor + atrazine (1,400 + 1,100 g ai ha-1) 10 WAA, respectively. Mesotrione + 

atrazine controlled MHR waterhemp 80% to 99% at 4, 8, and 12 WAA and reduced plant density 

and biomass 88% to 100% (Tables 2.6 and 2.7). These results are consistent with Woodyard et 

al. (2009) who reported that mesotrione + atrazine (105 + 560 g ai ha-1) controlled waterhemp up 

to 99% 10 days after application. More recent studies conducted in Ontario have reported 

mesotrione + atrazine controlled MHR waterhemp 90% to 91% at 4 WAA (Benoit et al. 2019a, 

2019b). 

All PRE fb POST programs controlled MHR waterhemp ≥ 96% at 4, 8, and 12 WAA and 

reduced plant density and biomass 99% to 100%. Based on non-orthogonal contrasts, MHR 

waterhemp control at E1 and E4 was improved 16% to 18% at 4, 8, and 12 WAA when S-

metolachlor/atrazine was followed by mesotrione + atrazine. When dicamba/atrazine was 

followed by a POST application of mesotrione + atrazine, control of MHR across all 

environments increased by 9% to 26% at 4, 8, and 12 WAA. Khort and Sprague (2017a) reported 

excellent control (95%) of MHR Palmer amaranth 2 WAA with S-metolachlor + atrazine (1,410 
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+ 1,820 g ai ha-1) PRE fb mesotrione + atrazine (100 + 670 g ai ha-1) POST. Contrast analysis 

suggested PRE fb POST herbicide applications resulted in better control of MHR waterhemp 

than both PRE- and POST-only applications (P < 0.05); however, PRE- and POST-only 

applications provided similar control of MHR waterhemp. Comparably greater reductions in 

plant density and biomass were the result of PRE fb POST applications at E1 and E4 compared 

to E2, E3, and E5. The addition of a POST application of mesotrione + atrazine reduced density 

and biomass 99% to 100% for all PRE applications. These results are consistent with previous 

studies that reported reductions in plant density and biomass of up to 100% with PRE and PRE 

fb POST applications (Benoit et al. 2019a; Khort and Sprague 2017a). Greater control of MHR 

waterhemp with PRE fb POST herbicide programs can again be attributed to a POST application 

providing control of later emerging seedlings that escape PRE applications, especially at higher 

plant densities (Costea et al. 2005; Soltani et al. 2012b). 

Corn injury was not observed with the herbicide treatments evaluated in this study (data 

not shown). Despite the higher density and biomass of MHR waterhemp at E1 and E4, corn grain 

yield was similar among all herbicide treatments and between PRE, PRE fb POST, and POST 

herbicide applications within all environments (Table 2.7). At the V5 to V6 corn growth stage, 

MHR waterhemp was 3 to 10 cm in height (data not shown). As mentioned in the previous 

experiment, spring tillage before seeding could have delayed waterhemp emergence and placed 

the weed at a competitive disadvantage in respect to the corn crop (Steckel et al. 2007). The 

ability of waterhemp to interfere with corn growth and development depends on plant density 

and relative time of crop and weed emergence. Cordes et al. (2004) reported no corn yield loss 

when waterhemp was controlled before reaching 15 cm in height. These results are inconsistent 



80 

 

with Aulakh and Jhala (2015) and Schryver et al. (2017b) who reported greater soybean yield 

with PRE fb POST applications than PRE- or POST-only applications. 

2.5 Conclusions 

In conclusion, herbicides applied PRE in corn such as S-

metolachlor/mesotrione/bicyclopyrone/atrazine and saflufenacil/dimethenamid-P resulted in 88% 

to 99% control of MHR waterhemp across environments 4, 8, and 12 WAA. At most 

environments, a POST application of glufosinate following tolpyralate + atrazine PRE, and a 

POST application of mesotrione + atrazine following dicamba/atrazine or S-metolachlor/atrazine 

PRE, improved MHR waterhemp control at 4, 8, and 12 WAA. In general, both experiments 

found PRE fb POST applications resulted in better control of MHR waterhemp and greater 

reductions in density and biomass than PRE- and POST-only herbicide applications 4, 8, and 12 

WAA while PRE- and POST-only herbicide applications were similar. This study did not 

observe decreased control of MHR waterhemp with PRE herbicides over the course of the 

growing season as reported by Hedges et al. (2018); however, in the event of early season weed 

escapes with PRE herbicides, glufosinate or mesotrione + atrazine, applied POST, will provide 

season-long MHR waterhemp control in PRE fb POST herbicide programs evaluated in this 

study. Previous research has demonstrated that PRE herbicides are the foundation for full-season 

control of MHR waterhemp and that weed escapes can be managed with POST applications later 

in the growing season (Benoit et al. 2019a; Jhala et al. 2017; Khort and Sprague 2017a; Soltani 

et al. 2012b). The results of this study complement Hedges et al. (2018), Jhala et al. (2017) and 

Schryver et al. (2017a) who reported superior control of MHR waterhemp in soybean using PRE 

fb POST programs. Given the ability of MHR waterhemp to emerge continually during the 
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growing season and evolve resistance to multiple MOA, preventing its survival and reproduction 

through the use of PRE fb POST herbicide programs will help mitigate the evolution of 

resistance to other currently used MOA which warrants the use of PRE fb POST herbicide 

programs given, in both experiments, PRE, PRE fb POST, and POST applications resulted in 

similar corn grain yields. The application of herbicide tank-mixes that include multiple, effective 

MOA is an effective resistance management strategy to control genetically diverse weeds such as 

MHR waterhemp that evolve herbicide-resistance rapidly. The herbicide programs presented in 

this study should be used in combination with other modern agronomic practices such as rotating 

crops, tank-mixing and rotating multiple effective MOA, cover crops, and strategic tillage to 

ensure longer use of currently available herbicides while reducing the evolution, spread, and 

interference of MHR waterhemp in Ontario corn production.
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Table 2.1 Soil characteristics of each field environment where multiple-herbicide-resistant waterhemp control was evaluated with 
herbicide programs in corn in Ontario, Canada in 2018 and 2019. 

   Soil characteristicsa 

Environment Year Location Classification Sand Silt Clay OM pH 
    -------------------------- % --------------------------  
E1 2018 Cottam Sandy Loam 66 24 10 2.2 6.4 
E2 2018 Walpole Island Loamy sand 78 14 8 2.3 8.3 
E3 2018 Walpole Island Loamy Sand 76 18 6 2.4 8.0 
E4 2019 Cottam Sandy Loam 70 21 9 2.6 6.0 
E5 2019 Walpole Island Sandy Loam 70 21 9 2.3 7.6 

a Abbreviations: OM, organic matter. 
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Table 2.2 Herbicide treatments, application timing, rates and products used to evaluate multiple-herbicide-resistant waterhemp control 
with HPPD-inhibitor containing programs applied PRE, HPPD-inhibitor containing programs applied PRE fb glufosinate applied 
POST, and glufosinate applied POST across five field environments in Ontario. 

Herbicide treatmenta Herbicide trade name Timing Rate Manufacturerb 

   g ai ha-1  

Isoxaflutole + atrazine Converge Flexx® + AAtrex® PRE 79 + 800 Bayer CropScience/Syngenta 

S-metolachlor/mesotrione/bicyclopyrone/atrazine Acuron® PRE 1259/140/35/588 Syngenta 

Tolpyralate + atrazine Shieldex™ 400SC + AAtrex® PRE 30 + 560 ISK Biosciences/Syngenta 

Glufosinate Liberty® 200SL POST 500 BASF 

Isoxaflutole + atrazine fb Converge Flexx® + AAtrex® fb PRE 79 + 800 Bayer CropScience/Syngenta 
Glufosinate Liberty® 200 SL POST 500 BASF 

S-metolachlor/mesotrione/bicyclopyrone/atrazine fb Acuron® fb PRE 1259/140/35/588 Syngenta 
Glufosinate Liberty® 200SL POST 500 BASF 

Tolpyralate + atrazine fb Shieldex™ 400SC + AAtrex® fb PRE 30 + 560 ISK Biosciences/Syngenta 
Glufosinate Liberty® 200SL POST 500 BASF 

a Abbreviations: fb, followed by; POST, postemergence; PRE, preemergence. 
b Bayer CropScience Inc. 160 Quarry Park Blvd S. E., Calgary, AB; BASF Canada Inc. 100 Milverton Drive, Mississauga, ON; ISK 
Biosciences Corporation. 740 Auburn Road, Concord, OH; Syngenta Canada Inc. 140 Research Lane, Research Park, Guelph, ON.
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Table 2.3 Herbicide treatments, application timing, rates and products used to evaluate multiple-herbicide-resistant waterhemp control 
with non-HPPD-inhibitor containing programs applied PRE, non-HPPD-inhibitor containing programs applied PRE fb mesotrione + 
atrazine applied POST, and mesotrione + atrazine applied POST across five field environments in Ontario. 

Herbicide treatmentab Herbicide trade name Timing Rate Manufacturerc 
   g ai ha-1  

S-metolachlor/atrazine Primextra® II Magnum® PRE 1200/960 Syngenta 

Saflufenacil/dimethenamid-P Integrity® PRE 75/660 BASF 

Dicamba/atrazine Marksman® PRE 504/996 BASF 

Mesotrione + atrazine Callisto® 480SC + AAtrex® POST 100 + 280 Syngenta/Syngenta 

S-metolachlor/atrazine fb Primextra® II Magnum® fb PRE 1200/960 Syngenta 
Mesotrione + atrazine Callisto 480SC + AAtrex® POST 100 + 280 Syngenta/Syngenta 

Saflufenacil/dimethenamid-P fb Integrity® fb PRE 75/660 BASF 
Mesotrione + atrazine Callisto® 480SC + AAtrex® POST 100 + 280 Syngenta/Syngenta 

Dicamba/atrazine fb Marksman® fb PRE 504/996 BASF 
Mesotrione + atrazine Callisto® 480SC + AAtrex® POST 100 + 280 Syngenta/Syngenta 

a Abbreviations: fb, followed by; POST, postemergence; PRE, preemergence. 
b Herbicide treatments with mesotrione + atrazine included Agral® 90 (0.2% v/v) (Syngenta Canada Inc. 140 Research Lane, 
Research Park, Guelph, ON). 
c BASF Canada Inc. 100 Milverton Drive, Mississauga, ON; Syngenta Canada Inc. 140 Research Lane, Research Park, Guelph, ON.
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Table 2.4 Means and non-orthogonal contrasts of multiple herbicide-resistant waterhemp control [4, 8 and 12 weeks after the POST 
application (WAA)] in corn treated with HPPD-inhibitor containing programs applied PRE, HPPD-inhibitor containing programs 
applied PRE fb glufosinate applied POST, and glufosinate applied POST across five field environments in Ontario. 

   Control 
   E1, E4  E2, E3, E5 
Treatment Rate App Timing 4 WAA 8 WAA 12 WAA  4 WAA 8 WAA 12 WAA 
 g ha-1  % 
Isoxaflutole + atrazine 79 + 800 PRE 70 b 77 ab 78 abc  97 a 97 ab 97 ab 
S-metolachlor/mesotrione/bicyclopyrone/atrazine 1259/140/35/588 PRE 94 a 93 a 95 ab  99 a 99 a 99 a 
Tolpyralate + atrazine 30 + 560 PRE 57 b 62 b 58 c  94 a 96 ab 95 ab 
Glufosinate 500 POST 64 b 77 ab 76 bc  86 b 92 b 91 b 
Isoxaflutole + atrazine fb Glufosinate 79 + 800 fb 500 PRE fb POST 92 a 96 a 93 ab  98 a 99 a 98 ab 
S-metolachlor/mesotrione/bicyclopyrone/atrazine fb Glufosinate 1259/140/35/588 fb 500 PRE fb POST 97 a 98 a 98 a  99 a 99 a 99 ab 
Tolpyralate + atrazine fb Glufosinate 30 + 560 fb 500 PRE fb POST 89 a 93 a 94 ab  99 a 99 a 99 ab 
Contrasts          
Isoxaflutole + atrazine vs. 
Isoxaflutole + atrazine fb glufosinate   70 vs. 

92* 
77 vs. 
96* 

78 vs. 
93*  97 vs. 

98 
97 vs. 

99 
97 vs. 

98 
S-metolachlor/mesotrione/bicyclopyrone/atrazine vs. 
S-metolachlor/mesotrione/bicyclopyrone/atrazine fb glufosinate   94 vs. 

97 
93 vs. 

98 
96 vs. 

99  99 vs. 
99 

99 vs. 
99 

99 vs. 
99 

Tolpyralate + atrazine vs. 
Tolpyralate + atrazine fb glufosinate   57 vs. 

89* 
62 vs. 
93* 

58 vs. 
95*  94 vs. 

99* 
96 vs. 

99 
95 vs. 

99 
PRE vs.  
PRE fb POST   * * *  NS NS NS 

POST vs.  
PRE fb POST   * * *  * * * 

PRE vs.  
POST   NS NS NS  * * * 

Abbreviations: App, application; E, environment; fb, followed by; NS, non-significant. 
a-b Means followed by the same letter within a column are not significantly different using Tukey’s LSD (P > 0.05). 
* Non-orthogonal contrasts that are significantly different (P < 0.05).
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Table 2.5 Means and non-orthogonal contrasts of multiple herbicide-resistant waterhemp density and biomass [4 weeks after the 
POST application (WAA)] and corn grain yield in corn treated with HPPD-inhibitor containing programs applied PRE, HPPD-
inhibitor containing programs applied PRE fb glufosinate applied POST, and glufosinate applied POST across five field environments 
in Ontario. 

   Density  Biomass  Yield 
Treatment Rate App timing E1, E4 E2, E3, E5  E1, E4 E2, E3, E5  E1, E4 E2, E3, E5 
 g ai ha-1  ---- Plants m-2 ----  -------- g m-2 --------  -------- t ha-1 -------- 
Nontreated control - - - -  - -  9.9 a 10.8 a 
Weed-free control - - - -  - -  11.4 a 11.6 a 
Isoxaflutole + atrazine 79 + 800 PRE 43 b 1 a  32.4 bc 0.1 a  11.2 a 10.7 a 
S-metolachlor/mesotrione/bicyclopyrone/atrazine 1259/140/35/588 PRE 4 a 0 a  2.1 a 0 a  11.9 a 11.6 a 
Tolpyralate + atrazine 30 + 560 PRE 100 b 4 ab  48.9 c 0.4 a  10.7 a 11.4 a 
Glufosinate 500 POST 215 b 19 b  20.1 bc 2 b  10.5 a 11.1 a 
Isoxaflutole + atrazine fb glufosinate 79 + 800 fb 500 PRE fb POST 3 a 0 a  1 a 0.2 a  11.5 a 11.2 a 
S-metolachlor/mesotrione/bicyclopyrone/atrazine fb glufosinate 1259/140/35/588 fb 500 PRE fb POST 3 a 0 a  0.9 a 0 a  11.7 a 11.3 a 
Tolpyralate + atrazine fb glufosinate 30 + 560 fb 500 PRE fb POST 42 ab 0 a  3.4 ab 0 a  11.3 a 10.8 a 
Contrasts           
Isoxaflutole + atrazine vs.  
Isoxaflutole + atrazine fb glufosinate 

  43 vs. 
3* 

1 vs. 
0  32.4 vs. 

1* 
0.1 vs. 

0.2  11.2 vs. 11.5 10.7 vs. 11.2 

S-metolachlor/mesotrione/bicyclopyrone/atrazine vs.  
S-metolachlor/mesotrione/bicyclopyrone/atrazine fb glufosinate 

  4 vs. 
3 

0 vs. 
0  2.1 vs. 

0.9 
0 vs. 

0  11.9 vs. 11.7 11.6 vs. 11.3 

Tolpyralate + atrazine vs. 
Tolpyralate + atrazine fb glufosinate 

  100 vs. 
42 

4 vs. 
0*  48.9 vs. 

3.4* 
0.4 vs. 

0  10.7 vs. 11.3 11.4 vs. 10.8 

PRE vs.  
PRE fb POST 

  * *  * NS  NS NS 

POST vs.  
PRE fb POST 

  * *  * *  NS NS 

PRE vs.  
POST 

  * *  NS *  NS NS 

Abbreviations: App, application; E, environment; fb, followed by; NS, non-significant. 
a-c Means followed by the same letter within a column are not significantly different using Tukey’s LSD (P > 0.05). 
* Non-orthogonal contrasts that are significantly different (P < 0.05).
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Table 2.6 Means and non-orthogonal contrasts for multiple herbicide-resistant waterhemp control [4, 8 and 12 weeks after the POST 
application (WAA)] in corn treated with non-HPPD inhibitor containing residual herbicides applied PRE, non-HPPD inhibitor 
containing residual herbicides applied PRE fb mesotrione + atrazine applied POST, and mesotrione + atrazine applied POST across 
five field environments in Ontario. 

   Control 
   E1, E4  E2, E3, E5 
Treatmenta Rate App Timing 4 WAA 8 WAA 12 WAA  4 WAA 8 WAA 12 WAA 
 g ai ha-1  ------------------------------------------------ % ------------------------------------------------ 
S-metolachlor/atrazine 1200/960 PRE 78 bc 79 bc 83 bc  98 a 98 a 99 a 
Saflufenacil/dimethenamid-P 75/660 PRE 88 abc 94 abc 95 abc  99 a 98 a 99 a 
Dicamba/atrazine 504/996 PRE 72 c 77 c 80 c  87 b 90 b 87 b 
Mesotrione + atrazine 100 + 280 POST 80 abc 86 abc 86 abc  99 a 99 a 99 a 
S-metolachlor/atrazine fb mesotrione + atrazine 1200/960 fb 100 + 280 PRE fb POST 96 ab 97 abc 99 ab  98 a 99 a 99 a 
Saflufenacil/dimethenamid-P fb mesotrione + atrazine 75/660 fb 100 + 280 PRE fb POST 99 a 99 a 99 a  99 a 99 a 99 a 
Dicamba/atrazine fb mesotrione + atrazine 504/996 fb 100 + 280 PRE fb POST 98 a 98 ab 98 ab  99 a 99 a 99 a 
Contrasts          
S-metolachlor/atrazine vs. 
S-metolachlor/atrazine fb mesotrione + atrazine   78 vs. 

96* 
79 vs. 
97* 

83 vs. 
99*  98 vs. 

98 
98 vs. 

99 
99 vs. 

99 
Saflufenacil/dimethenamid-P vs. 
saflufenacil/dimethenamid-P fb mesotrione + atrazine   88 vs. 

99 
94 vs. 

99 
95 vs. 

99  99 vs. 
99 

98 vs. 
99 

99 vs. 
99 

Dicamba/atrazine vs. 
Dicamba/atrazine fb mesotrione + atrazine   72 vs. 

98* 
77 vs. 
98* 

80 vs. 
98*  87 vs. 

99* 
90 vs. 
99* 

87 vs. 
99* 

PRE vs.  
PRE fb POST   * * *  * * * 

POST vs.  
PRE fb POST   * * *  NS NS NS 

PRE vs.  
POST   NS NS NS  * * * 

Abbreviations: App, application; E, environment fb, followed by; NS, non-significant. 
a-c Means followed by the same letter within a column are not significantly different using Tukey’s LSD (P > 0.05). 
* Non-orthogonal contrasts that are significantly different (P < 0.05). 
a Mesotrione + atrazine treatments included Agral® 90 (0.2% v/v) (Syngenta Canada Inc. 140 Research Lane, Research Park, Guelph, 
ON).
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Table 2.7 Means and non-orthogonal contrasts of multiple herbicide-resistant waterhemp density and biomass [4 weeks after the 
POST application (WAA)] in corn treated with non-HPPD inhibitor containing residual herbicides applied PRE, non-HPPD inhibitor 
containing residual herbicides applied PRE fb mesotrione + atrazine applied POST, and mesotrione + atrazine applied POST across 
five field environments in Ontario. 

   Density  Biomass  Yield 
Treatmentª Rate App Timing E1, E4 E2, E3, E5  E1, E4 E2, E3, E5  E1, E4 E2, E3, E5 
 g ai ha-1  Plants m-2  g m-2  t ha-1 

Weed-free control - -       9.4 a 10.4 a 
Untreated control - -       10.6 a 11 a 
S-metolachlor/atrazine 1200/960 PRE 37 cd 0 a  22.6 bc 0 a  11 a 10.5 a 
Saflufenacil/dimethenamid-P 75/660 PRE 8 bc 0 a  7.6 bc 0 a  11 a 10.1 a 
Dicamba/atrazine 504/996 PRE 43 cd 15 b  36 c 2.9 b  10.8 a 10.8 a 
Mesotrione + atrazine 100 + 280 POST 120 d 0 a  9.8 bc 0 a  9.8 a 10.5 a 
S-metolachlor/atrazine fb mesotrione + atrazine 1200/960 fb 100 + 280 PRE fb POST 5 ab 0 a  0.5 ab 0 a  11.4 a 11.1 a 
Saflufenacil/dimethenamid-P fb mesotrione + atrazine 75/660 fb 100 + 280 PRE fb POST 0 a 0 a  0 a 0 a  11 a 10.3 a 
Dicamba/atrazine fb mesotrione + atrazine 504/996 fb 100 + 280 PRE fb POST 0 a 0 a  0 a 0 a  11.1 a 10.5 a 
Contrasts           
S-metolachlor/atrazine vs. 
S-metolachlor/atrazine fb mesotrione + atrazine   37 vs. 

5* 
0 vs. 

0  22.6 vs. 
0.5* 

0 vs. 
0  11 vs. 

11.4* 
10.5 vs. 

11.1 
Saflufenacil/dimethenamid-P vs.  
Saflufenacil/dimethenamid-P fb mesotrione + atrazine   8 vs. 

0* 
0 vs. 

0  7.6 vs. 
0* 

0 vs. 
0  11 vs. 

11 
10.1 vs. 

10.3 
Dicamba/atrazine vs. 
Dicamba/atrazine fb mesotrione + atrazine   43 vs. 

0* 
15 vs. 

0*  36 vs. 
0* 

2.9 vs. 
0*  10.8 vs. 

11.1 
10.8 vs. 

10.5 
PRE vs.  
PRE fb POST   * *  * *  NS NS 

POST vs.  
PRE fb POST   * NS  * NS  NS NS 

PRE vs.  
POST   * *  NS NS  NS NS 

Abbreviations: App, application; E, environment; fb, followed by; NS, non-significant. 
a-d Means followed by the same letter within a column are not significantly different using Tukey’s LSD (P > 0.05). 
* Non-orthogonal contrasts that are significantly different (P < 0.05). 
a Mesotrione + atrazine treatments included Agral® 90 (0.2% v/v) (Syngenta Canada Inc. 140 Research Lane, Research Park, Guelph, 
ON).
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Chapter 3: Is there a benefit of adding atrazine to HPPD-inhibiting 
herbicides for control of multiple-herbicide-resistant, including 
triazine-resistant, waterhemp [Amaranthus tuberculatus (Moq.) J. D. 
Sauer] in corn? 

Christian Willemse, Nader Soltani, Lauren Benoit, Amit J. Jhala, David, C. Hooker, Darren E. 

Robinson, and Peter H. Sikkema 

3.1 Abstract 

The evolution of multiple-herbicide-resistant (MHR) waterhemp (resistant to Group 2, 5, 

9, and 14) in Ontario is challenging for growers. An alternate herbicide program is needed that 

can provide consistent control of this problem weed. The objectives of this research were to 

determine if mixing atrazine with 4-hydroxyphenylpyruvate dioxygenase- (HPPD) inhibiting 

herbicides applied POST improve their consistency for control of MHR waterhemp in corn and 

their effect on waterhemp density, biomass, as well as corn injury and yield. Five field trials 

were conducted over a two-year period (2018, 2019) in Ontario, Canada. Five HPPD-inhibiting 

herbicides [isoxaflutole (105 g ha−1), mesotrione (100 g ha−1), topramezone (12.5 g ha−1), 

tembotrione (90 g ha−1), and tolpyralate (30 g ha−1)] were applied POST with and without 

atrazine to 10-cm-tall waterhemp. Corn injury (≤ 10%) was observed at specific sites where the 

application of isoxaflutole, isoxaflutole + atrazine, and tembotrione + atrazine resulted in 

characteristic white bleaching of corn foliage; however, yield was not affected. Averaged across 

field sites, tank-mixing atrazine to isoxaflutole, mesotrione, topramezone, or tembotrione 

improved control of MHR waterhemp 15%, 11%, 7%, and 7%, respectively at 4 WAA. 

Averaged across herbicide treatments and sites, the addition of atrazine reduced the standard 

error of MHR waterhemp control by 13% to 100%. This study concludes that tank-mixing 
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atrazine to HPPD-inhibitors applied POST reduced the risk of herbicide failure and resulted in 

greater and more consistent control of MHR waterhemp.  

3.2 Introduction 

Waterhemp is ranked as one of the most troublesome weeds in corn production in the 

United States (Nordby and Hartzler 2004). Waterhemp is a late-emerging, summer annual 

broadleaf weed species with several biological characteristics that have enabled it to expand its 

geographic range and thrive in agricultural cropping systems (Hartzler et al. 1999; Olsen and 

Waselkov 2014). The distribution of herbicide-resistant (HR) waterhemp currently includes 18 

states in the United States and three Canadian provinces, including Ontario (Heap 2020). Over 

the past 18 years, waterhemp has spread across Ontario and is now present in 15 counties (Benoit 

et al. 2020; Costea et al. 2005; Willemse unpublished). Glyphosate-resistant (GR) waterhemp 

was first confirmed on Walpole Island, Ontario in 2014 (Schryver et al. 2017c). Multiple-

herbicide-resistant (MHR) waterhemp populations have since been identified in Ontario with 

four-way resistance to acetolactate synthase (ALS) (Group2), photosystem II (PS II) (Group 5), 

5-enolpyruyl shikimate-3-phosphate synthase (EPSPS) (Group 9) and protoporphyrinogen 

oxidase (PPO) (Group 14) inhibiting herbicides (Benoit et al. 2020). A waterhemp population 

resistant to six herbicide modes-of-action (MOA) was reported in Missouri in 2015 with 

resistance to Group 2, synthetic auxins (Group 4), 5, 9, 14, and 4-hydroxyphenylpyruvate 

dioxygenase (HPPD) (Group 27) inhibiting herbicides (Shergill et al. 2018). Waterhemp is the 

first weed species to evolve resistance to HPPD-inhibiting herbicides (Heap 2020; McMullan 

and Green 2011). 
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The evolution of MHR waterhemp populations and the concomitant decrease in effective 

herbicide options warrants the need for Ontario corn producers to implement waterhemp 

management practices that provide nearly full season control to reduce waterhemp seed return to 

zero. Complete waterhemp control, and the subsequent prevention of seed production, can 

deplete the soil seed bank by more than 99% in four years and reduce the selection intensity for 

MHR biotypes (Steckel et al. 2007). Waterhemp is prolific seed producer and typically produces 

300,000 seeds plant-1; however, seed production of up to 4.8 million seeds plant-1 has been 

documented in the absence of competition (Hartzler et al. 2004). As the growing season 

progresses and waterhemp emergence is delayed relative to crop emergence, seed production 

declines; however, late-emerging plants can still contribute to the soil seed bank given MHR 

waterhemp’s prolific nature.  

Weeds that emerge simultaneously with the crop have detrimental impact on yield 

(Kropff and Spitters 1991). Corn is sensitive to early season weed interference and must be kept 

weed-free from emergence up to the V4 corn growth stage to prevent yield loss (Hall et al. 1992; 

Page et al. 2012; Swanton et al. 1999). Waterhemp left uncontrolled can reduce grain corn yield 

by up to 74% (Steckel and Sprague 2004). In Ontario, corn yield losses of up to 48% were 

reported when MHR waterhemp population resistant to Group 2 and 5 herbicides were left 

uncontrolled (Soltani et al. 2009). 

HPPD-inhibiting herbicides are widely used in corn production due to their crop safety, 

flexible application timing, broad spectrum weed control, and activity on many HR weed 

species. Mesotrione was the most widely used HPPD-inhibitor and was applied to 42% of 

planted corn hectares in the USA in 2018 (NASS 2019). Other HPPD-inhibitors used in corn 
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production include bicyclopyrone, isoxaflutole, tembotrione, topramezone, and tolpyralate 

(Khort and Sprague 2017b; Nurse et al. 2010; Osipitan et al. 2018). Common tank-mixes used in 

Ontario corn production consist of an HPPD-inhibiting herbicide with atrazine. Atrazine is a 

triazine herbicide that was released commercially in 1958 as a preemergence (PRE) and 

postemergence (POST) herbicide for broadleaf weed control in corn (Ulrich et al. 2012). 

Atrazine is the most widely used PS II-inhibitor and the second most widely used herbicide in 

corn following glyphosate (NASS 2019). In 2018, atrazine was applied to 65% of planted corn 

hectares at an average rate of 1,161 g ha-1. In susceptible plant species, atrazine occupies the QB 

binding site on the D1 protein of PS II, increasing the production of reactive oxygen species 

(ROS); singlet oxygen, and triplet chlorophyll (Hess 2000; Shaner et al. 2014). Reactive oxygen 

species cause lipid peroxidation and cell membrane destruction, resulting in plant death (Bartosz 

1997; Hankamer et al. 1997). HPPD-inhibiting herbicides prevent the conversion of 

hydroxyphenyl pyruvate to homogentisate (Lee et al. 1997). Homogentisate is the precursor to 

antioxidant compounds plastoquinone, α-tocopherols, and carotenoids. Antioxidant compounds 

quench ROS, reducing or eliminating the impact of oxidative stress on the plant (Trebst et al. 

2002). In the absence of plastoquinone, α tocopherols, and carotenoids the plant is unable to 

quench ROS and succumbs to oxidative stress resulting in plant death. When applied in a 

mixture, atrazine + HPPD-inhibiting herbicides cause a simultaneous increase in ROS and 

decrease in antioxidants, resulting in more effective weed control (Abendroth et al. 2006).  

Synergism between atrazine and HPPD-inhibiting herbicides has been reported for the 

control of several broadleaf weed species including waterhemp, Palmer amaranth (Amaranthus 

palmeri S. Watson), redroot pigweed (Amaranthus retroflexus L.), Canada fleabane [Conyza 

canadensis (L.) Cronq.], and common lambsquarters (Chenopodium album L.) (Abendroth et al. 
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2006; Armel et al. 2009; Benoit et al. 2019a, 2019b; Khort and Sprague 2017b; Osipitan et al. 

2018; Williams et al. 2011; Woodyard et al. 2009). Complementary activity between HPPD- and 

PS II-inhibitors can also be observed with weed species that exhibit resistance to one or more 

applied active ingredients (Hugie et al. 2008; Walsh et al. 2012; Woodyard et al. 2009). Hugie et 

al. (2008) documented complementary activity between atrazine + mesotrione and bromoxynil + 

mesotrione applied to triazine-resistant redroot pigweed. The two primary mechanisms of 

resistance associated with triazine resistance are target site resistance, conferred by an amino 

acid substitution on the D1 protein of PS II, and enhanced metabolism of atrazine by glutathione 

s-transferase (GST) (Holt et al. 1993; Oettmeier 1999). Synergism between atrazine and HPPD-

inhibiting herbicides was also observed in wild radish (Raphanus raphanistrum) and velvetleaf 

(Abutilon theophrasti), where triazine-resistance was conferred by a target-site mutation and 

enhanced metabolism, respectively (Walsh et al. 2012; Woodyard et al. 2009). Hausman et al. 

(2011) reported similar results for a triazine-resistant waterhemp population with mesotrione, 

tembotrione, or topramezone in a mixture with atrazine. Previous studies have found that a 

mixture of atrazine with HPPD-inhibitors and other corn herbicides provides a greater and more 

consistent level of weed control while improving grain yields and profitability (Swanton et al. 

2007; Woodyard et al. 2009). Swanton et al. (2007) estimated the benefit of atrazine to Ontario 

corn production was $26.1 million CAD in 2004. Atrazine is one of the most widely used 

herbicides for weed management in corn production and its stewardship is imperative to ensure 

its future use to control MHR waterhemp and other HR weeds. 

POST applications of HPPD-inhibitors in the absence of atrazine often provide 

unacceptable control of MHR waterhemp in corn (Shergill et al. 2018). It is hypothesized that 

herbicide applications consisting of an HPPD-inhibitor plus atrazine will provide a greater and 
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more consistent level of MHR waterhemp control than an HPPD-inhibitor applied alone. The 

objective of this research was to determine if tank-mixing atrazine with HPPD-inhibiting 

herbicides (Table 3.1) improves the level and consistency of MHR waterhemp control in Ontario 

corn. 

3.3 Materials and Methods 

This field study consisted of five site-years of trials, which included two sites (S2, S3) on 

Walpole Island, ON in 2018, one site (S4) on Walpole Island, ON in 2019 and one site near 

Cottam, ON, Canada in 2018 (S1) and 2019 (S5). MHR waterhemp resistant to ALS-, PS II-, 

EPSPS-, and PPO-inhibiting herbicides was present at all field sites (Schryver et al. 2017c; 

Willemse unpublished). The classification and description of the soil types are presented in Table 

3.2. S2, S3 and S5 were disked in the fall and cultivated twice in the spring and S1 and S4 were 

disked and cultivated in the spring prior to planting. Field corn (cv. “DKC46-82RIB”, Bayer 

CropScience Inc., Guelph, ON) was planted at approximately 83,000 seeds ha-1 to a depth of 4 

cm. Each trial consisted of 13 treatments arranged in a randomized complete block design with 

four replications. Replications included a nontreated (weedy) and weed-free control and were 

separated by a 2 m alley. Plots were 8 m long and 2.25 m (3 corn rows spaced 0.76 m apart) 

wide. The weed-free control was maintained weed-free with a preemergence (PRE) application 

of S-metolachlor/mesotrione/bicyclopyrone/atrazine (1259/140/35/1259 g ha-1) followed by 

dicamba/atrazine (504/996 g ha-1) applied postemergence (POST) at the V3-growth (5-leaf) stage 

of corn development; hand-weeding was performed throughout the remainder of the growing 

season as needed. A POST application of glyphosate was applied at 450 g ae ha-1 to the entire 



96 

 

trial area, including the nontreated control, to eliminate interference of susceptible MHR 

waterhemp biotypes and other weed species. 

Herbicide treatments were applied POST using a CO2-powered backpack sprayer 

equipped with four, 120-02 ultra low drift (ULD) nozzles (Pentair, New Brighton, MN) spaced 

50 cm apart and calibrated to deliver 200 L ha-1 at 240 kPa. Herbicides were applied when MHR 

waterhemp reached an average 10 cm height or before the V6 corn growth stage. Herbicide trade 

names, herbicide manufacturers, recommended adjuvants, and adjuvant manufacturers are listed 

in Table 3.1. The rates of atrazine represent the current registered rates in Canada when co-

applied with the respective Group 27 herbicides. 

Data were collected on MHR waterhemp control, density and biomass, corn injury, 

moisture content, and grain yield. MHR waterhemp control was evaluated visually on a 0% to 

100% scale at 4, 8, and 12 weeks after application (WAA); 0% represented no control and 100% 

represented complete plant death. MHR waterhemp density and biomass were recorded at 4 

WAA by counting and harvesting the plants within two randomly placed 0.25 m2 quadrats in 

each plot. The aboveground biomass (g m-2) of the plants within each quadrat was obtained by 

cutting the MHR waterhemp at the soil surface, the plants placed inside a paper bag, kiln-dried 

for three weeks to a consistent moisture, then weighed using an analytical balance. Corn injury 

was assessed visually on a scale of 0% to 100% at 1 and 4 WAA; 0% represented no injury and 

100% represented complete plant death. Grain corn yield (t ha-1) and moisture (%) were 

collected by harvesting two rows of each plot at maturity using a small-plot combine. Grain yield 

was adjusted to 15.5% moisture prior to statistical analysis. 
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Data were subjected to variance analysis using the PROC GLIMMIX procedure in SAS 

v. 9.4 (SAS Institute Inc., Car, NC). Replication was considered the random effect and herbicide 

treatment within site was considered the fixed effect. Covariance analysis determined significant 

treatment by site interactions; therefore, data were partitioned by site, and an analysis of simple 

effects was conducted for each parameter. Normality and homogeneity of variance were tested 

using the Shapiro-Wilk test via the PROC UNIVARIATE procedure. Normality assumptions 

were confirmed by plotting the residuals for treatment, replication, and site. A normal 

distribution with the identity link function was used to analyze MHR waterhemp control and 

corn yield data. MHR waterhemp density and biomass data were analyzed using a lognormal 

distribution with the identity link to satisfy assumptions of variance analysis. MHR waterhemp 

density and biomass least-square means and standard errors were back-transformed from the log-

scale using the omega method (M. Edwards, Ontario Agricultural College Statistician, University 

of Guelph, personal communication). Non-orthogonal contrasts were constructed to determine if 

there was a benefit of adding atrazine to each individual HPPD-inhibitor averaged across all field 

sites. All statistical comparisons were based on a significance level of 0.05. 

3.4 Results and Discussion 

3.4.1 Control of MHR Waterhemp 

Control of MHR waterhemp with atrazine was variable within and across sites ranging 

from 28% to 96% while standard error ranged from 1.4% to 10.3% 4, 8, and 12 WAA (Table 

3.3). In general, atrazine provided the lowest level of MHR waterhemp control throughout the 

growing season which can be attributed to confirmed triazine resistance in populations across 

sites (data not shown). Similarly, McMullan and Green (2011) reported 0% control of an HPPD- 



98 

 

and PS II-inhibitor resistant waterhemp biotype with atrazine 4 WAA. In the absence of atrazine, 

HPPD-inhibitors provided inconsistent control of MHR waterhemp across sites that ranged from 

40% to 99% with standard error ranging from 0% to 12.3% 4, 8, and 12 WAA. Tank-mixing 

atrazine with each HPPD-inhibitor was evaluated using the simple effects (P < 0.05) and the 

herbicide treatment means for each parameter and are presented in Tables 3.3 and 3.4. The 

addition of atrazine to isoxaflutole increased control of MHR waterhemp at S1, S2, and S4 from 

74% to 99%, 68% to 87%, and 40% to 51%, respectively 4 WAA. Compared to isoxaflutole 

applied alone, the addition of atrazine reduced variability of MHR waterhemp control at all sites, 

except S2 at 4 WAA, and improved control of MHR waterhemp in three of five sites at 4 and 8 

WAA. Control of MHR waterhemp with mesotrione ranged from 51% to 99%, with the addition 

of atrazine control was 70% to 99% across all sites 4, 8, and 12 WAA (Table 3.3). Tank mixing 

atrazine with mesotrione improved the consistency of MHR waterhemp control at 4 sites and 

improved control 19% at S4 despite a 3.0% increase in the standard error. Woodyard et al. 

(2009) reported similar variability with mesotrione alone providing 48% to 62% waterhemp 

control 30 days after application which increased to 95% to 99% with the addition of atrazine. 

Vyn et al. (2006) reported the addition of atrazine to mesotrione increased control of MHR 

waterhemp from 90% to 99% and 93% to 99% at 4 and 7 WAA, respectively. In this study, the 

addition of atrazine to mesotrione increased MHR waterhemp control at 4, 8, and 12 WAA at S4. 

Mesotrione exhibits excellent activity on pigweed species which explains why MHR waterhemp 

control increased numerically from the addition atrazine at the remaining four sites in this study 

(Hugie et al. 2008; Vyn et al. 2006; Woodyard et al. 2009). Control of MHR waterhemp with 

topramezone varied considerably across sites, and spatially within each site, with control ranging 

from 58% to 96% with standard errors between 1.8% and 11.7% at 4, 8, and 12 WAA. The 
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addition of atrazine improved MHR waterhemp control with topramezone by 30% and 31% and 

reduced standard error by 8.4% and 2.2% at 8 and 12 WAA, respectively at S1. This is consistent 

with Khort and Sprague (2017b) who reported 20% greater control of 8 cm Palmer amaranth 3 

WAA with topramezone + atrazine (18 + 560 g ha-1) compared to topramezone alone.  

Across all sites, tembotrione alone provided 76% to 99% control with standard errors 

ranging from 0% to 12.3% at 4, 8, and 12 WAA. Except for S4 at 4 WAA, tembotrione + 

atrazine provided ≥ 96% control of MHR waterhemp in all sites 4, 8, and 12 WAA. The addition 

of atrazine to tembotrione provided a greater and more consistent level of MHR waterhemp 

control at various sites 4 and 8 WAA; however, at 12 WAA, there was no benefit of adding 

atrazine to tembotrione. These results are consistent with Benoit et al. (2019b) who reported 

tembotrione + atrazine (90 + 1,000 g ha-1) applied POST provided greater than 97% control of 

MHR waterhemp 4, 8, and 12 WAA. Similarly, control of Palmer amaranth biotypes from 

Louisiana and Mississippi increased from 92% to 97% with the addition of atrazine (2,240 g ha-

1) to tembotrione (92 g ha-1) 4 WAA (Stephenson et al. 2015). Williams et al. (2011) also 

reported a 15% increase in redroot pigweed control, and 17% decrease in the standard error, 2 

WAA with the addition of atrazine (370 g ha-1) to tembotrione (31 g ha-1) applied POST. Control 

of MHR waterhemp with tolpyralate and tolpyralate + atrazine ranged from 73% to 98% and 

66% to 100% across all sites 4 WAA, respectively. The addition of atrazine to tolpyralate 

increased MHR waterhemp control at S1 by 22% and reduced standard error 7.8% at 12 WAA. 

These results are consistent with Benoit et al. (2019b) who reported greater than 94% control of 

MHR waterhemp with tolpyralate + atrazine (30 + 1,000 g ha-1) 4, 8, and 12 WAA. Similarly, 

Osipitan et al. (2018) reported a reduction in the calculated effective dose for 90% waterhemp 
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control 4 WAA from 28 to 12 g ha-1 from the addition of atrazine (560 g ha-1) to tolpyralate (30 g 

ha-1). In contrast, the addition of atrazine numerically decreased control of MHR waterhemp with 

tolpyralate at 4, 8, and 12 WAA at S4. We attribute these decreases to experimental variability 

and do not consider them true treatment effects. Averaged across herbicide treatments and sites, 

the addition of atrazine improved control of MHR waterhemp with HPPD-inhibitors by 6% to 

8% at 4, 8, or 12 WAA, respectively (P < 0.0001; contrasts not shown). When averaged across 

sites, the addition of atrazine to isoxaflutole, mesotrione, topramezone, and tembotrione 

improved MHR waterhemp control from 71% to 86% (P < 0.0001), 81% to 92% (P = 0.0014), 

79% to 86% (P = 0.0339), and 90% to 97% (P = 0.0339), respectively, at 4 WAA (contrasts not 

shown). 

3.4.2 Density and Biomass of MHR Waterhemp 

MHR waterhemp density and biomass varied across sites ranging from 52 to 760 plants 

m-2 and 19.2 to 203.9 g m-2 in nontreated control plots, respectively (Table 3.4). Compared to the 

nontreated control, atrazine reduced MHR waterhemp density and biomass by 44% to 98% and 

68% to 99%, with standard errors ranging from 1.7 to 251.4 plants m-2 and 1.11 to 31.33 g m-2, 

respectively. In general, the addition of atrazine to the HPPD-inhibitors resulted in MHR 

waterhemp density and biomass reductions ≥ 94% and reduced standard error ≤ 2.5% in all sites 

except S4. At S4, the addition of atrazine to topramezone and tolpyralate resulted in numerical 

increases in MHR waterhemp density and biomass; we attribute these increases to spatial field 

variability, by chance, and are not considered true herbicide treatment effects. Averaged across 

herbicide treatments and sites, the addition of atrazine to HPPD-inhibitors reduced MHR 

waterhemp density and biomass by 4 plants m-2 (P = 0.0123) and 1.2 g m-2 (P < 0.0001), 
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respectively (contrasts not shown). When averaged across sites, the addition of atrazine to 

topramezone, mesotrione, and tolpyralate reduced MHR waterhemp density by 12 (P < 0.0001), 

5 (P = 0.0677) and 1 (P = 0.0349) plant m-2 (contrast not shown). Similarly, MHR biomass was 

reduced by 2.5 g m-2 with the addition of atrazine to topramezone (P < 0.0001). 

3.4.3 Corn Injury and Yield 

Corn injury was specific to herbicide treatment and site (data not shown). White 

bleaching of plant foliage, characteristic HPPD-inhibitor injury (Abendroth et al. 2006), was 

observed with isoxaflutole and isoxaflutole + atrazine, which caused 10% and 9% corn injury at 

S1, respectively. Similar symptomology was observed at S5, tembotrione caused 10% corn 

injury at 1 WAA; injury was reduced to 5% at 4 WAA. Injury was not observed with 

tembotrione + atrazine at either timing. All other herbicide treatments caused ≤ 2% injury at 1 

and 4 WAA at any site. Previous studies have shown good corn tolerance to HPPD-inhibitors 

(Mitchell et al. 2001; Williams et al. 2011; Woodyard et al. 2009). Corn damage was caused by 

wildlife at S5 where the removal of corn ears occurred following pollination; therefore, these 

data were not included in the corn grain yield analysis (data not shown). Corn grain yield varied 

between herbicide treatment and site. Between sites, corn grain yield from the weed-free control 

plots ranged from 7 to 11.8 t ha-1 with standard errors ranging from 0.26 to 1.14 t ha-1. When 

MHR waterhemp was left uncontrolled, corn grain yield ranged from 6.1 to 11 t ha-1 between 

sites while standard error ranged from 0.38 to 2.17 t ha-1. MHR waterhemp interference with 

atrazine alone at S4 reduced corn grain yield 2.6 t ha-1; greater corn yield loss can be attributed to 

greater MHR waterhemp density at this site and poorer weed control by this treatment. The 

addition of atrazine to tolpyralate reduced corn grain yield by 2.9 t ha-1 at S2; we attribute this 
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decrease to field variability and is not considered a true treatment effect. Corn grain yield 

averaged across herbicide treatments and sites did not increase from the addition of atrazine to 

HPPD-inhibitors (P > 0.05). The inability to detect yield differences among treatments could be 

due to the minimal effect of later emerging MHR waterhemp at low densities on corn grain yield 

(Cordes et al. 2004; Steckel and Sprague 2004; Wu and Owen 2014). Waterhemp seedlings 

germinating after the POST application are less able to compete with the established crop. When 

averaged across sites, isoxaflutole + atrazine and mesotrione + atrazine resulted in corn grain 

yields 1.5 and 0.5 t ha-1 greater than isoxaflutole and mesotrione alone (P < 0.05), respectively. 

In general, HPPD-inhibitors applied with atrazine provided greater and more consistent control 

of MHR waterhemp and provided greater reductions in density and biomass than atrazine alone; 

however, this did not translate into a yield response. Steckel and Sprague (2004) showed that 

waterhemp emerging later in the growing season, between V8 and V12 corn, produce as few as 0 

seeds plant-1. While the addition of atrazine to HPPD-inhibitors did not directly influence corn 

grain yield, more consistent MHR waterhemp control with HPPD-inhibitors may reduce in-

season escapes and the return of weed seed to the soil seed bank (Swanton et al. 1999). Reducing 

the ability of this prolific and competitive weed species may also warrant the further use of 

atrazine in corn production to limit resistance evolution. 

3.5 Conclusions 

In conclusion, tank-mixing atrazine with HPPD-inhibitors applied POST improved the 

consistency and control of MHR waterhemp compared with HPPD-inhibitors applied alone. 

Averaged across treatments and at four of five sites, HPPD-inhibitors plus atrazine provided 81% 

to 99% control of MHR waterhemp and reduced standard errors by 13% to 100% at 4, 8, and 12 
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WAA. At S4, MHR waterhemp control varied from 51% to 98% because of extremely high 

waterhemp density up to 760 plants m−2 and biomass up to 204 g m−2 compared to other sites. 

Averaged across sites, tank-mixing atrazine with isoxaflutole, mesotrione, topramezone, or 

tembotrione improved MHR waterhemp control by 15%, 11%, 7%, and 7%, respectively, at 4 

WAA. Across treatments, there were few statistical differences between MHR waterhemp 

control, density, biomass, and corn grain yield. Despite the increase in MHR waterhemp control 

with the addition of atrazine, there was no effect on corn grain yield. In this study the benefit of 

the addition of atrazine to HPPD-inhibitors is best realized through greater and more consistent 

MHR waterhemp control. The use of atrazine also broadens the spectrum of weed control and 

reduces weed seed return (Swanton et al. 2007). The use of HPPD-inhibitors in combination with 

other PS II-inhibitors, such as bromoxynil and metribuzin, has been reported (Abendroth et al. 

2006; Hugie et al. 2008). Moreover, the combination of HPPD-inhibitors with other MOA 

increases the spectrum of weed control and delays the evolution of herbicide resistance, which 

will allow future use of currently effective MOA. The occurrence of MHR waterhemp resistant 

to both HPPD-inhibitors and atrazine (Jacobs et al. 2020; McMullan and Green 2011) as well as 

Palmer amaranth (Jhala et al. 2014) suggests these herbicides should be used strategically, and 

growers should strive for 100% control. The ability of MHR waterhemp to escape herbicide 

applications, germinate late in the growing season, produce a plethora of viable offspring, and 

evolve resistance to multiple herbicide MOA warrants the use of herbicide programs that control 

MHR waterhemp 100% throughout the growing season. The use of HPPD-inhibitors plus 

atrazine may provide greater and more consistent control of  MHR waterhemp in Ontario; 

however, cultural practices such as a diverse crop rotation, optimizing crop density, reducing 
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crop row spacing, herbicide rotation, tank-mixing multiple, effective MOA, and planting cover 

crops would also help delay the evolution of herbicide resistance in weeds.
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Table 3.1 Soil characteristics and multiple-herbicide-resistant (MHR) waterhemp resistance profile of each field site where atrazine, 
HPPD-inhibitors and HPPD-inhibitors plus atrazine were applied POST in corn in Ontario, Canada in 2018 and 2019. 

   Soil characteristics  % Resistant 
Site Year Location Classification Sand Silt Clay OM pH  ALS PS II EPSPS PPO 

    ------------ % ------------   ------------------- % ------------------- 
S1 2018 Cottam Sandy Loam 66 24 10 2.2 6.4  84 24 88 N/Aa 

S2 2018 Walpole I Loamy Sand 76 18 6 2.4 8.0  57 26 60 N/A 
S3 2018 Walpole II Loamy Sand 78 14 8 2.3 8.3  59 5 53 N/A 
S4 2019 Cottam Sandy Loam 70 21 9 2.6 6.0  68 54 64 43 
S5 2019 Walpole I Sandy Loam 70 21 9 2.3 7.6  54 30 96 17 

Abbreviations: OM, organic matter; ALS, acetolactate synthase; PS II, photosystem II; EPSPS, 5-enolpyruvylshikimate-3-phosphate 
synthase; PPO, protoporphyrinogen oxidase. 
a Populations were not screened for resistance to PPO-inhibitors in 2018.
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Table 3.2 Herbicide active ingredient, adjuvants and manufacturers used to study atrazine, HPPD-inhibitors and HPPD-inhibitors plus 
atrazine applied POST for the control of multiple-herbicide resistant (MHR) waterhemp in Ontario, Canada in 2018 and 2019. 

Herbicide 
Active 
Ingredienta Tradename Adjuvant(s) 

Adjuvant Rate 
(Unit) Herbicide Manufacturer Adjuvant Manufacturer 

Atrazine AAtrex® 
Liquid 480 

Assist oil 
concentrate 

1.0 (% v/v) Syngenta Canada Inc., 140 Research 
Lane, Research Park, Guelph, ON. 

BASF Canada Inc., 100 Milverton Dr., 
Mississauga, ON. 

Isoxaflutole Converge 
Flexx 
Herbicide 

- - Bayer CropScience Inc., 160 Quarry 
Park Blvd S. E., Calgary, AB. 

- 

Mesotrione Callisto® 
480SC 
Herbicide 

Agral 90 0.2 (% v/v) Syngenta Canada Inc., 140 Research 
Lane, Research Park, Guelph, ON. 

Syngenta Canada Inc., 140 Research Ln, 
Guelph, ON. 

Tembotrione Laudis™ 
Herbicide 

A) Hasten 
B) 28% UAN 

1.75 (L ha-1) 
3.5 (L ha-1) 

Bayer CropScience Inc., 160 Quarry 
Park Blvd S. E., Calgary, AB. 

A) Victorian Chemical Company Pty. Ltd. 83 
Maffra St. Coolaroo, Victoria, AUS. 
B) Sylvite, 3221 North Service Rd., 
Burlington, ON. 

Tolpyralate Shieldex™ 
400SC 
Herbicide 

A) MSO 
concentrate 
B) 28% UAN 

0.5 (% v/v) 
2.5 (% v/v) 

ISK Biosciences Corporation., 740 
Auburn Road, Concord, OH. 

A) Loveland Products, 3005 Rocky Mountain 
Ave., Loveland, CO., 
B) Sylvite, 3221 North Service Rd., 
Burlington, ON. 

Topramezone Armezon® 
Herbicide 

Merge 0.5 (% v/v) BASF Canada Inc., 100 Milverton 
Drive, Mississauga, ON. 

BASF Canada Inc., 100 Milverton Dr., 
Mississauga, ON. 

a The rates of atrazine represent the current registered rates in Canada when co-applied with the respective Group 27 herbicides.
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Table 3.3 Visible control of multiple-herbicide resistant (MHR) waterhemp 4, 8, and 12 weeks after postemergence (POST) 
application (WAA) with atrazine, HPPD-inhibitors and HPPD-inhibitors plus atrazine applied POST across five field sites in Ontario, 
Canada in 2018 and 2019. 

Tankmix partner 
with atrazineab 

Control 
S1 S2 S3 S4 S5 

 -ATR +ATR -ATR +ATR -ATR +ATR -ATR +ATR -ATR +ATR 
4 WAA ------------------------------------------------------------------------------------------------------------------ % ------------------------------------------------------------------------------------------------------------------ 

None - 75 (6.5) b - 53 (6.3) b - 70 (6.8) b - 30 (6.8) d - 86 (9.0) a 
Isoxaflutole 74 (5.5) a 99* (0) a 68 (4.3) a 87* (5.8) a 79 (8.5) a 92 (4.5) ab 40 (7.1) b 51* (5.5) cd 95 (1.9) a 99 (0.5) a 
Mesotrione 93 (3.5) a 99 (0) ab 79 (6.6) a 92 (5.7) a 90 (4.4) a 98 (1.0) ab 51 (2.4) b 70* (5.4) b 92 (7.3) a 99 (0.3) a 
Topramezone 77 (8.3) a 92 (7.3) ab 86 (5.5) a 97 (1.2) a 84 (3.1) a 81 (10.7) ab 65 (4.6) ab 61 (3.8) bc 81 (9.2) a 97 (0.9) a 
Tembotrione 93 (6.0) a 99 (0) a 89 (5.4) a 99* (0) a 91 (4.1) a 99* (0) a 76 (3.1) a 88* (4.8) a 99 (0.4) a 99 (1.3) a 
Tolpyralate 92 (7.3) a 97 (2.3) ab 91 (5.4) a 98* (1.0) a 95 (1.8) a 97 (1.2) ab 73 (4.3) a 66 (3.1) b 98 (1.3) a 100 (0) a 

8 WAA           
None 0 80 (6.1) b 0 64 (6.3) b 0 80 (5.4) b 0 29 (2.4) d 0 95 (3.4) a 
Isoxaflutole 68 (6.6) b 99* (0) a 85 (2.0) a 98* (1.0) a 90 (5.9) a 97* (1.2) a 40 (7.4) b 53 (4.3) c 99 (1.2) a 100 (0) a 
Mesotrione 97 (2.3) a 97 (2.3) ab 96 (1.0) a 97 (2.3) a 97 (1.2) a 99 (0) a 54 (2.4) b 81* (3.8) b 98 (1.1) a 99 (0.3) a 
Topramezone 65 (11.7) ab 95* (3.3) ab 94 (2.2) a 98 (1.0) a 95 (1.8) a 88 (9.5) ab 65 (8.7) ab 66 (5.5) bc 93 (3.5) a 99 (0.3) a 
Tembotrione 92 (7.3) ab 99 (0) a 98 (1.0) a 99 (0) a 95 (1.8) a 99* (0) a 91 (2.4) a 96 (2.1) a 99 (0.3) a 99 (0.3) a 
Tolpyralate 77 (10.9) ab 97* (2.3) ab 97 (1.2) a 99 (0) a 97 (1.2) a 98 (1.0) a 86 (3.1) a 73 (6.3) b 99 (1.3) a 100 (0) a 

12 WAA           
None 0 79 (9.0) a 0 64 (10.3) a 0 74 (3.8) a 0 28 (1.4) d 0 96 (2.3) a 
Isoxaflutole 68 (6.0) ab 99* (0) a 90 (2.9) a 99 (0) a 92 (5.7) a 97 (1.2) a 44 (9.7) b 58 (3.2) c 99 (1.3) a 99 (0.3) a 
Mesotrione 92 (5.7) a 92 (4.5) a 97 (2.3) a 97 (1.2) a 94 (2.2) a 98 (1.0) a 56 (3.1) b 85* (4.6) ab 99 (0.3) a 99 (0.3) a 
Topramezone 58 (8.5) b 89* (6.3) a 96 (2.1) a 98 (1.0) a 94 (2.2) a 87 (9.1) a 69 (8.0) ab 70 (5.4) bc 95 (2.6) a 99 (0.3) a 
Tembotrione 87 (12.3) ab 98 (1.0) a 97 (2.3) a 98 (1.0) a 98 (1.0) a 99 (0) a 93 (1.4) a 98 (1.0) a 100 (0) a 100 (0) a 
Tolpyralate 71 (12.3) ab 93* (4.5) a 99 (0) a 99 (0) a 98 (1.0) a 99 (0) a 90 (3.1) a 75 (5.4) b 99 (0.3) a 100 (0) a 

Abbreviations: ATR, atrazine; WAA, weeks after application. 
*Treatment means of HPPD-inhibitor applied without (-) and with (+) atrazine are significantly different using Tukey’s LSD (P < 
0.05). 
Values in parentheses are the standard errors of herbicide treatment means. 
a-d Within rating timings, means within columns followed by the same letter are not significantly different using Tukey’s LSD (P > 
0.05). 
a Herbicide treatment application rates were based on current Ontario herbicide labels and were atrazine (1,063); isoxaflutole (105); 
isoxaflutole + atrazine (105 + 1063); mesotrione (100); mesotrione + atrazine (100 + 280); topramezone (12.5); topramezone + 
atrazine (12.5 + 500); tembotrione (90); tembotrione + atrazine (90 + 1,000); tolpyralate (30); and tolpyralate + atrazine (30 + 560 g 
ha-1). 
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b Herbicide treatments with mesotrione included AGRAL® 90 (0.2% v/v); with topramezone included MERGE® (0.5% v/v); with 
tembotrione included HASTEN™ (1.75 L ha-1) and urea ammonium nitrate (UAN 28-0-0) (3.5 L ha-1); and with tolpyralate included 
MSO™ concentrate (0.5% v/v) and UAN (2.5% v/v).
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Table 3.4 Density and biomass of multiple-herbicide resistant (MHR) waterhemp 4 weeks after postemergence (POST) application 
(WAA) and corn grain yield with atrazine, HPPD-inhibitors and HPPD-inhibitors plus atrazine applied POST across five field sites in 
Ontario, Canada in 2018 and 2019. 

 S1 S2 S3 S4 S5 
Tankmix partner with 
atrazineab -ATR +ATR -ATR +ATR -ATR +ATR -ATR +ATR -ATR +ATR 
Density ---------------------------------------------------------------------------------------------------------------- Plants m-2 ---------------------------------------------------------------------------------------------------------------- 

Nontreated controlc 287 (175.0) a 287 (182.9) a 52 (16.1) a 52 (16.1) a 147 (45.2) a 147 (45.1) a 760 (462.6) a 760 (483.5) a 66 (20.3) a 66 (20.2) a 
None - 5 (3.1) b - 20 (8.0) a - 9 (3.6) b - 424 (251.4) a - 4 (1.7) b 
Isoxaflutole 21 (7.1) b 0* (0) b 13 (7.4) ab 1* (0.5) b 3 (1.6) b 1 (0.2) bc 175 (60.1) ab 240 (47.0) a 1 (0.5) b 0 (0) b 
Mesotrione 1 (0.3) c 0 (0) b 8 (4.5) ab 3 (2.5) ab 2 (1.3) b 0 (0) bc 596 (231.2) a 42* (34.4) ab 0 (0) b 1 (1.0) b 
Topramezone 57 (38.5) ab 1* (0.3) b 3 (2.2) ab 0 (0) b 5 (3.8) b 3 (2.0) bc 111 (74.8) ab 258 (117.8) a 9 (6.9) ab 1 (0.7) b 
Tembotrione 0 (0) c 0 (0) b 1 (0.4) b 0 (0) b 1 (0.5) b 0 (0) c 55 (5.5) b 27 (9.7) b 1 (0.3) b 1 (0.1) b 
Tolpyralate 2 (1.3) bc 0 (0) b 1 (0.3) b 0 (0) b 1 (0.4) b 2 (0.9) bc 103 (76.3) ab 177 (43.6) a 1 (0.4) b 0 (0) b 

Biomass ------------------------------------------------------------------------------------------------------------------- g m-2 ------------------------------------------------------------------------------------------------------------------- 
Nontreated controlc 70.3 (23.36) a 70.3 (28.61) a 62.6 (15.56) a 62.6 (15.56) a 142.2 (35.36) a 142.2 (35.36) a 203.9 (67.80) a 203.9 (83.03) a 19.2 (4.77) a 19.2 (4.77) a 
None - 3.0 (2.20) b - 20.3 (11.01) a - 2.1 (1.11) b  43.1 (31.33) abc - 2.3 (1.23) ab 
Isoxaflutole 4.0 (1.38) b 0* (0) b 6.6 (1.73) b 0.9* (0.22) b 1.2 (0.32) b 0.1 (0.03) bc 44.4 (15.12) abc 39.4 (10.29) b 0.2 (0.05) b 0 (0) c 
Mesotrione 0 (0) d 0 (0) b 3.5 (1.06) bc 0.6* (0.23) bc 1.1 (0.33) b 0 (0) c 60.4 (5.98) b 8.4* (4.13) bc 0 (0) b 0.6 (0.21) bc 
Topramezone 6.4 (3.28) bc 1.0 (0.56) b 2.6 (1.38) bc 0.3 (0.13) bc 0.4 (0.22) b 1.2 (0.50) bc 19.5 (9.9) bcd 28.8 (15.92) ab 4.7 (2.46) ab 0.3* (0.12) bc 
Tembotrione 0.2 (0.03) cd 0 (0) b 0.5 (0.12) c 0 (0) c 0.2 (0.04) b 0 (0) c 4.3 (0.66) d 2.1* (0.51) c 0 (0.01) b 0 () c 
Tolpyralate 0.5 (0.16) bcd 0 (0) b 0.4 (0.06) c 0 (0) c 0 (0.01) b 0 (0) c 9.5 (3.18) cd 18.8 (4.84) b 0 (0.01) b 0 (0) c 

Yield ------------------------------------------------------------------------------------------------------------------- t ha-1 ------------------------------------------------------------------------------------------------------------------- 
Weed-free control 10.5 (0.26) a 10.5 (0.26) a 11.2 (1.14) a 11.2 (1.14) a 11.8 (0.67) a 11.8 (0.67) a 10.4 (0.31) a 10.4 (0.31) a 7 (0.39) a 7 (0.39) a 
Nontreated controlc 9.4 (1.79) ab 9.4 (1.79) a 8.8 (2.17) a 8.8 (2.17) a 11 (0.62) a 11 (0.62) a 7.1 (0.38) ab 7.1 (0.38) ab 6.1 (0.61) a 6.1 (0.61) a 
None - 8.9 (0.59) a - 10.3 (0.88) a - 12.6 (0.44) a - 7.8 (0.25) b - 6.3 (0.43) a 
Isoxaflutole 7.1 (1.18) b 10.6* (0.35) a 10.2 (1.66) a 12.5* (0.6) a 12.3 (0.92) a 11.7 (1.14) a 7.8 (0.46) ab 8.9 (0.23) b 6.3 (0.41) a 7 (0.09) a 
Mesotrione 9.6 (0.61) ab 9.8 (0.38) a 10.3 (1.7) a 11.2 (0.92) a 12.6 (0.95) a 12.7 (0.35) a 8.2 (0.17) b 9.2 (0.31) ab 6.3 (0.2) a 6.6 (0.62) a 
Topramezone 7.9 (1.07) ab 9.5 (0.79) a 11 (1.51) a 10.5 (1.68) a 12.9 (0.3) a 13.2 (0.32) a 8.3 (0.26) ab 8.7 (0.57) ab 6.8 (0.36) a 6.4 (0.41) a 
Tembotrione 10.8 (0.67) ab 9.4 (0.67) a 12.4 (0.66) a 10.4 (1.32) a 11.6 (0.54) a 13.1 (0.28) a 8.8 (0.39) ab 9.2 (0.34) ab 5.8 (0.35) a 6.6 (0.3) a 
Tolpyralate 8.8 (1.1) ab 10.6 (0.3) a 11.4 (1.38) a 8.5* (1.38) a 12.2 (0.64) a 12.3 (0.68) a 9.1 (0.63) ab 8.8 (0.27) b 6 (0.09) a 6.3 (0.13) a 

Abbreviations: ATR, atrazine; WAA, weeks after application. 
*Treatment means of HPPD-inhibitor applied without (-) and with (+) atrazine are significantly different using Tukey’s LSD (P < 
0.05). 
Values in parentheses are the standard errors of herbicide treatment means. 
a-c Means within columns followed by the same letter are not significantly different using Tukey’s LSD (P > 0.05). 
a Herbicide treatment application rates were based on current Ontario herbicide labels and were atrazine (1,063); isoxaflutole (105); 
isoxaflutole + atrazine (105 + 1063); mesotrione (100); mesotrione + atrazine (100 + 280); topramezone (12.5); topramezone + 
atrazine (12.5 + 500); tembotrione (90); tembotrione + atrazine (90 + 1,000); tolpyralate (30); and tolpyralate + atrazine (30 + 560 g 
ha-1). 
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b Herbicide treatments with mesotrione included AGRAL® 90 (0.2% v/v); with topramezone included MERGE® (0.5% v/v); with 
tembotrione included HASTEN™ (1.75 L ha-1) and urea ammonium nitrate (UAN 28-0-0) (3.5 L ha-1); and with tolpyralate included 
MSO™ concentrate (0.5% v/v) and UAN (2.5% v/v). 
c Nontreated control did not receive herbicide treatment and was not subject to – and + ATR treatments.
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Chapter 4: Biologically-effective-dose of tolpyralate and tolpyralate 
plus atrazine for control of multiple-herbicide-resistant waterhemp 
[Amaranthus tuberculatus (Moq.) J. D. Sauer] in corn 

Christian Willemse, Nader Soltani, Brendan Metzger, David, C. Hooker, Amit J. Jhala, Darren E. 

Robinson, and Peter H. Sikkema 

4.1 Abstract 

The biologically-effective-dose of tolpyralate, a new 4-hydroxyphenyl-pyruvate 

dioxygenase (HPPD)-inhibitor, applied alone or tank-mixed with atrazine, for the control of 

multiple-herbicide-resistant (MHR) waterhemp has not been studied in corn. Seven field 

experiments were conducted during a three-year period (2018, 2019, 2020) in Ontario, Canada 

with MHR waterhemp [resistant to acetolactate synthase (ALS)-, photosystem II (PS II)-, 5-

enolpyruvylshikimate-3-phosphate synthase (EPSPS)-, and protoporphyrinogen oxidase (PPO)-

inhibitors] to determine: 1) the dose-response of MHR waterhemp to tolpyralate and tolpyralate 

plus atrazine, and 2) the relative efficacy of tolpyralate and tolpyralate plus atrazine to post-

emergence corn herbicides, dicamba/atrazine (500/1,000 g ha-1) and mesotrione + atrazine (100 

+ 280 g ha-1). Tolpyralate + atrazine (120 + 4,000 g ha-1) caused 13% corn injury at one site two 

weeks after application (WAA), which was observed as transient foliar chlorosis and bleaching 

of new leaves. At 12 WAA, the predicted dose of tolpyralate for 50% control of MHR 

waterhemp at Cottam and on Walpole Island was 8 and 2 g ha-1, respectively; the predicted dose 

of tolpyralate + atrazine for 50% control of MHR waterhemp at Cottam and on Walpole Island 

was 5 + 160 and 1 + 21 g ha-1, respectively. The differences in predicted dose at the two sites is 

likely due to differences in MHR density and resistance profile. Applied at the registered rate, 

tolpyralate (30 g ha-1) and tolpyralate + atrazine (30 + 1,000) g ha-1controlled MHR waterhemp 
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similar to dicamba/atrazine and mesotrione + atrazine across sites. This study demonstrates that 

tolpyralate + atrazine, applied POST, provides season-long control of MHR waterhemp in corn. 

4.2 Introduction 

Waterhemp is a summer-annual, broadleaf weed species found in agricultural cropping 

systems across the mid-western United States. Waterhemp has been documented in 19 states of 

the United States and three Canadian provinces including Ontario (Heap 2020, Benoit et al. 

2020). Waterhemp has been documented in 14 Ontario counties and continues to expand its 

geographic distribution (Willemse unpublished). The spread of waterhemp across Ontario and its 

ability to proliferate in corn production are facilitated by several biological characteristics, which 

include a prolonged emergence pattern, rapid growth rate, dioecious reproductive system, and 

prolific seed production (Costea et al. 2005; Hartzler et al. 2004; Wu and Owen 2014). 

Waterhemp seeds germinate in a wide range of environmental conditions resulting in multiple 

waterhemp flushes throughout the growing season; in Ontario, waterhemp emerges from May 

through October (Leon and Owen 2003; Leon et al. 2006; Schryver et al. 2017c; Vyn et al. 

2007). Once emerged, waterhemp exhibits an aggressive, indeterminate growth habit allowing it 

to compete with agricultural crops and reach over 3 m in height in competitive environments 

(Costea et al. 2005; Nordby et al. 2007). Waterhemp typically produces approximately 300,000 

seeds per plant; however, a plant can produce up to 4.8 million seeds when competing with a 

growing crop, contributing vast quantities of seed to the soil seed bank (Hartzler et al. 2004).  

Waterhemp is an obligate cross-pollinating weed species that experiences massive gene 

flow amongst populations (Costea et al. 2005; Kreiner et al. 2018; Liu et al. 2012). The 

introgression of genetic material enables waterhemp populations to thrive across a wide range of 



114 

 

environments and growing conditions and allows plants to stack traits that confer resistance to 

numerous herbicide modes of action (MOA) (Bell et al. 2013; Costea et al. 2005). In waterhemp, 

resistance has been identified to the synthetic auxins, acetolactate synthase (ALS)-, photosystem 

II (PS II)-, 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS)-, protoporphyrinogen oxidase 

(PPO)-, very-long-chain fatty-acid (VLCFA)-, and 4-hydoxyphenylpyruvyl dioxygenase 

(HPPD)-inhibitors (Heap 2020; McMullan and Green 2011; Shergill et al. 2018). Waterhemp 

continues to rapidly evolve herbicide resistance and is the first weed species known to evolve 

resistance to the HPPD-inhibitors (McMullan and Green 2011). The first multiple-herbicide-

resistant (MHR) waterhemp population resistant to six herbicide MOA including the synthetic 

auxins, ALS-, PS II-, EPSPS-, PPO-, and HPPD-inhibitors was identified in 2015 in Missouri 

(Shergill et al. 2018). In Ontario, waterhemp populations containing individuals exhibiting four-

way resistance to ALS-, PS II-, EPSPS-, and PPO-inhibitors have been reported (Benoit et al. 

2020). Additionally, 80% of these populations are three-way multiple resistance to ALS-, PS II-, 

and EPSPS-inhibitors. The dioecious and anemophilous biology, coupled with the potential for 

pollen-mediated gene flow in waterhemp enable transfer of herbicide resistance alleles among 

populations (Jhala et al. 2020), further complicating management of this species with herbicides 

(Liu et al. 2012; Sarangi et al. 2017). 

Herbicide-resistance enables waterhemp to escape weed control measures in corn 

production (Costea et al. 2005). When left uncontrolled, waterhemp can reduce corn yield up to 

74% (Steckel and Sprague 2004). In Ontario, corn yield loss up to 48% has been reported 

(Soltani et al. 2009). Corn should be kept weed-free from emergence (VE) to the V6 corn stage 

to prevent yield loss caused by waterhemp interference (Steckel and Sprague 2004). Waterhemp 

cohorts that emerge after V6 may not reduce corn yield; however, full-season MHR waterhemp 
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control is prudent to prevent soil seed bank replenishment (Hartzler et al. 2004; Steckel and 

Sprague 2004). Season-long MHR waterhemp control can be achieved with herbicide tank-

mixtures applied preemergence (PRE), PRE followed by postemergence (POST), early 

postemergence (ePOST), or POST (Benoit et al. 2019a, 2019b; Hedges et al. 2018; Jhala et al. 

2017; Schryver et al. 2017b; Vyn et al. 2006). The HPPD-inhibitors, such as bicyclopyrone, 

isoxaflutole, mesotrione, tembotrione, and topramezone exhibit excellent activity on MHR 

waterhemp and can be applied PRE, ePOST, or POST (Benoit et al. 2019a; Mitchell et al. 2001; 

Osipitan et al. 2018; Sarangi and Jhala 2017; Willemse et al. 2020; Williams et al. 2011). The 

HPPD-inhibitors are often applied in a tank-mixture with a PS II-inhibitor such as atrazine due to 

complementary activity between these MOA (Benoit et al. 2019a, 2019b; Soltani et al. 2009; 

Vyn et al. 2006). Complementary activity between the HPPD-inhibitors and atrazine has been 

reported for the control of triazine-susceptible and triazine-resistant redroot pigweed 

(Amaranthus retroflexus L.), Palmer amaranth (Amaranthus palmeri S. Watson), and waterhemp 

(Hugie et al. 2008; Khort and Sprague 2017b; Woodyard et al. 2009). In plants, HPPD-inhibitors 

prevent the production of α-tocopherols, plastoquinone, and carotenoids that protect cells from 

reactive oxygen species (ROS) generated during photosynthesis, while PS II-inhibitors enhance 

the production of ROS by inhibiting electron transfer (Armel et al. 2009; Hankamer et al. 1997). 

Enhanced weed control results from the application of HPPD-inhibitors + atrazine due to: (1) 

increased binding efficiency of atrazine caused by the shortage of plastoquinone and (2) the 

accumulation of ROS due to the shortage of quenching antioxidants α-tocopherols, 

plastoquinone, and carotenoids. The application of HPPD-inhibitors + atrazine results in 

excellent season-long control of MHR waterhemp (Benoit et al. 2019a, 2019b, Vyn et al. 2006; 

Sarangi and Jhala 2017). 
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Tolpyralate is a relatively new HPPD-inhibitor that controls several annual grass and 

broadleaf weed species (Metzger et al. 2018b; Osipitan et al. 2018). Previous Ontario studies 

report excellent control of Amaranthus species with tolpyralate and EPSPS-resistant waterhemp 

with tolpyralate + atrazine (Langdon et al. 2020; Metzger et al. 2018a, 2018b, 2019). In the 

United States, the commercial label for tolpyralate states control of both A. rudis and A. 

tuberculatus at the 30 to 40 g ha-1 rate, while the Canadian label states suppression of A. rudis 

(Anonymous 2017, 2019e). The A. tuberculatus biotype is native to undisturbed habitats in 

southern Ontario and Western Quebec, while A. rudis is thought to be introduced into Ontario 

from the United States (Costea et al. 2005). For the purpose of this research, the Weed Science 

Society America designation waterhemp (A. tuberculatus) refers to both tall (A. tuberculatus var. 

tuberculatus) and common (A. tuberculatus var. rudis) waterhemp (Weed Science Society of 

America 2020). The efficacy of tolpyralate on MHR waterhemp has not been reported; however, 

other HPPD-inhibitors provide excellent control. Therefore, it is hypothesized that the POST 

application of tolpyralate and tolpyralate + atrazine will result in season-long control of MHR 

waterhemp. The objectives of this study were to determine the biologically-effective-dose of 

POST-applied tolpyralate and tolpyralate + atrazine for control of MHR waterhemp, and to 

determine the relative efficacy of tolpyralate and tolpyralate + atrazine in comparison to POST 

herbicides for control of MHR waterhemp in corn in Ontario. 

4.3 Materials and Methods 

4.3.1 Experimental Methods  

Field trials were conducted near Cottam, ON, Canada (42.149076ºN, -82.683687ºW) and 

on Walpole Island, ON, Canada (42.561492ºN, -82.501487ºW) in 2018, 2019, and 2020. The 

presence of MHR waterhemp populations resistant to ALS-, PS II-, EPSPS-, and PPO-inhibitors 
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was confirmed during each year of study by establishing permanent quadrat experiments at each 

trial: eight quadrats were treated POST with either imazethapyr (BASF Canada Inc. 100 

Milverton Drive, Mississauga, ON) (100 g ai ha-1) + Agral® 90 (Syngenta Canada Inc., 140 

Research Lane, Research Park, Guelph, ON) (0.2% v/v) + urea ammonium nitrate (UAN 28-0-0) 

(Sylvite, 3221 North Service Road, Burlington, ON) (2.5% v/v), atrazine (Syngenta Canada Inc., 

140 Research Lane, Research Park, Guelph, ON) (1500 g ai ha-1) + Assist® oil concentrate 

(BASF Canada Inc., 100 Milverton Drive, Mississauga, ON) (1% v/v), glyphosate (Bayer 

CropScience Inc., 160 Quarry Park Blvd SE, Calgary, AB) (900 g ae ha-1); or fomesafen 

(Syngenta Canada Inc. 140 Research Lane, Research Park, Guelph, ON) (240 g ai ha-1). The 

percent of individuals resistant to each MOA were calculated using the number of surviving 

plants within each quadrat at 3 weeks after application (WAA) and is presented in Table 4.1. 

The previous crop at each trial site was either corn or soybean. In the spring, trial sites 

were fertilized according to soil test results and crop requirements and cultivated twice with a 

tandem disc to prepare the seedbed for planting. Dekalb DKC46-82RIB corn (Monsanto Co., St. 

Louis, MO) was seeded 4.5 cm deep in plots which were 2.25 m wide and 8 m long, on 0.75 m 

row spacing at a population of 83,140 seeds ha-1. Treatments were arranged in a randomized 

complete block with four replications. Shortly after crop emergence, potassium salt of glyphosate 

(450 g ae ha-1) was applied to the entire experimental area to remove EPSPS-inhibitor 

susceptible waterhemp and non-target weed species. Treatments were applied when MHR 

waterhemp plants reached an average of 10 cm in height, using a CO2-pressurized backpack 

sprayer and a handheld spray boom outfitted with four ULD120-02 nozzles (Pentair, 375 5th Ave 

NW, New Brighton, MN) spaced 50 cm apart. For the dose response analysis, six rates of 

tolpyralate (Shieldex 400SC, ISK Biosciences Corporation, 740 Auburn Road, Concord, OH) 
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(3.75, 7.5, 15, 30, 60, and 120 g ha-1) were applied alone, and in a 1:33.3 tank-mixture with 

atrazine at rates 125, 250, 500, 1,000, 2,000, and 4,000 g ha-1 similar to Metzger et al. (2018a). 

Methylated seed oil (MSO Concentrate®) (Loveland Products, 3005 Rocky Mountain Ave., 

Loveland, CO) and UAN were included with each tolpyralate application at 0.50% v/v and 

2.50% v/v, respectively. Comparison POST herbicides included a pre-mixture (1:2 ratio) of 

dicamba/atrazine (Marksman® Herbicide, BASF Canada Inc. Mississauga, ON) (500/1,000 g ha-

1) and tank-mixture of mesotrione + atrazine (Syngenta Canada Inc., 140 Research Lane, 

Research Park, Guelph, ON) (100 + 280 g ha-1). Mesotrione + atrazine applications included a 

nonionic surfactant (Agral® 90) at 0.20% v/v in accordance with label recommendations 

(OMAFRA 2018b). Additionally, each replicate included a nontreated control, and a weed-free 

control that was established using a pre-formulated mixture of S-

metolachlor/mesotrione/bicyclopyrone/atrazine (588/35/140/1,259 g ha-1) (Acuron™ Herbicide) 

(Syngenta Canada Inc., 140 Research Lane, Research Park, Guelph, ON) applied PRE, followed 

by dicamba/atrazine (500/1,000 g ha-1) applied POST, with subsequent hand-weeding where 

required.   

Data collection included corn injury 1, 2, and 4 WAA, and weed control 2, 4, 8, and 12 

WAA, where each parameter was visually assessed against the nontreated control in each 

replicate and assigned a percent value (0% to 100%) where 0% represents no visible crop 

injury/weed control and 100% represents complete plant death. Waterhemp density (plants m-2) 

and dry biomass (g m-2) were determined in each plot 8 WAA by randomly placing two, 0.25 m-2 

quadrats in the centre row of each plot, counting, and cutting the waterhemp plants at the soil 

surface contained in each quadrat, and drying the harvested biomass to constant mass at 60 C. 

Corn grain yield (t ha-1) was taken from the centre two rows of each plot by harvesting with a 
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small-plot combine and weighing the sample. Corn grain yield was corrected to 15.5% moisture 

prior to the statistical analysis. 

4.3.2 Statistical Analysis  

Data were subjected to variance analysis using the GLIMMIX procedure in SAS v. 9.4 

(SAS Institute, Cary, NC). An initial mixed model analysis was conducted to evaluate site-by-

treatment interactions. The fixed effect was treatment and the random effects were site, site-by-

treatment, and replication within site. Site-by-treatment interactions were significant (P < 0.05) 

with differences between Cottam locations, and Walpole Island locations; therefore, data were 

analyzed and presented separately for the Cottam and Walpole Island sites. 

4.3.2.1 Regression Analysis  

Waterhemp control at 2, 4, 8, and 12 WAA, waterhemp density and dry biomass, and 

relative corn grain yield were regressed against the dose of tolpyralate applied alone, and 

tolpyralate + atrazine, by fitting either one of two equations to the data using the NLIN 

procedures in SAS v. 9.4 (SAS Institute, Cary, NC). The following equations were used for the 

regression analysis. 

Rectangular hyperbolic equation (Cousens 1985): 

y = (b*dose)/1+((b*dose/a)) [1] 

where 

a = upper asymptote 

b = initial slope 
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Exponential decay equation: 

y = a + b*e(-c*dose) [2] 

where 

a = lower asymptote 

b = change in y from intercept to a 

c = slope from intercept to a 

Predicted values generated from the regression analysis were used to compute the 

expected dose (EDn) of tolpyralate or tolpyralate + atrazine for 50%, 80%, and 95% control, a 

50%, 80% and 95% reduction in density and dry biomass (relative to the nontreated control) and 

to achieve 50%, 80%, and 95% of the yield of weed-free control plots within each replicate. 

Where computation of the required dose was not possible with the regression model, values are 

substituted with “Non-est.” (non-estimable) in Tables. 

4.3.2.2 Variance Analysis and Least-Square Means Comparisons 

A generalized linear mixed-model analysis was performed on each variable for the 

purpose of comparing specific treatments including tolpyralate applied at a label rate alone or 

with atrazine, mesotrione + atrazine, and dicamba/atrazine, using the GLIMMIX procedure in 

SAS v. 9.4 (SAS Institute, Cary, NC). The nontreated control was excluded from analysis of 

visible control data, as control was assumed to be zero. Variance was partitioned into the random 

effects of environment, replication within environment, and the treatment by environment 

interaction, while treatment was designated as the fixed effect. The significance of random 
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effects was determined with a log-likelihood ratio test, and fixed effects using an F-test, with a 

significance level of 0.05 for all tests. An appropriate model was assigned to each response 

parameter based on the distribution and link which best met assumptions that residuals had a 

mean of zero, were homogeneous, and were normally distributed, according to a Shapiro-Wilk 

test and visual inspection of scatterplots of studentized residuals. Control data and grain yield 

were modelled using a normal distribution with identity link; MHR waterhemp density and 

biomass were fit to a lognormal distribution. Where a lognormal distribution was specified, the 

data were back-transformed using the omega method (M. Edwards, Ontario Agricultural College 

Statistician, University of Guelph, personal communication). Least-square means of each 

parameter were compared across treatments using a Tukey-Kramer test and assigned letter codes 

for presentation. 

4.4 Results and Discussion 

MHR waterhemp control with tolpyralate and tolpyralate + atrazine varied by site.  

Across 2, 4, 8, and 12 WAA, control of MHR waterhemp with tolpyralate and tolpyralate + 

atrazine ranged from 60% to 99%. Control was lower at Cottam due to greater waterhemp 

density and biomass and differences in the resistance profile compared to Walpole Island (Tables 

4.4 and 4.7). MHR waterhemp density and biomass of the nontreated control at Cottam was 740 

plants m-2 and 390 g m-2 compared to 69 plants m-2 and 99 g m-2 on Walpole Island. All MHR 

waterhemp populations were resistant to ALS-, PS II-, EPSPS-, and PPO-inhibitors; however, 

Cottam contained a higher proportion of ALS-, PS II-, and PPO-resistant individuals (Table 4.1). 

Similarly, Vyn et al. (2006) reported greater control of an ALS-resistant waterhemp population 
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compared to an ALS- and PS II-resistant population. In that study, greater waterhemp density 

and biomass resulted in lower waterhemp control (Vyn et al. 2006).  

4.4.1 Corn Injury 

On average, most treatments caused < 5% corn injury; tolpyralate + atrazine at the 

highest dose (120 + 4,000 g ha-1), caused 13% injury 2 WAA at Cottam in 2018 (data not 

shown). Where injury did occur, symptoms consisted of temporary white bleaching and blotched 

chlorosis of the youngest corn leaves unfurled at the time of application. Corn injury was 

transient and diminished to < 10% by 4 WAA. Greater injury was observed where applications 

of tolpyralate + atrazine were made under high ambient temperature (27 C) following a period of 

excessive rainfall that caused temporary flooding (data not shown). Environmental variables 

such as temperature, precipitation, and application timing affect the activity of tolpyralate and 

other HPPD-inhibitors (Johnson and Young 2002; Metzger et al. 2019). Johnson and Young 

(2002) reported greater foliar activity with mesotrione in some weed species when applied at a 

relatively high temperature (32 C), compared with applications made at a lower temperature (18 

C). Similarly, Metzger et al. (2019) reported greater corn injury 1 WAA with tolpyralate + 

atrazine applications made earlier in the day compared to later in the day, at higher temperatures, 

and at a larger temperature differential (daily high-daily low) during the 24 hours preceding 

application. In contrast, Metzger et al. (2019) reported higher cumulative precipitation during the 

week following application reduced corn injury from tolpyralate + atrazine which was likely due 

to the alleviation of pre-existing moisture stress. Therefore, it is possible that the combination of 

environmental stressors at Cottam predisposed the corn to herbicide injury. 
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4.4.2 Dose Response 

The POST application of tolpyralate alone caused white bleaching in the growing point 

of waterhemp plants 1 WAA, while tolpyralate + atrazine induced greater leaf bleaching and 

necrosis at this timing (data not shown). Similar observations were made in a previous study of 

the biologically-effective-dose of tolpyralate in a mixed population of green pigweed 

(Amaranthus powelli S. Watson) and redroot pigweed (Metzger et al. 2018a). At Cottam, the 

predicted dose of tolpyralate for 50% MHR waterhemp control at 2, 4, 8, and 12 WAA and 50% 

reduction in density and biomass was 4 to 8 g ha-1; the predicted dose for 80% or 95% MHR 

waterhemp control or an 80% or 95% reduction in density and biomass was non-estimable 

(Table 4.2). The predicted doses of tolpyralate to achieve 50% and 80% of the yield of the weed-

free control were 1 and 31 g ha-1. In contrast, on Walpole Island, the predicted doses of 

tolpyralate for 50%, 80%, and 95% MHR waterhemp control, reduction in density and reduction 

in biomass were 2, 6, and 29, 3, 7, and 15 and 2, 5, and 9 g ha-1, respectively at 8 WAA (Table 

4.5). The predicted dose of tolpyralate to achieve 95% of the corn grain yield of the weed-free 

control was 3 g ha-1.   

At Cottam, the predicted doses of tolpyralate + atrazine for 50%, 80%, and 95% MHR 

waterhemp control were 4 + 136, 20 + 671 g ha-1, and non-estimable, respectively at 2 WAA 

(Table 4.3). The predicted dose of tolpyralate + atrazine for 50% and 80% MHR waterhemp 

control at 2, 4, 8, and 12 WAA increased slightly with time. The predicted doses of tolpyralate + 

atrazine for a 50%, 80%, and 95% reduction in MHR waterhemp density were 3 + 113, 10 + 339, 

and non-estimable, and 3 + 104, 9 + 292, and non-estimable, respectively at 8 WAA.  The 

predicted doses of tolpyralate + atrazine to achieve 50% and 80% of the yield of the weed-free 

control were 1 + 35 and 8 + 263 g ha-1, respectively. In contrast, on Walpole Island, the predicted 
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doses of tolpyralate + atrazine for 50%, 80%, and 95% MHR waterhemp control were 1 + 41, 5 

+ 176, and 42 + 1,432 g ha-1, respectively at 2 WAA (Table 4.6). The predicted dose of 

tolpyralate + atrazine for 50%, 80% and 95% MHR control at 2, 4, 8, and 12 WAA decreased 

with time. The predicted doses of tolpyralate + atrazine for a 50%, 80%, and 95% reduction in 

MHR waterhemp density were 2 + 68, 5 + 161 and 10 + 331, and 1 + 33, 2 + 78, and 5 + 153, 

respectively at 8 WAA.  The predicted dose of tolpyralate + atrazine to achieve 95% of the corn 

grain yield of the weed-free control was 4 + 119 g ha-1.  

Similar to a previous study (Metzger et al. 2018a), the addition of atrazine to tolpyralate 

increased speed of activity in MHR waterhemp, and facilitated a 25% reduction in the predicted 

ED50 at Cottam, and an 50% reduction in the ED50 on Walpole Island at 8 WAA, despite the 

presence of PSI II-resistant biotypes (Tables 4.2, 4.3, 4.5, and 4.6). In contrast, Khort and 

Sprague (2017b) reported no benefit to adding atrazine (560 g ha-1) to tolpyralate (40 g ha-1) for 

control of a PS II-resistant Palmer amaranth population. The EDn values for tolpyralate and 

tolpyralate + atrazine were higher for MHR waterhemp 2 WAA than for other Amaranthus 

species tested in previous experiments in Ontario (Metzger et al. 2018a). The ED50 for 

tolpyralate in green/redroot pigweed was 1.5 g ha-1 at 2 WAA (Metzger et al. 2018a), while 2 

and 5 g ha-1 was required to control MHR waterhemp on Walpole Island and at Cottam, 

respectively, at the same timing. Differences in the ED50 could be attributed to the high density 

of MHR waterhemp at Cottam compared with Walpole Island and green/redroot pigweed (14 

plants m-2) (Metzger et al. 2018a) or could be indicative of varying sensitivity among 

Amaranthus species to tolpyralate. 
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There were differences in MHR waterhemp control 4 WAA with tolpyralate and 

tolpyralate + atrazine at Cottam and Walpole Island compared to 2 WAA. At Cottam, the ED50 

value increased to 6 g ha-1 of tolpyralate, and the ED50 and ED80 values increased to 5 + 157 and 

32 + 1,077 g ha-1 of tolpyralate + atrazine. In contrast, control of MHR waterhemp improved on 

Walpole Island from 2 to 4 WAA; the ED80 decreased by 25 g ha-1 and MHR waterhemp was 

controlled 95% with 106 g ha-1 of tolpyralate alone. The predicted dose to control MHR 

waterhemp 50%, 80%, and 95% on Walpole Island decreased at 4 WAA; 20 + 650 g ha-1 of 

tolpyralate + atrazine resulted in 95% control. These results are inconsistent with Kikugawa et al. 

(2015) who reported 99% control of EPSPS-resistant waterhemp approximately 4 WAA with 

tolpyralate applied at 30 g ha-1; however, that study evaluated individual plants grown in a 

controlled greenhouse environment (Kikugawa et al. 2015). In contrast, Khort and Sprague 

(2017b) reported 96% control of an ALS-, PS II-, and EPSPS-resistant Palmer amaranth biotype 

with tolpyralate (40 g ha-1) in a field experiment conducted using a similar methodology to this 

study. 

Control of MHR waterhemp decreased further at Cottam and increased on Walpole Island 

at 8 WAA. Reductions in MHR waterhemp control at Cottam with tolpyralate and tolpyralate + 

atrazine can be attributed to the extended emergence pattern of waterhemp described by 

Schryver et al. (2017c). At Cottam, the predicted doses of tolpyralate and tolpyralate + atrazine 

for 50% MHR waterhemp control were 8 g ha-1 and 6 + 186 g ha-1, respectively at 8 WAA; the 

predicted dose of tolpyralate + atrazine for 80% MHR waterhemp control was 33 + 1,112 g ha-1 

at 8 WAA. Similar to earlier assessment timings, no dose of tolpyralate alone (≤ 120 g ha-1) 

resulted in 80% or 95% control of MHR waterhemp and no dose of tolpyralate + atrazine (≤ 120 

+ ≤ 4,000 g ha-1) resulted in 95% control at Cottam. In contrast, there was a further decrease in 
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the predicted doses of tolpyralate to control MHR waterhemp 50%, 80% and 95% on Walpole 

Island to 2, 6 and 29 g ha-1, respectively at 8 WAA. When applied in combination with atrazine, 

the ED50 of tolpyralate was reduced from 8 to 6 g ha-1 at Cottam and the ED95 of tolpyralate was 

reduced from 29 to 13 g ha-1 on Walpole Island. Osipitan et al. (2018) reported similar reductions 

in the dose of tolpyralate required to control non-herbicide resistant waterhemp 90% at 60 days 

after treatment. In that study, the dose of tolpyralate was reduced from 31 to 16 g ha-1 when 

applied in combination with a constant rate of atrazine (560 g ha-1) (Osipitan et al. 2018). 

Tolpyralate + atrazine applied at 13 + 465 g ha-1 resulted in 95% MHR waterhemp control 8 

WAA on Walpole Island. Similar to MHR waterhemp control on Walpole Island, Metzger et al. 

(2018a) reported 80% control of green/redroot pigweed with tolpyralate (8.5 g ha-1) at 8 WAA.  

The corn crop at Cottam and on Walpole Island reached physiological maturity and 

began to dry down by 12 WAA. This assessment timing provided an indication of full-season 

MHR waterhemp control; previous studies have not evaluated the efficacy of tolpyralate beyond 

8 WAA (Khort and Sprague 2017b; Metzger et al. 2018a, 2018b, 2019; Osipitan et al. 2018). At 

Cottam, the predicted dose of tolpyralate for 50% MHR waterhemp control was 8 g ha-1 at 12 

WAA. Similar to the previous assessment timings, no dose of tolpyralate alone (≤ 120 g ha-1) 

resulted in 80% or 95% MHR waterhemp control, and no dose of tolpyralate + atrazine (≤ 120 + 

≤ 4,000 g ha-1) resulted in 95% control at Cottam 12 WAA. In contrast, tolpyralate (28 g ha-1) 

and tolpyralate + atrazine (12 + 396 g ha-1), applied below the label rate (40 g ha-1) (Anonymous 

2019e), were the predicted doses for 95% MHR waterhemp control on Walpole Island 12 WAA.  

Variation in MHR waterhemp control can be partially attributed to differences in plant 

density and biomass between Cottam and Walpole Island. At Cottam, 50% reduction in MHR 
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waterhemp density and biomass resulted from the application of tolpyralate at 6 and 4 g ha-1, 

respectively. Similar to MHR waterhemp control, 80% and 95% reductions in MHR waterhemp 

density and biomass were not achieved with the application of tolpyralate (≤ 120 g ha-1), and 

95% reductions did not result from the application of tolpyralate + atrazine (≤ 120 + ≤ 4,000 g 

ha-1) at Cottam. The application of tolpyralate + atrazine at 10 + 339 and 9 + 292 g ha-1 resulted 

in an 80% reduction in MHR waterhemp density and biomass at Cottam, respectively. In 

contrast, MHR waterhemp density and biomass were reduced 95% with tolpyralate applied at 15 

and 9 g ha-1, and tolpyralate + atrazine applied at 10 + 331 and 5 + 153 g ha-1, respectively, on 

Walpole Island. The addition of atrazine to tolpyralate improved MHR waterhemp control which 

translated into greater reductions in density and biomass compared to tolpyralate alone at Cottam 

and on Walpole Island. Metzger et al. (2018a) reported similar improvements in control and 

reductions in density and biomass of several grass and broadleaf weed species with the addition 

of atrazine to tolpyralate. The lower predicted doses for a 50%, 90% and 95% reduction on 

biomass compared to density at 8 WAA can be attributed to the extended emergence pattern of 

MHR waterhemp; there were more waterhemp plants but they were smaller in size as the season 

progressed.  

Reductions in corn grain yield resulted from season-long MHR waterhemp interference 

and were not the result of early-season corn injury. This is consistent with previous studies that 

reported good tolerance of corn to HPPD-inhibitors (Mitchell et al. 2001; Woodyard et al. 2009). 

MHR waterhemp interference in the nontreated controls reduced corn grain yield to 56% and 

13% at Cottam and on Walpole Island, respectively (Tables 4.4 and 4.7). At Cottam, tolpyralate 

applied alone at 1 and 31 g ha-1 was sufficient to maintain 50% and 80% corn grain yield relative 

to the weed-free control, respectively. The application of tolpyralate did not maintain yield ≥ 
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95% of the weed-free control; therefore, ED95 could not be calculated at Cottam. In contrast, 

corn grain yield was never less than 80% of the weed-free control on Walpole Island; therefore, 

the ED50 and ED80 could not be calculated and tolpyralate at 3 g ha-1 was sufficient to maintain 

95% yield. Consistent with control assessments, a lower dose of tolpyralate was required when 

applied in combination with atrazine. At Cottam, tolpyralate + atrazine applied at 8 + 263 g ha-1 

resulted in 80% yield of the weed-free control. In contrast, tolpyralate + atrazine applied at 4 + 

119 g ha-1 was sufficient to maintain 95% yield on Walpole Island. These results are consistent 

with Osipitan et al. (2018) who reported 95% yield was maintained with tolpyralate applied at 36 

g ha-1 alone and at 28 g ha-1 when applied in a tank-mixture with atrazine. Tolpyralate and 

tolpyralate + atrazine both resulted in excellent control of MHR waterhemp on Walpole Island, 

which may be why the addition of atrazine did not reduce the tolpyralate dose required to 

maintain 95% yield.  

4.4.3 Tolpyralate, Tolpyralate plus Atrazine, and Comparison Herbicides 

Least-square means of each assessment parameter for tolpyralate applied at 30 g ha-1, 

representing the low label rate (Anonymous 2019e), or with atrazine at 1,000 g ha-1, representing 

a 1:33.3 tank-mix ratio, were compared to determine the effect of the addition of atrazine to 

tolpyralate for control of MHR waterhemp. Tolpyralate and tolpyralate + atrazine were 

compared to dicamba/atrazine (500/1,000 g ha-1) and mesotrione + atrazine (100 + 280 g ha-1), 

which represent comparison POST herbicides for control of MHR waterhemp in Ontario (Benoit 

et al. 2019a; 2019b; Vyn et al. 2006). 

Control of MHR waterhemp ranged from 61% to 79% at Cottam and 65% to 99% on 

Walpole Island. At Cottam, tolpyralate + atrazine and mesotrione + atrazine resulted in greater 
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control of MHR waterhemp than dicamba/atrazine at 2 WAA. These findings are consistent with 

Woodyard et al. (2009) who reported 87% to 98% control of a PS II-susceptible waterhemp 

population with mesotrione + atrazine (105 + 280 g ha-1) 10 days after application. Khort and 

Sprague (2017b) also reported 88% to 96% control of MHR Palmer amaranth with topramezone 

(18 g ha-1), another pyrazolone herbicide, at 2 WAA. On Walpole Island, tolpyralate + atrazine 

controlled MHR waterhemp 98% and was greater than dicamba/atrazine; however, control was 

similar to tolpyralate alone which resulted in 91% control 4 WAA. Vyn et al. (2006) reported 

88% to 91% control of ALS- and PS II-resistant waterhemp with dicamba/atrazine; however, 

control was similar to mesotrione + atrazine at 4 and 10 WAA. On Walpole Island, tolpyralate, 

tolpyralate + atrazine, and mesotrione + atrazine controlled MHR waterhemp 98% to 99% which 

was greater than dicamba/atrazine (91%) at 12 WAA. These results complement Khort and 

Sprague (2017b) who reported no difference in control of PS II-resistant Palmer amaranth 

between tolpyralate and tolpyralate + atrazine 3 WAA; however, a higher rate of tolpyralate (40 

g ha-1) and lower rate of atrazine (560 g ha-1) were used in that study. In addition, that population 

had a similar proportion of PS II-resistant individuals (39%) as Cottam (54%) and Walpole 

Island (30%) (Khort and Sprague 2017b). Though not statistically significant, the addition of 

atrazine to tolpyralate increased control of MHR waterhemp numerically 1% to 16% across all 

sites which likely would have biological and agronomic implications for subsequent growing 

seasons given the high fecundity of waterhemp (Hartzler et al. 1999). A similar study by Metzger 

et al. (2018b) reported tolpyralate, tolpyralate + atrazine, and mesotrione + atrazine applied 

POST each resulted in similar control of green/redroot pigweed (≥ 91%) at 8 WAA (Metzger et 

al. 2018b). In contrast, Osipitan et al. (2018) reported greater control of non-herbicide resistant 
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waterhemp with tolpyralate + atrazine compared to tolpyralate alone. Greater control in that 

study could be due to the lack of PS II-inhibitor resistance (Osipitan et al. 2018). 

Density and biomass of MHR waterhemp was greater at Cottam than on Walpole Island. 

At Cottam, tolpyralate, tolpyralate + atrazine, mesotrione + atrazine, and dicamba/atrazine 

reduced MHR waterhemp density and biomass 61% to 82% and 78% to 85%, respectively, there 

was no difference among the four herbicides. On Walpole Island, tolpyralate, tolpyralate + 

atrazine, mesotrione + atrazine, and dicamba/atrazine reduced MHR waterhemp density and 

biomass 92% to 100%; tolpyralate + atrazine reduced MHR waterhemp density and biomass 

more than dicamba/atrazine. Reductions in MHR waterhemp density and biomass were similar 

with tolpyralate and tolpyralate + atrazine at all sites which can be expected given similar control 

with these treatments at 2, 4, 8, and 12 WAA. Tolpyralate alone provided similar reductions in 

MHR waterhemp density and biomass compared to both comparison POST herbicides. Khort 

and Sprague (2017b) reported similar reductions in the biomass of PS II-resistant Palmer 

amaranth with tolpyralate, tolpyralate + atrazine, and mesotrione + atrazine at 3 WAA. Despite 

the limited residual activity of tolpyralate (Anonymous 2019e), control data at 8 and 12 WAA 

coupled with density and biomass data indicate that tolpyralate may provide residual control of 

late-emerging waterhemp cohorts.  

MHR waterhemp interference reduced corn grain yield 56% in the nontreated controls at 

Cottam; there was no yield loss detected on Walpole Island due to MHR waterhemp. Waterhemp 

is highly competitive with corn (Steckel and Sprague 2004); however, Vyn et al. (2006) also 

reported differences between sites regarding the effect of season-long MHR waterhemp 

interference on yield. Compared to Walpole Island, corn grain yield loss at Cottam can be 
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attributed to greater MHR waterhemp density and biomass, and a greater proportion of herbicide 

resistant individuals at Cottam. 

4.5 Conclusions 

The predicted dose of tolpyralate and tolpyralate + atrazine for 50%, 80%, and 95% 

MHR waterhemp control varied with waterhemp density, biomass, and population resistance 

profile. The predicted doses of tolpyralate for 50% MHR waterhemp control were 8 and 2 g ha-1 

at Cottam and on Walpole Island, respectively at 12 WAA; no dose of tolpyralate alone resulted 

in 80% or 95% control at Cottam. Applied at the currently registered rate of 30 g ha-1, tolpyralate 

controlled MHR waterhemp 60% to 98% across sites and was similar to mesotrione + atrazine at 

2, 4, 8, and 12 WAA. Despite resistance to PS II-inhibitors, the addition of atrazine to tolpyralate 

at a 1:33.3 ratio numerically improved control of MHR waterhemp 2, 4, 8, and 12 WAA; 

however, this was non-significant. Similarly, the addition of atrazine to tolpyralate resulted in 

lower predicted ED50, ED80, and ED95 doses than tolpyralate alone. These results complement 

Osipitan et al. (2018) who reported greater MHR waterhemp control when tolpyralate and 

atrazine were applied in a POST tank-mixture compared to tolpyralate alone. In contrast, these 

results are conflicting with a previous study of the biologically-effective-dose (BED) of 

tolpyralate (Metzger et al. 2018a), which found similar BED values for tolpyralate in 

green/redroot pigweed when applied alone or with atrazine. Similarly, the addition of atrazine to 

tolpyralate at the label rate did not improve control of green/redroot pigweed 2 or 4 WAA in that 

study, possibly indicating that green/redroot pigweed are comparatively more sensitive to 

tolpyralate than waterhemp. Across all assessment parameters except 2 WAA at Cottam and 12 

WAA on Walpole Island, tolpyralate and tolpyralate + atrazine controlled MHR waterhemp 
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similar to mesotrione + atrazine and dicamba/atrazine. Though non-significant, tolpyralate + 

atrazine and mesotrione + atrazine resulted in the greatest control of MHR waterhemp across all 

sites, substantiating previous reports of excellent POST control of this species in corn with 

HPPD- + PS II-inhibitor tank-mixtures (Benoit et al. 2019a, 2019b; Soltani et al. 2009, Vyn et al. 

2006). As a result of high MHR waterhemp density and biomass, corn grain yield was reduced 

by 56% at Cottam which is of economic significance. The application of tolpyralate and 

tolpyralate + atrazine resulted in similar yield to dicamba/atrazine and mesotrione + atrazine. 

Overall, this study demonstrates that tolpyralate and tolpyralate + atrazine applied at the current 

label rate can result in season-long control MHR waterhemp and maintain corn yield. Identifying 

alternative herbicide tank-mixtures to manage a competitive weed species such as MHR 

waterhemp is crucial given its ability to rapidly evolve herbicide-resistance and stack traits that 

confer resistance to multiple MOA. Populations of MHR waterhemp have been identified with 

resistance to the HPPD-inhibitors (McMullan and Green 2011). To ensure future use of 

tolpyralate and other HPPD-inhibitors, these herbicides should be used in combination with best 

management practices such as herbicide-rotation, tank-mixing multiple-effective MOA, crop 

rotation, strategic tillage, and cover crops to ensure the longevity of these products for weed 

management in corn-based cropping systems.
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Table 4.1 Year, location, waterhemp resistance, spray date, corn growth stage, waterhemp [Amaranthus tuberculatus (Moq.) J. D. 1 
Sauer] height and density at application, and corn planting and harvest date for seven field experiments conducted in Ontario, Canada 2 
in 2018, 2019, and 2020. 3 

 % Resistanta  Application information   

Environment ALSb PS II EPSPS PPO 
 

Spray date 
Corn growth 

stage 
Waterhemp 

heightc 
Waterhemp 

densityd 
Corn 

planting date 
Corn harvest 

date 
 ----------------- % -----------------    cm Plants m-2   
2018 Cottam 84 24 88 N/A  Jun-21 V5 8 1513 Jun-2 Dec-10 
2018 Walpole Island 59 5 53 N/A  Jun-29 V6 14 578 May-28 Dec-12 
2018 Walpole Island 57 26 60 N/A  Jul-9 V6 9 301 Jun-7 Nov-13 
2019 Cottam 97 34 N/A N/A  Jul-15 V6 8 703 Jun-19 Dec-11 
2019 Walpole Island 23 6 79 N/A  Jul-16 V5 4 39 Jun-25 Nov-9 
2020 Cottam 68 54 64 43  Jun-18 V2 5 768 May-9 Nov-3 
2020 Walpole Island 54 30 97 17  Jul-10 V8 10 30 Jun-9 Nov-9 

a Mean number of surviving waterhemp plants three weeks after application divided by the number of waterhemp plants sprayed 4 
within eight quadrates per site. 5 
b Herbicide mode of action classification (Weed Science Society of America); ALS, acetolactate synthase; PS II, photosystem II; 6 
EPSPS, 5-enolpyruvylshikimate-3-phosphate synthase; PPO, protoporphyrinogen oxidase. 7 
c Mean height based on two or more measurements per replication within each trial at the time of treatment application. 8 
d Mean density based on two random stand counts in each non-treated control plot within each trial.9 
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Table 4.2 Regression parameters and the predicted dose of tolpyralate required to obtain 50%, 80%, and 95% control of multiple 1 
herbicide-resistant waterhemp [Amaranthus tuberculatus (Moq.) J. D. Sauer] 2, 4, 8, and 12 weeks after application (WAA), a 50%, 2 
80%, and 95% reduction in density and biomass, and 50%, 80%, and 95% of the corn grain yield in weed-free control plots, from 3 
three field experiments conducted near Cottam, Ontario, Canada in 2018, 2019, and 2020. 4 

 Regression parametersa (±SE)  Predicted tolpyralate dose 
Variable a b c  ED50 ED80 ED95 

Control --------------- % ---------------   --------------------------- g ai ha-1 --------------------------- 
2 WAA 75 (1.9) 29 (3.8) -  5 Non-est. Non-est. 
4 WAA 70 (2.1) 28 (4.5) -  6 Non-est. Non-est. 
8 WAA 71 (2.6) 21 (3.6) -  8 Non-est. Non-est. 
12 WAA 73 (3.1) 21 (4.2) -  8 Non-est. Non-est. 
 ---------- Plants m-2 ----------      
Density 236 (55.1) 514 (116.5) 0.23 (0.12)  6 Non-est. Non-est. 
 ------------- g m-2 -------------      
Biomass 79 (13.1) 290 (28.5) 0.26 (0.06)  4 Non-est. Non-est. 
 --------------- % ---------------      
Grain yield 82 (4.6) 116 (86.9) -  1 31 Non-est. 

Abbreviation: Non-est., non-estimable; WAA, weeks after application. 5 
a Regression parameters: a = upper asymptote of control and yield or lower asymptote of density and biomass, b = initial slope of 6 
control and yield or reduction in y from intercept to asymptote of density and biomass, c = slope from intercept to lower asymptote of 7 
density and biomass, ED50 = effective dose to elicit a 50% response, EDn = effective dose to elicit response level n. 8 
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Table 4.3 Regression parameters and the predicted dose of tolpyralate + atrazine required to obtain 50%, 80%, and 95% control of 1 
multiple herbicide-resistant waterhemp [Amaranthus tuberculatus (Moq.) J. D. Sauer) 2, 4, 8, and 12 weeks after application (WAA), 2 
a 50%, 80%, and 95% reduction in density and biomass, and 50%, 80%, and 95% of the corn grain yield in weed-free control plots, 3 
from three field experiments conducted near Cottam, Ontario, Canada in 2018, 2019, and 2020. 4 

 Regression parametersa (±SE)  Predicted tolpyralate + atrazine dose 
Variable a b c  ED50 ED80 ED95 

Control --------------- % ---------------   --------------------------- g ai ha-1 --------------------------- 
2 WAA 95 (2.7) 26 (3.3) -  4 + 136 20 + 671 Non-est. 
4 WAA 89 (2.9) 24 (3.5) -  5 + 157 32 + 1,077 Non-est. 
8 WAA 91 (3.4) 20 (3) -  6 + 186 33 + 1,112 Non-est. 
12 WAA 92 (3.5) 23 (3.7) -  5 + 160 28 + 915 Non-est. 
 ---------- Plants m-2 ----------      
Density 99 (46.9) 634 (100.2) 0.25 (0.1)  3 + 113 10 + 339 Non-est. 
 ------------- g m-2 -------------      
Biomass 41 (14.6) 325 (31.5) 0.27 (0.06)  3 + 104 9 + 292 Non-est. 
 --------------- % ---------------      
Grain yield 88 (4.3) 109 (65.9) -  1 + 35 8 + 263 Non-est. 

Abbreviation: Non-est., non-estimable; WAA, weeks after application. 5 
a Regression parameters: a = upper asymptote of control and yield or lower asymptote of density and biomass, b = initial slope of 6 
control and yield or reduction in y from intercept to asymptote of density and biomass, c = slope from intercept to lower asymptote of 7 
density and biomass, ED50 = effective dose to elicit a 50% response, EDn = effective dose to elicit response level n. 8 
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Table 4.4 Multiple herbicide-resistant waterhemp [Amaranthus tuberculatus (Moq.) J. D. Sauer] control at 2, 4, 8, and 12 WAA, 1 
percent reduction in density and biomass, and maize grain yield provided by tolpyralate, atrazine + tolpyralate, and two comparison 2 
postemergence herbicides from three experiments conducted near Cottam, Ontario, Canada in 2018, 2019, and 2020. 3 

  Visible Control   Corn grain 
yield Herbicide treatmenta Rate 2 WAA 4 WAA 8 WAA 12 WAA Density Biomass 

 g ai ha-1 ------------------------------- % ------------------------------- Plants m-2 g m-2 t ha-1 

Tolpyralate 30 66 ab 60 a 60 a 61 a 274 ab 81 ab 8.2 a 
Tolpyralate + atrazine 30 + 1,000 78 a 72 a 69 a 71 a 129 a 76 a 8.6 a 
Mesotrione + atrazine 100 + 280 79 a 75 a 77 a 78 a 143 ab 55 a 8.6 a 
Dicamba/atrazine 500/1,000 60 b 69 a 71 a 74 a 140 ab 70 a 9.2 a 
Non-treated control 0 - - - - 714 b 360 b 4.5 b 
Weed-free control n/a - - - - - - 10.3 a 

Abbreviation: WAA, weeks after application. 4 
a Treatments containing tolpyralate included methylated seed oil (MSO Concentrate®) (Loveland Products, 3005 Rocky Mountain 5 
Ave., Loveland, CO) (0.50% v/v) and urea ammonium nitrate (UAN 28-0-0) (2.50% v/v). 6 
a-b Means within a column followed by the same letter are not statistically different (P > 0.05) using a Tukey-Kramer multiple range 7 
test.8 
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Table 4.5 Regression parameters and the predicted dose of tolpyralate required to obtain 50%, 80%, and 95% control of multiple 1 
herbicide-resistant waterhemp [Amaranthus tuberculatus(Moq.) J. D. Sauer]2, 4, 8, and 12 weeks after application (WAA), a 50%, 2 
80%, and 95% reduction in density and biomass, and 50%, 80%, and 95% of the corn grain yield in weed-free control plots, from four 3 
field experiments conducted on Walpole Island, Ontario, Canada in 2018, 2019, and 2020. 4 

 Regression parametersa (±SE)  Predicted tolpyralate dose 
Variable a b c  ED50 ED80 ED95 

Control --------------- % ---------------   --------------------------- g ai ha-1 --------------------------- 
2 WAA 83 (3.3) 61 (19.9) -  2 34 Non-est. 
4 WAA 97 (2.1) 51 (7.1) -  2 9 106 
8 WAA 100 (0) 65 (7.7) -  2 6 29 
12 WAA 100 (0) 69 (9.1) -  2 6 28 
 ---------- Plants m-2 ----------      
Density 1.6 (6.7) 93 (13.9) 0.23 (0.08)  3 7 15 
 ------------- g m-2 -------------      
Biomass 0.2 (4.2) 90 (9.3) 0.35 (0.1)  2 5 9 
 --------------- % ---------------      
Grain yield 105 (6.1) 319 (489) -  Non-est. Non-est. 3 

Abbreviation: Non-est., non-estimable; WAA, weeks after application. 5 
a Regression parameters: a = upper asymptote of control and yield or lower asymptote of density and biomass, b = initial slope of 6 
control and yield or reduction in y from intercept to asymptote of density and biomass, c = slope from intercept to lower asymptote of 7 
density and biomass, ED50 = effective dose to elicit a 50% response, EDn = effective dose to elicit response level n.  8 
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Table 4.6 Regression parameters and the predicted dose of tolpyralate + atrazine required to obtain 50%, 80%, and 95% control of 1 
multiple herbicide-resistant waterhemp [Amaranthus tuberculatus(Moq.) J. D. Sauer] 2, 4, 8, and 12 weeks after application (WAA), a 2 
50%, 80%, and 95% reduction in density and biomass, and 50%, 80%, and 95% of the corn grain yield in weed-free control plots, 3 
from four field experiments conducted on Walpole Island,  Ontario, Canada in 2018, 2019, and 2020. 4 

 Regression parametersa (±SE)  Predicted tolpyralate + atrazine dose 
Variable a b c  ED50 ED80 ED95 

Control --------------- % ---------------   --------------------------- g ai ha-1 --------------------------- 
2 WAA 98 (1.7) 84 (13.5) -  1 + 41 5 +176 42 + 1,432 
4 WAA 100 (1.4) 100 (14.2) -  1 +33 4 + 134 20 + 650 
8 WAA 100 (1.2) 146 (24.9) -  1 + 23 3 + 93 13 + 465 
12 WAA 100 (1.2) 163 (29.1) -  1 + 21 3 + 82 12 + 396 
 ---------- Plants m-2 ----------      
Density 1.8 (5.2) 92 (11.7) 0.35 (0.12)  2 + 68 5 + 161 10 + 331 
 ------------- g m-2 -------------      
Biomass 1 (2.9) 89 (7) 0.71 (0.3)  1 + 33 2 + 78 5 + 153 
 --------------- % ---------------      
Grain yield 99 (6.2) 627 (2040.4) -  Non-est. Non-est. 4 + 119 

Abbreviation: Non-est., non-estimable; WAA, weeks after application. 5 
a Regression parameters: a = upper asymptote of control and yield or lower asymptote of density and biomass, b = initial slope of 6 
control and yield or reduction in y from intercept to asymptote of density and biomass, c = slope from intercept to lower asymptote of 7 
density and biomass, ED50 = effective dose to elicit a 50% response, EDn = effective dose to elicit response level n.8 
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Table 4.7 Multiple herbicide-resistant waterhemp [Amaranthus tuberculatus(Moq.) J. D. Sauer] control at 2, 4, 8, and 12 WAA, 
percent reduction in density and biomass, and corn grain yield provided by tolpyralate, atrazine + tolpyralate, and two comparison 
postemergence herbicides from four experiments conducted on Walpole Island,  Ontario, Canada in 2018, 2019, and 2020. 

Herbicide treatment Rate 
Visible Control 

Density Biomass 
Maize grain 

yield 2 WAA 4 WAA 8 WAA 12 WAA 
 g ai ha-1 ------------------------------- % ------------------------------- Plants m-2 g m-2 t ha-1 

Tolpyralate 30 78 a 91 ab 96 a 98 a 2 ab 1 ab 10.5 a 
Tolpyralate + atrazine 30 + 1,000 94 a 98 a 99 a 99 a 0 a 0 a 10.1 a 
Mesotrione + atrazine 100 + 280 90 a 93 ab 95 a 98 a 2 ab 1 ab 10.4 a 
Dicamba/atrazine 500/1,000 65 a 80 b 88 a 91 b 8 b 8 b 9.5 a 
Non-treated control 0 - - - - 96 c 99 c 9.1 a 
Weed-free control n/a - - - - - - 10.4 a 

Abbreviation: WAA, weeks after application. 
a Treatments containing tolpyralate included methylated seed oil (MSO Concentrate®) (Loveland Products, 3005 Rocky Mountain 
Ave., Loveland, CO) (0.50% v/v) and urea ammonium nitrate (UAN 28-0-0) (2.50% v/v). 
a-c Means within a column followed by the same letter are not statistically different (P > 0.05) using a Tukey-Kramer multiple range 
test. 
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Chapter 5: Interaction of 4-hydroxyphenylpyruvate dioxygenase 
(HPPD)- and atrazine alternative photosystem II (PS II)- inhibitors 
for control of multiple-herbicide-resistant waterhemp [Amaranthus 
tuberculatus (Moq.) J. D. Sauer] in corn 

Christian Willemse, Nader Soltani, David, C. Hooker, Amit J. Jhala, Darren E. Robinson, and 

Peter H. Sikkema 

5.1 Abstract 

The complementary activity of 4-hydroxphenylpyruvate dioxygenase (HPPD)-inhibitors 

and atrazine is well documented, but the use of atrazine is restricted in some geographical areas 

including the province of Quebec in Canada necessitating the evaluation of atrazine alternatives 

and their interactions with HPPD inhibitors. The objectives of this study were to determine if 

mixing HPPD-inhibitors with atrazine alternative photosystem II (PS II)-inhibitors, such as 

metribuzin and linuron applied PRE, or bromoxynil and bentazon applied POST, results in 

similar control of multiple-herbicide-resistant (MHR) waterhemp in corn. Ten field trials, five 

with herbicides applied preemergence (PRE) and five with herbicides applied postemergence 

(POST), were conducted in Ontario, Canada in fields infested with MHR waterhemp. 

Isoxaflutole, applied PRE, controlled MHR waterhemp 58% to 76%; control increased 17% to 

34% with the addition of atrazine, metribuzin, or linuron at three of five sites across 2, 4, 8, and 

12 weeks after application (WAA). The interaction between isoxaflutole and PS II-inhibitors, 

applied PRE, was additive for MHR waterhemp control, and biomass and density reduction. 

Mesotrione, tolpyralate, and topramezone, applied POST, controlled MHR waterhemp 54% to 

59%, 61%, and 44% to 45%, respectively, at two of five sites across 4, 8, and 12 WAA. The 

addition of atrazine, bromoxynil, or bentazon to mesotrione improved MHR waterhemp control 
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29%, 34%, and 22%, to tolpyralate improved control 2%, 20%, and 10%, and to topramezone 

improved control 3%, 14%, and 8%, respectively. Interactions between HPPD- and PS II-

inhibitors were mostly additive; however, synergistic responses were observed with mesotrione + 

bromoxynil or bentazon, and tolpyralate + bromoxynil. It is concluded that mixing of atrazine 

alternatives, metribuzin or linuron with isoxaflutole, applied PRE, and bromoxynil or bentazon 

with mesotrione or tolpyralate, applied POST, resulted in similar or better control of MHR 

waterhemp in corn. 

5.2 Introduction 

Multiple-herbicide-resistant (MHR) waterhemp interference can cause substantial corn 

yield losses and reduce net returns for producers in the United States and Canada. Waterhemp 

has been reported in 19 states of the United States and 3 Canadian provinces (Heap 2020). 

Waterhemp is a dioecious weed species that exhibits a rapid growth rate, high reproductive rate, 

delayed emergence, and an extended emergence pattern, which facilitates the evolution and 

spread of herbicide resistance among populations (Costea et a. 2005; Liu et al. 2012; Hartzler et 

al. 1999). A dioecious reproductive system allows waterhemp to stack traits that confer 

resistance to multiple herbicide modes of action (MOA) due to transfer of herbicide resistance 

alleles via pollen-mediated gene flow (Jhala et al. 2020; Sarangi et al. 2017). Herbicide 

resistance was first identified in waterhemp in 1993, where a population exhibited resistance to 

acetolactate synthase (ALS)-inhibitors (Heap 2020). Waterhemp resistant to photosystem II (PS 

II)-inhibitors was later identified in 1994, and MHR waterhemp resistant to ALS- and PS II-

inhibitors in 1996 (Foes et al. 1998; Heap 2020). A MHR waterhemp population resistant to six 

herbicide MOA including the synthetic auxins and ALS-, PS II-, protoporphyrinogen oxidase 
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(PPO)-, 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS)-, and 4-hydroxyphenylpyruvate 

dioxygenase (HPPD)- inhibitors was reported in Missouri in 2015 (Shergill et al. 2018). A MHR 

waterhemp population from Illinois resistant to synthetic auxins and ALS-, PS II-, PPO-, and 

HPPD-inhibitors also evolved resistance to very-long-chain-fatty-acid (VLCFA)-inhibitors 

(Strom et al. 2019). MHR waterhemp is one of the most problematic weed species in row-crop 

production in North America and is the first to evolve resistance to HPPD-inhibitors (Jhala et al. 

2014; McMullan and Green 2011). Populations of MHR waterhemp resistant to ALS-, PS II-, 

EPSPS-, and PPO-inhibitors have since been reported in Ontario, Canada (Benoit et al. 2019a). 

MHR waterhemp continues to evolve resistance to herbicides that are extensively used for weed 

management in corn. When left uncontrolled, MHR waterhemp can reduce grain corn yield by 

up to 74% (Steckel and Sprague 2004). Yield losses of up to 48% have been reported in Ontario 

(Soltani et al. 2009). Corn is sensitive to early-season weed interference and must be kept weed-

free from emergence to V6 corn growth stage to prevent yield loss (Knezevic et al. 2002; Steckel 

and Sprague 2004). 

Herbicides that inhibit HPPD are widely used for weed management in corn production 

due to their broad-spectrum weed control and excellent crop safety. Sulcotrione was the first 

HPPD-inhibitor registered for use in United States corn production in 1993 followed by 

isoxaflutole, mesotrione, topramezone, tembotrione, bicyclopyrone, and tolpyralate (van 

Almsick et al. 2013; Mitchell et al. 2001; US EPA 2007, 2015; Williams et al. 2011). Mesotrione 

is the most widely applied HPPD-inhibitor and was the second most widely applied herbicide to 

corn hectares in the United States in 2018 (NASS 2019). The HPPD-inhibitors control many 

annual grass and broadleaf weed species, including herbicide-resistant biotypes (Pallett et al. 

2001; Schulz et al. 1993; Grossman and Ehrhardt 2007). HPPD-inhibitors can be applied 
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preemergence (PRE) or postemergence (POST) in corn permitting greater flexibility to various 

cropping systems. HPPD-inhibitors and atrazine are often co-applied due to their complementary 

activity (Abendroth et al. 2006; Mitchell et al. 2001; Woodyard et al. 2009). Applying herbicides 

with distinct MOA in a tank-mixture can result in antagonistic, additive, or synergistic 

interactions. The Colby’s equation [E= X + Y -(XY)/100], where ‘E’ represents expected level 

of control of the products in combination, and ‘X’ and ‘Y’ represent the level of control of each 

herbicide applied independently, is used to determine the response of two herbicides in a tank-

mix (Colby 1967). When the herbicides are applied in combination and the observed level of 

control is less, equal, or greater than expected, the interaction can be classified as antagonistic, 

additive, or synergistic, respectively.  

The HPPD- and PS II-inhibitor MOA are distinct and complementary. Inhibition of the 

HPPD enzyme indirectly leads to a shortage of α-tocopherols, β-tocopherols, plastoquinone, and 

carotenoids (Collakova and DellaPenna 2001; Fritze et al. 2004; Lindblad et al. 1970). The 

HPPD enzyme catalyzes the conversion of hydroxyphenylpyruvate to homogentisate (HGA). 

HGA is a precursor for the production of α-tocopherols, β-tocopherols, and plastoquinone which 

serve as antioxidants that quench reactive oxygen species (ROS) such as singlet oxygen and 

triplet chlorophyll. Plastoquinone also serves as an election carrier in the light reactions of PS II 

and is an essential cofactor to the phytoene desaturase enzyme required for carotenoid 

biosynthesis (Hankamer et al. 1997; Norris et al. 1995; Shultz et al. 1993). Carotenoids serve as 

antioxidants and also dissipate excess energy absorbed by chlorophyll molecules (Siefermann-

Harms 1987). The PS II-inhibitors readily displace plastoquinone from the QB binding site of the 

D1 protein in PS II effectively blocking electron transport causing ROS to accumulate (Hess 

2000). Enhanced weed control from the co-application of a HPPD- and PS II-inhibitor is due to 
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(1) the lack of plastoquinone which increases the binding efficiency of the PS II-inhibitor to the 

D1 protein and (2) enhanced levels of ROS due to lack of α-tocopherols, β-tocopherols, 

plastoquinone, and carotenoids which quench ROS. Overall, this leads to photooxidative 

destruction of chlorophyll and destruction of photosynthetic membranes giving rise to the 

characteristic white bleaching, or chlorosis, of young plant tissue followed by necrosis (Lee et al. 

1997).  

Complementary activity between HPPD-inhibitors and PS II-inhibitors has been reported 

for the control of susceptible and triazine-resistant redroot pigweed (Amaranthus retroflexus L.), 

Palmer amaranth (Amaranthus palmeri S. Watson) and waterhemp (Hugie et al. 2008; Khort and 

Sprague 2017b; Sutton et al. 2002; Woodyard et al. 2009). Control of a Palmer amaranth biotype 

from Nebraska was improved with the co-application of mesotrione + atrazine, bromoxynil, or 

metribuzin applied POST (Abendroth et al. 2006). Similarly, a separate Nebraska Palmer 

amaranth biotype resistant to both HPPD- and PS II-inhibitors was controlled ≥ 87% with 

HPPD-inhibitors + atrazine applied POST (Jhala et al. 2014). Palmer amaranth control responded 

synergistically in both studies. In contrast, Hausman et al. (2011) reported inadequate control of 

a HPPD-inhibitor-resistant waterhemp biotype with foliar applications of HPPD-inhibitors + 

atrazine. Other studies have reported excellent control of MHR waterhemp with HPPD-inhibitor 

+ atrazine tank mixtures (Benoit et al. 2019b; Schryver et al. 2017a; Vyn et al. 2006). Woodyard 

et al. (2009) reported excellent control of a non-herbicide-resistant waterhemp biotype and 

synergy between mesotrione and atrazine or bromoxynil applied POST. Complementary activity 

between HPPD- and other PS II-inhibitors such as bentazon and linuron has not been 

documented for control of Amaranthus species. Synergy between HPPD- + PS II-inhibitor tank 
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mixtures varies in the literature with Amaranthus species and specific to the resistance profile of 

the biotype in question. 

Current MHR waterhemp control programs rely heavily on the mixture of HPPD-

inhibitors and atrazine applied PRE, POST, or PRE fb POST in corn. Of great concern to weed 

management practitioners is the restricted use of atrazine in some geographical areas. A 

comprehensive study on the mixture of HPPD-inhibitors with alternative PS II-inhibitors, applied 

PRE or POST, is needed to determine the effect on MHR waterhemp control. Given the ability of 

waterhemp to rapidly evolve resistance, rapidly reproduce, and competitively interfere with corn 

production, other complementary PS II-inhibitors with the HPPD-inhibitors need to be identified. 

It is hypothesized that PRE or POST herbicide tank-mixtures containing HPPD- + alternative PS 

II-inhibitors will result in season-long MHR waterhemp control in corn. The objectives of these 

studies were to evaluate the interaction between HPPD- and a series of PS II-inhibitors, applied 

PRE or POST, on MHR waterhemp control in Ontario corn production. 

5.3 Materials and Methods 

5.3.1 Experimental Methods 

Ten field trials were conducted over two years (2019, 2020) at sites (S) (S2, S5) on 

Walpole Island, ON (42.561492ºN, -82.501487ºW), near Cottam, ON (S1, S3, S4) 

(42.149076ºN, -82.683687ºW), and near Port Crewe, ON, Canada (S6) (42.192390ºN, -

82.215453ºW) (Table 5.1). Populations of MHR waterhemp resistant to ALS-, PS II-, EPSPS-, 

and PPO-inhibitors were confirmed at all sites (Table 5.1). The POST application of atrazine 

(Syngenta Canada Inc., 140 Research Lane, Research Park, Guelph, ON) (1,500 g ai ha-1) + 

Assist® oil concentrate (BASF Canada Inc., 100 Milverton Drive, Missisauga, ON) (1% v/v), 
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confirmed PS II-inhibitor resistance which ranged from 23% to 97% across sites. Sites were 

cultivated twice in the spring to prepare the trial area for planting. Glyphosate- and glufosinate-

resistant corn was seeded in rows spaced 0.75 m apart at approximately 83,000 seeds ha-1 to a 

depth of 4 cm. The PRE study was designed as a 2 by 4 factorial with 8 treatments. Factor One 

consisted of two levels of HPPD inhibitor: nontreated control and isoxaflutole, and Factor Two 

consisted of four levels of PS II-inhibitor: nontreated control, atrazine, metribuzin, and linuron. 

The POST study was designed as a 4 by 4 factorial with 16 treatments. Factor One consisted of 

four levels of HPPD-inhibitor: nontreated control, mesotrione, tolpyralate, and topramezone and 

Factor Two consisted of four levels of PS II-inhibitor: nontreated control, atrazine, bromoxynil, 

and bentazon. PRE and POST trials were arranged in a randomized complete block design with 

four replications separated by a 2 m alley. Plots were 8 m long and 2.25 m (3 corn rows) wide. 

The entire trial area was sprayed with glyphosate (450 g ae ha-1), applied POST, including 

nontreated controls, to remove the confounding effect of EPSPS-inhibitor susceptible MHR 

waterhemp biotypes and other weed species. 

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 four, 120-02 ultra-low drift 

(ULD) nozzles (Pentair, 375 5th Ave NW, New Brighton, MN) spaced 50 cm apart producing a 

spray width of 2 m.  The PRE treatments were applied between corn planting and corn 

emergence. POST treatments were applied when MHR waterhemp reached an average 10 cm in 

height. POST trials at S1 and S3 were temporally separated by applying herbicide treatments 2 

days apart. 
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Data were collected on visible MHR waterhemp control, density and biomass, visible 

corn injury, grain corn moisture content, and grain corn yield. Visible MHR waterhemp control 

was evaluated on a 0% to 100% scale, as a visual estimation of biomass reduction compared to 

the nontreated control within each replication, at 2, 4, 8, and 12 weeks after application (WAA) 

for the PRE trial, and at 4, 8, and 12 WAA for the POST trial. Density and biomass of MHR 

waterhemp were determined at 4 WAA by counting and harvesting the plants within two 

randomly placed 0.25 m2 quadrats in each plot. The aboveground biomass of the plants within 

each quadrat was determined by cutting the MHR waterhemp at the soil surface, the plants 

placed inside a paper bag, kiln-dried for three weeks to a consistent moisture, then weighed using 

an analytical balance to obtain MHR waterhemp biomass (g m-2). Visible corn injury was 

assessed on a 0% to 100% scale at 1, 2, and 4 weeks after emergence (WAE) for the PRE trial 

and 1, 2, and 4 WAA for the POST trial; 0% represented no visible injury and 100% represented 

complete plant death. Grain corn yield (t ha-1) and moisture (%) were determined by harvesting 

two rows of each plot at maturity using a small-plot combine. Grain yields were adjusted to 

15.5% moisture prior to statistical analysis. 

5.3.2 Statistical Analysis 

The PRE and POST field studies were analyzed separately. Data were subject to variance 

analysis using the PROC GLIMMIX procedure in SAS v. 9.4 (SAS Institute Inc., Car, NC). An 

initial mixed model analysis was conducted to evaluate site-by-treatment interactions for all 

parameters. The random effects for this analysis were replication, replication within site, and 

treatment by site, and the fixed effect was herbicide treatment. A second mixed model analysis 

was conducted to evaluate the effect of herbicide treatment on MHR waterhemp control, density, 

biomass, corn injury, and grain yield. The random effect for this analysis was replication and the 
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fixed effects were HPPD-inhibitor (Factor One), PS II-inhibitor (Factor Two), and the two-way 

interaction of HPPD- by PS II-inhibitor. The Shapiro-Wilk test and plots of studentized residuals 

were used to confirm normality and homogeneity of variance. Visible MHR waterhemp control, 

visible corn injury, and corn yield data were analyzed using a normal distribution. To satisfy the 

assumptions of variance analysis a lognormal distribution was used to analyze MHR waterhemp 

density and biomass data. Least square means for main effects (HPPD- or PS II-inhibitor) were 

compared when interaction between HPPD- and PS II-inhibitor was non-significant. Simple 

effects were analyzed when the interaction between HPPD- and PS II-inhibitor was significant. 

Simple effect least square means were separated using Tukey-Kramer’s multiple range test. To 

present the data, MHR waterhemp density, and biomass least-square means and standard errors 

were back-transformed from the log-scale using the omega method (M. Edwards, Ontario 

Agricultural College Statistician, University of Guelph, personal communication). Colby’s 

equation (Equation 1) was used to calculate expected visible MHR waterhemp control and corn 

injury means for each replication using the observed means for HPPD-inhibitor alone (A), and 

PS II-inhibitor alone (B). 

Expected = (A + B) – ((A x B)/100) [1] 

Expected mean MHR waterhemp density and biomass were calculated for each 

replication using the modified Colby’s equation and corresponding nontreated control mean (W) 

(Equation 2). 

Expected = ((A x B)/W) [2] 
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Observed and expected values were compared using a t-test. If observed and expected 

values were similar the interaction was considered additive, and if the values were significantly 

different the interaction as classified as either antagonistic or synergistic. A significance level of 

α=0.05 was used for data analyses; however, significance levels of α=0.01 were noted. 

5.4 Results and Discussion 

5.4.1 HPPD- and PS II-inhibitors Applied Preemergence 

Site-by-treatment interactions were significant for MHR waterhemp control, density, 

biomass, and grain yield with no differences between S1, S4, and S6 or S2 and S5; therefore, 

data for S1, S4, and S6 were combined and data for S2 and S5 were combined for analysis. 

Lower MHR waterhemp control at S1, S4, and S6 can be attributed to greater MHR waterhemp 

density and biomass in the nontreated control of 890 plants m-2 and 171.8 g m-2 compared to 35 

plants m-2 and 68.9 g m-2 at S2 and S5 (Table 5.4). Vyn et al. (2006) reported similar differences 

in MHR waterhemp control which they attributed to variation in waterhemp density, biomass, 

and the resistance profiles of each population. MHR waterhemp control can vary due to the 

resistance profile of each population (Benoit et al. 2019a; Hager et al. 2002; Hausman et al. 

2013; Vyn et al. 2006). The number of individual MHR waterhemp resistant to each MOA 

varied by site with greater resistance to ALS-, PS II-, and PPO-inhibitors at S1, S4, and S6 

compared to S2 and S5 (Table 5.1).  

5.4.1.1 MHR Waterhemp Control 

The interaction of HPPD- by PS II-inhibitor, applied PRE, was significant for MHR 

waterhemp control 2, 4, 8, and 12 WAA; therefore, the effect of isoxaflutole was analyzed by 

each PS II-inhibitor and the effect of each PS II-inhibitor was analyzed by isoxaflutole (Tables 
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5.3 and 5.4). At S1, S4, and S6, atrazine, metribuzin, and linuron controlled MHR waterhemp 

45% to 69%, 69% to 85%, and 82% to 96%, respectively at 2, 4, 8, and 12 WAA (Table 5.5). 

Linuron controlled MHR waterhemp better than atrazine; metribuzin provided intermediate 

control and was similar to both atrazine and linuron. Isoxaflutole controlled MHR waterhemp 

58% to 76% at 2, 4, 8, and 12 WAA. The co-application of isoxaflutole with atrazine, 

metribuzin, or linuron controlled MHR waterhemp 80% to 100%. The addition of metribuzin or 

linuron to isoxaflutole increased MHR waterhemp control 27% and 33%, respectively, at 8 

WAA; the addition of atrazine, metribuzin, or linuron to isoxaflutole improved MHR waterhemp 

control 22%, 30%, and 34% at 12 WAA. Conversely, the addition of isoxaflutole to atrazine 

improved MHR waterhemp control 24% to 35% at 2, 8, and 12 WAA, and the addition of 

isoxaflutole to metribuzin improved control 19% at 12 WAA. At S1, S4, and S6, the control of 

MHR waterhemp in all herbicide treatments decreased over the course of the growing season, 

which can be attributed to late-emerging cohorts (Steckel and Sprague 2004). At S2 and S5, 

atrazine, metribuzin, and linuron controlled MHR waterhemp 87% to 100% and isoxaflutole 

controlled MHR waterhemp 95% to 98% at 2, 4, 8, and 12 WAA. The co-application of 

isoxaflutole with atrazine, metribuzin, or linuron controlled MHR waterhemp 99% to 100%; all 

interactions were additive. These results are consistent with Hausman et al. (2013) who reported 

8% to 58% control of HPPD-inhibitor resistant waterhemp 4 WAA with PRE-applied atrazine 

(1680 g ha-1). In contrast, Hager et al. (2002) and Hausman et al. (2013) reported metribuzin 

(420 g ha-1) and linuron (840 g ha-1) applied PRE controlled MHR waterhemp up to 92% and up 

to 58% in soybean, respectively. Greater waterhemp control in this study may reflect the higher 

application rates of metribuzin (560 g ha-1) and linuron (2,160 g ha-1) compared to Hager et al. 

(2002) and Hausman et al. (2013), and the more competitive nature of corn. Results from 
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Colby’s equation indicated observed and expected MHR waterhemp control were similar for all 

HPPD- and PS II-inhibitor tank-mixtures at all sites, and suggests the interaction between 

isoxaflutole and atrazine, metribuzin, or linuron, applied PRE, is additive for MHR waterhemp 

control. In previous studies, isoxaflutole + atrazine (105 + 1,063 g ha-1) resulted in greater than 

97% control of MHR waterhemp at 10 WAA (Vyn et al. 2006) and 90% at 12 WAA (Benoit et 

al. 2019b). Chahal and Jhala (2018) reported variable control of HPPD- and PS II-inhibitor 

resistant Palmer amaranth with isoxaflutole + atrazine that ranged from 14% to 85%; in that 

study the interaction between isoxaflutole and atrazine was additive. Additionally, O’Brien et al. 

(2018) reported an additive interaction between isoxaflutole (105 g ha-1) and metribuzin (191 g 

ha-1) applied POST for control of a HPPD- and PS II-resistant waterhemp population from 

Nebraska.  

5.4.1.2 MHR Waterhemp Density and Biomass 

Averaged across PS II-inhibitors, isoxaflutole reduced MHR waterhemp density 70% 

(Table 5.4), which is similar to Hausman et al. (2013) who reported a 75% density reduction 4 

WAA. In contrast, there was an interaction between isoxaflutole and PS II-inhibitors for MHR 

waterhemp density, at S2 and S5, and biomass at all sites; therefore, the effect of isoxaflutole 

was analyzed by each PS II-inhibitor and the effect of PS II-inhibitor was analyzed by 

isoxaflutole (Table 5.4). At S2 and S5, atrazine, metribuzin, and linuron reduced MHR 

waterhemp density 74%, 100%, and 99%, respectively (Table 5.5). Isoxaflutole reduced MHR 

waterhemp density 97% and isoxaflutole + atrazine reduced plant density by 26 percentage 

points more than atrazine alone. At S1, S4, and S6, isoxaflutole, metribuzin, and linuron reduced 

MHR waterhemp biomass 78%, 87%, and 97%, respectively; atrazine did not reduce waterhemp 

biomass. The addition of metribuzin or linuron to isoxaflutole reduced MHR waterhemp biomass 
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20% and 21% more than isoxaflutole alone, respectively. The addition of isoxaflutole to atrazine 

or metribuzin reduced MHR waterhemp biomass 42% and 11% more than atrazine or metribuzin 

alone, respectively. At S2 and S5, atrazine, metribuzin, and linuron reduced MHR waterhemp 

biomass 93% to 100%. Isoxaflutole reduced MHR waterhemp biomass 99% and was not 

improved with the addition of a PS II-inhibitor. In contrast, the addition of isoxaflutole to 

atrazine resulted in 6% greater reductions in MHR waterhemp biomass compared to atrazine 

alone. These results complement Vyn et al. (2006) who reported a greater reduction in ALS- and 

PS II-resistant waterhemp density and biomass with isoxaflutole + atrazine, that ranged from 

92% to 95%, compared to atrazine alone. For waterhemp density and biomass with isoxaflutole + 

PS II-inhibitors results of Colby’s analysis indicated additive interactions for all tank-mixtures.  

5.4.1.3 Corn Injury and Grain Yield 

Corn injury was not observed with any treatment (data not shown). There was an 

interaction between isoxaflutole and PS II-inhibitors for corn grain yield at S1, S4, and S6; 

therefore, the effect of isoxaflutole was analyzed by each PS II-inhibitor and the effect of PS II-

inhibitor was analyzed by isoxaflutole (Table 5.4). Season-long MHR waterhemp interference 

reduced grain corn yield up to 43% or 3.9 t ha-1 (Table 5.5). Grain yield reductions at S1, S4, and 

S6 can be attributed to greater MHR waterhemp density, biomass, and a more competitive 

resistance profile compared to S2 and S5 where there was no corn yield loss due to MHR 

waterhemp interference. This is consistent with Vyn et al. (2006, 2007) who reported corn grain 

yield differences between herbicide treatments occurred only at sites with greater MHR 

waterhemp pressure and resistance to both ALS- and PS II-inhibitors. 
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5.4.2 HPPD- and PS II-inhibitors Applied Postemergence 

Site-by-treatment interactions were significant for MHR waterhemp control, density, 

biomass, and corn grain yield with no differences between site (S) 1 and S4, or S2, S3, and S5; 

therefore, data for S1 and S4 were combined, and data for S2, S3, and S5 were combined for 

analysis. Lower MHR waterhemp control at S1 and S4 can be attributed to greater plant density 

and biomass in the nontreated control of 463 plants m-2 and 69.6 g m-2 compared to 54 plants m-2 

and 50.3 g m-2 at S2, S3 and S5 (Table 5.4). Vyn et al. (2006) reported similar differences in 

MHR waterhemp control which they attributed to variation in plant density, biomass, and the 

resistance profiles of the populations under evaluation. The number of individual MHR 

waterhemp resistant to each MOA varied by site with greater resistance to ALS-, PS II-, and 

PPO-inhibitors at S1, S3, and S4 compared to S2 and S5 (Table 5.1). Site-by-treatment 

interactions were significant for corn injury. Similar corn injury was observed at S1, S2, and S5; 

therefore, corn injury data were combined for S1, S2 and S5 for analysis. In contrast, corn injury 

was not observed at S3 and S4. 

5.4.2.1 MHR Waterhemp Control 

There was no interaction between HPPD- and PS II-inhibitors for MHR waterhemp 

control 8 and 12 WAA at S1 and S4, so the main effects were presented (Table 5.6). When 

averaged across PS II-inhibitors, mesotrione, tolpyralate, and topramezone controlled MHR 

waterhemp 79% to 80%, 69%, and 53%, respectively at 8 and 12 WAA. When averaged across 

HPPD-inhibitors, atrazine, bromoxynil, and bentazon controlled MHR waterhemp 59%, 63 to 

64%, and 56 to 57%, respectively at 8 and 12 WAA. There was an interaction between HPPD- 

and PS II-inhibitors for MHR waterhemp control at S1 and S4 at 4 WAA, and at S2, S3, and S5 

at 4, 8 and 12 WAA; therefore, the effect of HPPD-inhibitor was analyzed by each PS II-



155 

 

inhibitor and the effect of PS II-inhibitor was analyzed by each HPPD-inhibitor (Table 5.6). At 

S1 and S4, the HPPD-inhibitors, mesotrione, tolpyralate, and topramezone controlled MHR 

waterhemp 54%, 61%, and 45%, respectively, and the PS II-inhibitors, atrazine, bromoxynil, and 

bentazon controlled MHR waterhemp 31%, 23%, and 16%, respectively, at 4 WAA (Table 5.8). 

Unacceptable MHR waterhemp control with POST-applied PS II-inhibitors is consistent with 

previous studies that report < 80% control of MHR resistant waterhemp and Palmer amaranth 

(Anderson et al. 1996; Chahal and Jhala 2018; Corbett et al. 2004; Foes et al. 1998; Hausman et 

al. 2016; Khort and Sprague 2017b; Vyn et al. 2006). The addition of atrazine, bromoxynil, or 

bentazon to mesotrione improved MHR waterhemp control 29%, 34%, and 22%, respectively; 

the addition of bromoxynil to tolpyralate increased control 20%; and MHR waterhemp control 

with topramezone was not improved with the addition of PS II-inhibiting herbicides. Based on 

Colby’s analysis the improvement in MHR waterhemp control with the addition of a PS II- to a 

HPPD-inhibitor was either additive or synergistic except topramezone + atrazine which was 

antagonistic. These results are consistent with Hausman et al. (2011, 2016) and Woodyard et al. 

(2009) who reported additive or synergistic responses between mesotrione and atrazine or 

bromoxynil for control of non-herbicide-resistant and MHR waterhemp. Additionally, Khort and 

Sprague (2017b) reported additive or synergistic responses with mesotrione, tembotrione, 

tolpyralate, or topramezone + atrazine applied POST for MHR Palmer amaranth control.  

At S2, S3 and S5, the HPPD-inhibitors, mesotrione, tolpyralate, or topramezone 

controlled MHR waterhemp ≥ 95%, ≥ 97%, and ≥ 90%, respectively, and the PS II-inhibitors, 

atrazine, bromoxynil, and bentazon controlled MHR waterhemp ≥ 79%, ≥ 83%, and ≥ 71%, 

respectively, at 4, 8, and 12 WAA. The addition of a PS II-inhibitors to the HPPD-inhibitors did 

not improve MHR waterhemp control, conversely, the addition of a HPPD inhibitor to atrazine, 
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bromoxynil, and bentazon improved MHR waterhemp control up to 20%, 17%, and 28%, 

respectively at 4, 8 and 12 WAA. Similarly, Benoit et al. (2019b) reported greater MHR 

waterhemp control with mesotrione, tembotrione, topramezone, or tolpyralate + atrazine than 

atrazine alone. Additionally, Chahal and Jhala (2018) reported greater control of HPPD- and PS 

II-resistant Palmer amaranth with POST-applied mesotrione, tembotrione, or topramezone + 

atrazine compared to each product alone. Analysis of observed and calculated Colby’s expected 

values indicated the improvement in MHR waterhemp control with the co-application of HPPD- 

+ PS II-inhibitors was additive except topramezone + bentazon 4 WAA and topramezone + 

atrazine 8 and 12 WAA at S2, S3, and S5, which were antagonistic. Khort and Sprague (2017b) 

reported a similar antagonistic response between tolpyralate and atrazine; however, they 

attributed this response to reduced absorption of tolpyralate due to the high rate of atrazine 

(35,900 g ha-1). Antagonistic interactions between topramezone and ALS-inhibitors have been 

reported to reduce control of grass weed species; in contrast, this response was not observed in 

some species when topramezone is co-applied with atrazine (Kaastra et al. 2008). We do not 

have an explanation for the antagonistic response between topramezone and atrazine or 

bentazon; this response should be evaluated in future studies to determine if this is a true effect.  

5.4.2.2 MHR Waterhemp Density and Biomass 

There was no interaction between the HPPD- and PS II-inhibitors on MHR waterhemp 

density and biomass at 4 WAA so the main effects will be presented (Table 5.7). At S1 and S4, 

the HPPD-inhibitors, when averaged across the PS-inhibitors, did not reduce MHR waterhemp 

density; the PS II-inhibitors, when averaged across the HPPD-inhibitors, reduced MHR 

waterhemp density 25% to 40%. At S2, S3, and S5, mesotrione, tolpyralate, and topramezone, 

when averaged across the PS II-inhibitors reduced MHR waterhemp density and biomass 78% to 
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97%. Atrazine and bromoxynil reduced MHR waterhemp density 79% and 84%, respectively 

when averaged across HPPD-inhibitors. At S1 and S4, mesotrione reduced MHR waterhemp 

biomass 88% when averaged across PS II-inhibitors. When averaged across HPPD-inhibitors, 

atrazine, bromoxynil, and bentazon reduced MHR waterhemp biomass 16% to 43%. At S2, S3 

and S5, the HPPD-inhibitors reduced MHR waterhemp biomass 93% to 99% when averaged 

across PS II-inhibitors. When averaged across HPPD-inhibitors, atrazine, bromoxynil, and 

bentazon reduced MHR waterhemp biomass 79%, 86%, and 66%, respectively. These findings 

are consistent with Khort and Sprague (2017b) who reported greater reductions in ALS-, PS II-, 

and EPSPS-resistant Palmer amaranth with HPPD-inhibitors compared to atrazine.  

5.4.2.3 Corn Injury and Grain Yield 

There was an interaction between HPPD- and PS II-inhibitors for corn injury at S1, S2, 

and S5 at 1 WAA; therefore, the effect of HPPD-inhibitor was analyzed by each PS II-inhibitor 

and the effect of PS II-inhibitor was analyzed by each HPPD-inhibitor (Table 5.7). There was no 

corn injury at S3 and S4 (data not shown). Atrazine did not cause corn injury; however, 

bromoxynil and bentazon caused 7% and 2% corn injury, respectively; similar corn leaf necrosis 

was observed when co-applied with mesotrione, tolpyralate, and tembotrione at 1 WAA (Table 

5.9). Carey and Kells (1995) and Vyn et al. (2006) reported similar early season corn leaf 

necrosis with bromoxynil applied POST. Compared to HPPD-inhibitors alone, the addition of 

bromoxynil to mesotrione, tolpyralate, or topramezone increased corn injury 8% to 16%. 

Similarly, the addition of mesotrione, tolpyralate, or topramezone to bromoxynil increased corn 

injury 1% to 9%. Observed corn injury was 5% to 9% greater than the calculated Colby’s 

expected value indicating a synergistic response increase in corn injury with the co-application 

of tolpyralate and bromoxynil, tolpyralate, and bentazon, and topramezone and bromoxynil 1 
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WAA. Corn injury was transient; less corn injury was observed at 2 and 4 WAA. Transient leaf 

necrosis caused by bromoxynil is consistent with Cary and Kells (1995) and Vyn et al. (2006) 

who reported no corn injury 4 WAA.  

There was an interaction between HPPD- and PS II-inhibitors for corn grain yield at S1 

and S4; therefore, the effect of HPPD-inhibitor was analyzed by each PS II-inhibitor and the 

effect of PS II-inhibitor was analyzed by each HPPD-inhibitor (Table 5.7). Greater MHR 

waterhemp density and biomass at S1 and S4 and a greater number of herbicide-resistant 

individuals resulted in unacceptable control with HPPD- and PS II-inhibitors (Table 5.8). At S1 

and S4, MHR waterhemp interference with the HPPD- and PS II-inhibitors applied alone 

resulted in corn yield that was similar to the weedy control. The addition of atrazine, bromoxynil, 

or bentazon to mesotrione increased corn grain yield 2.1 to 2.4 t ha-1. Similarly, the addition of 

mesotrione to atrazine, bromoxynil, or bentazon increased grain yield 3.6 to 4.3 t ha-1. These 

results complement Vyn et al. (2006) who reported 3.6 t ha-1 greater corn yield with mesotrione 

+ atrazine compared to atrazine alone.  

5.5 Conclusions 

In summary, these studies identify effective PRE and POST HPPD- + PS II-inhibitor 

tank-mixtures that resulted in season-long control of MHR waterhemp. Within MHR waterhemp 

populations, differences in plant density, biomass, and the number of individuals resistant to 

ALS-, PS II-, EPSPS-, and PPO-inhibitors resulted in differences in control. Results from the 

PRE study indicate linuron is an effective PRE herbicide that controlled MHR waterhemp 82% 

to 100% and reduced plant density and biomass 97% to 100%. Linuron provided better control of 

MHR waterhemp than atrazine; however, metribuzin provided similar control to both. The 
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addition of atrazine, metribuzin, or linuron to isoxaflutole increased control of MHR waterhemp 

22% to 34% and the addition of isoxaflutole to atrazine, metribuzin, or linuron increased control 

15% to 35%. Improved control of MHR waterhemp with tank-mixtures of isoxaflutole + 

atrazine, metribuzin, or linuron can be attributed to the complementary activity between these 

MOA that ultimately reduces the plants ability to prevent the overaccumulation of ROS. 

Isoxaflutole + atrazine, metribuzin, or linuron are effective PRE tank-mixtures that result in 

excellent MHR waterhemp control and comparable corn grain yield. Interactions between 

isoxaflutole and all PS II-inhibitors were additive for MHR waterhemp control, biomass, and 

density. Results from the POST study indicate atrazine, bromoxynil, and bentazon controlled 

MHR waterhemp 16% to 87% while mesotrione, tolpyralate, and topramezone resulted in 45% 

to 97% control 4, 8, and 12 WAA. The co-application of HPPD- and PS II-inhibitors applied 

POST increased control of MHR waterhemp up to 65%. Interactions between HPPD- and PS II-

inhibitors were mostly additive. Synergistic responses were observed with mesotrione + 

bromoxynil or bentazon and tolpyralate + bromoxynil; however, antagonistic interactions were 

observed with topramezone + atrazine or bentazon. The application of bromoxynil and bentazon 

resulted in corn injury at three of five sites and was observed as foliar necrosis; however, injury 

was transient.  The co-application of mesotrione + atrazine, bromoxynil, or bentazon resulted in 

greater corn yield than atrazine alone. This study concludes that atrazine alternatives metribuzin 

or linuron can be co-applied with isoxaflutole applied PRE, and bromoxynil or bentazon can be 

co-applied with mesotrione or tolpyralate applied POST for control of MHR waterhemp; these 

tank-mixtures exhibit complementary activity and provide excellent season-long control of MHR 

waterhemp in corn.
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Table 5.1 Soil characteristics and MHR waterhemp [Amaranthus tuberculatus (Moq.) J. D. 
Sauer] resistance profile of six field sites where HPPD, PSII and HPPD + PSII inhibitors were 
applied PRE and POST in Ontario, Canada in 2019 and 2020. 

   Soil characteristics  % Resistanta 
Site Year Location Classification Sand Silt Clay OM pH  ALS PS II EPSPS PPO 

    ----------------- % ----------------   ----------------- % ---------------- 
S1 2019 Cottam Sandy Loam 70 21 9 2.6 6.0  97 34 N/A N/A 
S2 2019 Walpole Loamy Sand 70 21 9 2.3 7.6  23 6 79 N/A 
S3 2019 Cottam Sandy Loam 70 21 9 2.6 6.0  97 34 N/A N/A 
S4 2020 Cottam Sandy Loam 70 19 11 2.6 5.9  68 54 64 43 
S5 2020 Walpole Sandy Loam 76 15 9 2.5 7.8  54 30 96 17 
S6 2020 Port Crewe Clay Loam 24 37 39 3.8 6.6  82 57 59 63 

a Mean number of surviving plants three weeks after application divided by the number of plants 
treated within eight quadrats per mode of action.
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Table 5.2 Herbicide active ingredient, tradename, and manufacturer for the study of HPPD- and 
PS II-inhibitors applied PRE and POST for the control of multiple-herbicide resistant (MHR) 
waterhemp [Amaranthus tuberculatus (Moq.) J. D. Sauer] in Ontario, Canada in 2019 and 2020. 

Herbicide active 
ingredienta Tradename Manufacturer 

Atrazine AAtrex® Liquid 480 
Syngenta Canada Inc., 140 Research Lane, Research Park, 
Guelph, ON. 

Bentazon 
Basagran® Liquid 
Herbicide BASF Canada Inc., 100 Milverton Drive, Mississauga, ON. 

Bromoxynil Pardner 
Bayer CropScience Inc., 160 Quarry Park Blvd S. E., 
Calgary, AB. 

Isoxaflutole 
Converge Flexx 
Herbicide 

Bayer CropScience Inc., 160 Quarry Park Blvd S. E., 
Calgary, AB. 

Mesotrione 
Callisto® 480SC 
Herbicide 

Syngenta Canada Inc., 140 Research Lane, Research Park, 
Guelph, ON. 

Tolpyralate 
Shieldex™ 400SC 
Herbicide 

ISK Biosciences Corporation., 740 Auburn Road, Concord, 
OH. 

Topramezone Armezon® BASF Canada Inc., 100 Milverton Drive, Mississauga, ON. 
a Herbicide treatments with mesotrione included Agral® 90 (Syngenta Canada Inc., 140 
Research Lane, Research Park, Guelph, ON) (0.2% v/v); with tolpyralate included methylated 
seed oil (MSO Concentrate®) (Loveland Products, 3005 Rocky Mountain Ave., Loveland, CO) 
(0.5% v/v) and urea ammonium nitrate (UAN 28-0-0) (Sylvite, 3221 North Service Road, 
Burlington, ON) (2.5% v/v); and with topramezone included Merge® (BASF Canada Inc., 100 
Milverton Drive, Mississauga, ON) (0.5% v/v).
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Table 5.3 Least square means and significance of main effects and interaction for multiple-herbicide-resistant (MHR) waterhemp 
[Amaranthus tuberculatus (Moq.) J. D. Sauer] control [4, 8 and 12 weeks after PRE application (WAA)] in corn treated with 
isoxaflutole, PS II-inhibitors and isoxaflutole + PS II-inhibitors applied PRE across five field sites in 2019 and 2020 in Ontario, 
Canada. 

  Control 
  2 WAA  4 WAA  8 WAA  12 WAA 
Main effects Rate S1, S4, S6 S2, S5  S1, S4, S6 S2, S5  S1, S4, S6 S2, S5  S1, S4, S6 S2, S5 
 g ha-1 ----------------------------------------------------------------- % ----------------------------------------------------------------- 
             
Isoxaflutole g ai ha-1  NS *  NS *  NS *  * ** 

0  62 73  62 72  53 72  49 73 
79  91 99  90 98  82 98  79 99 

SEa  3 4  3 4  3 4  3 4 
             
PS II-inhibitor treatments  ** **  ** **  ** **  ** ** 

No tank-mix partner - 38 47  36 47  31 47  29 49 
Atrazine 800 81 97  78 95  66 93  62 96 
Metribuzin 560 92 98  90 99  81 100  78 100 
Linuron 2160 97 99  99 99  92 100  87 100 

SE  3 4  3 4  3 4  3 4 
             
Two-way interaction             

Isoxaflutole x PS II-inhibitor  ** **  ** **  ** **  ** ** 
Abbreviations: WAA; weeks after PRE application. 
** Significant (P < 0.01), * significant (P < 0.05), NS, non-significant (P > 0.05). 
a Standard error of the mean.
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Table 5.4 Least square means and significance of main effects and interaction for multiple-herbicide-resistant (MHR) waterhemp 
[Amaranthus tuberculatus (Moq.) J. D. Sauer] density and biomass [4 weeks after PRE application (WAA)] and corn grain yield in 
corn treated with isoxaflutole, PS II-inhibitors and isoxaflutole + PS II-inhibitors applied PRE across five field sites in 2019 and 2020 
in Ontario, Canada. 

  Densitya  Biomassa  Corn yielda 

Main effects Rate S1, S4, S6 S2, S5  S1, S4, S6 S2, S5  S1, S4, S6 S2, S5 
 g ai ha-1 ---------- Plants m-2 ----------  ---------- g m-2 ----------  ---------- t ha-1 ---------- 
          
Isoxaflutole (g ha-1)  * **  * *  NS NS 

0  298 a 10  71.4 10.7  7.9 8.3 
79  89 b 0  10.3 0.1  8.8 8.5 

SEb  39 2  7.1 3.4  0.3 0.2 
          
PS II-inhibitors  NS **  ** **  ** NS 

No tank-mix partner - 455 23  109.8 35.7  7.1 b 8.3 
Atrazine 800 144 24  45.2 1.9  8.6 a 8.8 
Metribuzin 560 78 0  12.3 0  8.7 a 7.8 
Linuron 2160 44 0  3.2 0.1  9 a 8.6 

SE  39 2  7.1 3.4  0.3 0.2 
          
Two-way interactions          

Isoxaflutole x PS II-inhibitor  NS **  ** **  ** NS 
Abbreviations: WAA; weeks after PRE application. 
** Significant (P < 0.01), * significant (P < 0.05), NS, non-significant (P > 0.05). 
a Means within same main effect and same column followed by the same letter are not significantly different according to Tukey-
Kramer multiple range test (P<0.05). 
b Standard error of the mean.
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Table 5.5 Multiple-herbicide-resistant (MHR) waterhemp [Amaranthus tuberculatus (Moq.) J. D. 
Sauer] control [4, 8 and 12 weeks after PRE application (WAA)], density, biomass and grain 
yield in corn treated with isoxaflutole, PS II-inhibitors and isoxaflutole + PS II-inhibitors applied 
PRE across five field sites in 2019 and 2020 in Ontario, Canada. 

 S1, S4, S6a   S2, S5  
 Isoxaflutole rate g ai ha-1   Isoxaflutole rate g ai ha-1  
 0 79 SEd  0 79 SE 

Visible control 2 WAA ------------------------------------------------------------------ % ------------------------------------------------------------------ 
No tank-mix partner 0 b Y 76 a Z 9  0 b Y 95 a Z 12 
Atrazine 69  a Y 93 a Z (94)c 3  95 a Z 99 a Z (100) 1 
Metribuzin 85 a Z 98 a Z (98) 2  97 a Z 100 a Z (100) 1 
Linuron 96 a Z 98 a Z (100) 1  99 a Z 100 a Z (100) 1 

SEd 6 2   8 1  
Visible control 4 WAA        

No tank-mix partner 0 c Y 73 a Z 9  0 b Y 95 a Z 12 
Atrazine 65 b Z 91 a Z (90) 4  90 a Y 99 a Z (99) 2 
Metribuzin 82 ab Z 97 a Z (96) 2  100 a Z 100 a Z (100) 0 
Linuron 98 a Z 100 a Z (100) 1  100 a Z 100 a Z (100) 0 

SE 6 3   8 1  
Visible control 8 WAA        

No tank-mix partner 0 c Y 62 b Z 7  0 c Y 95 a Z 12 
Atrazine 50 b Y 81 ab Z (81) 4  87 b Y 99 a Z (99) 2 
Metribuzin 73 ab Z 89 a Z (91) 3  100 a Z 100 a Z (100) 0 
Linuron 89 a Z 95 a Z (97) 2  100 a Z 100 a Z (100) 0 

SE 5 3   8 1  
Visible control 12 WAA        

No tank-mix partner 0 c Y 58 b Z 7  0 c Y 98 a Z 12 
Atrazine 45 b Y 80 a Z (78) 5  93 b Y 100 a Z (100) 1 
Metribuzin 69 ab Y 88 a Z (89) 4  100 a Z 100 a Z (100) 0 
Linuron 82 a Z 92 a Z (94) 3  100 a Z 100 a Z (100) 0 

SE 5 3   8 0  
Density ------------------------------------------------------------- Plants m-2 ------------------------------------------------------------- 

No tank-mix partner 890b 178 136  35 c Y 1 a Z 5 
Atrazine 207 86 (61) 33  9 b Y 0 a Z (0.3) 1 
Metribuzin 96 48 (34) 32  0 a Z 0 a Z (0) 0 
Linuron 68 32 (44) 15  0.4 a Z 0 a Z ( 0) 0.3 

SE 74 17   3 0.4  
Biomass ---------------------------------------------------------------- g m-2 ---------------------------------------------------------------- 

No tank-mix partner 171.8 c Y 38.3 b Z 19.5  68.9 c Y 0.4 a Z 11.4 
Atrazine 81.9 bc Y 10.9 ab Z (17) 11.6  4.9 b Y 0 a Z (0) 1.5 
Metribuzin 22.8 ab Y 3.9 a Z (4) 6.5  0 a Z 0 a Z (0) 0 
Linuron 5.7 a Z 1.5 a Z (1) 1.2  0.2 a Z 0 a Z (0) 0.1 

SE 12.4 3.4   6.4 0.1  
Corn yield --------------------------------------------------------------- t ha-1 --------------------------------------------------------------- 

No tank-mix partner 5.1 b Y 8.5 a Z 0.5  7.3 9.3 0.6 
Atrazine 8.3 a Z 8.9 a Z 0.5  9 8.6 0.4 
Metribuzin 9 a Z 9 a Z 0.6  8 7.7 0.5 
Linuron 8.8 a Z 8.7 a Z 0.4  8.9 8.2 0.4 

SE 0.4 0.3   0.3 0.3  

Abbreviations: WAA; weeks after PRE application. 
a Within site groupings, means within column followed by the same letter (a-c) or means within 
row followed by the same letter (Y or Z), are not significantly different according to Tukey-
Kramer multiple range test (P < 0.05). 
b Interaction was negligible; therefore, only treatment means and results from Colby’s analysis 
are shown. 
c Values in parentheses represent expected values calculated from Colby’s analysis. 
* or ** denote significant difference of P < 0.05 or P < 0.01, respectively, between observed and 
expected values based on a two-sided t-test. 
d Standard error of the mean.
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Table 5.6 Least square means and significance of main effects and interaction for (MHR) 
waterhemp [Amaranthus tuberculatus (Moq.) J. D. Sauer] control [4, 8 and 12 weeks after POST 
application (WAA)] in corn treated with HPPD-, PSII- and HPPD- + PS II-inhibitors applied 
POST across five field sites in 2019 and 2020 in Ontario, Canada. 

  Controla 
  4 WAA  8 WAA  12 WAA 

Main effectsb Rate S1, S4 
S2, S3, 

S5 
 

S1, S4 
S2, S3, 

S5 
 

S1, S4 
S2, S3, 

S5 
 g ai ha-1 --------------------------------------------------- % --------------------------------------------------- 
          
HPPD-inhibitor  ** **  ** **  ** ** 

No tank-mix partner - 17 58  19 b 61  18 b 62 
Mesotrione 100 75 97  79 a 98  80 a 99 
Tolpyralate 30 69 98  69 a 99  69 a 99 
Topramezone 12.5 51 93  53 a 95  53 a 95 

SEc  2 2  2 2  3 2 
          
PS II-inhibitor  ** **  * **  ** ** 

No tank-mix partner - 40 70  41 b 71  41 b 72 
Atrazine 560 56 93  59 a 94  59 a 95 
Bromoxynil 280 63 94  64 a 96  63 a 96 
Bentazon 840 54 90  56 a 92  57 a 93 

SE  2 2  2 2  3 2 
          
Interaction          

HPPD-inhibitor x PS II-inhibitor  * **  NS **  NS ** 
Abbreviations: WAA, weeks after POST application. 
** Significant (P < 0.01), * significant (P < 0.05), NS, non-significant (P > 0.05). 
a Means within same main effect and same column followed by the same letter are not 
significantly different according to Tukey-Kramer multiple range test (P < 0.05). 
b Herbicide treatments with mesotrione included Agral® 90 (Syngenta Canada Inc., 140 
Research Lane, Research Park, Guelph, ON) (0.2% v/v); with tolpyralate included methylated 
seed oil (MSO Concentrate®) (Loveland Products, 3005 Rocky Mountain Ave., Loveland, CO) 
(0.5% v/v) and urea ammonium nitrate (UAN 28-0-0) (Sylvite, 3221 North Service Road, 
Burlington, ON) (2.5% v/v); and with topramezone included Merge® (BASF Canada Inc., 100 
Milverton Drive, Mississauga, ON) (0.5% v/v). 
c Standard error of the mean.
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Table 5.7 Least square means and significance of main effects and interaction for (MHR) waterhemp [Amaranthus tuberculatus 
(Moq.) J. D. Sauer] density, biomass and corn injury and corn grain yield in corn treated with HPPD-, PSII- and HPPD- + PS II-
inhibitors applied POST across five field sites in 2019 and 2020 in Ontario, Canada. 

      Corn Injury   
  Densitya  Biomass  S1, S2, S5  Corn yield 
Main effectsb Rate S1, S4 S2, S3, S5  S1, S4 S2, S3, S5  1 WAA 2 WAA 4 WAA  S1, S4 S2, S3, S5 
              
HPPD-inhibitor  NS **  * **  * NS NS  NS NS 

No tank-mix partner  863 a 32 a  206.1 a 24.5 a  2 1 0  4.4 7.3 
Mesotrione 100 191 a 2 b  24.2 b 0.6 b  4 1 0  7.9 7.8 
Tolpyralate 30 280 a 1 b  37.4 ab 0.2 b  7 3 1  7.3 7.4 
Topramezone 12.5 422 a 7 b  80.1 ab 1.7 b  4 1 1  6.6 7.6 

SEc  36 2  8.8 1.3  0.5 0.2 0.1  0.2 0.1 
              
PS II-inhibitor  * *  ** **  ** NS NS  NS NS 

No tank-mix partner  570 a 19 a  116.9 a 10.9 a  0 0 0  5.8 7.4 
Atrazine 560 391 b 4 b  80.2 bc 2.3 b  0 0 0  6.9 7.8 
Bromoxynil 280 340 b 3 b  66.6 c 1.5 b  11 4 1  7 7.7 
Bentazon 840 429 b 10 ab  97.8 b 3.7 ab  5 2 1  6.6 7.3 

SE  36 2  8.8 1.3  0.5 0.2 0.1  0.2 0.1 
              
Two-way interactions              

HPPD-inhibitor x PS II-inhibitor  NS NS  NS NS  * NS NS  * NS 
Abbreviations: WAA, weeks after POST application. 
** Significant (P < 0.01), * significant (P < 0.05), NS, non-significant (P > 0.05). 
a Means within same main effect and same column followed by the same letter are not significantly different according to Tukey-
Kramer multiple range test (P < 0.05). 
b Herbicide treatments with mesotrione included Agral® 90 (Syngenta Canada Inc., 140 Research Lane, Research Park, Guelph, ON) 
(0.2% v/v); with tolpyralate included methylated seed oil (MSO Concentrate®) (Loveland Products, 3005 Rocky Mountain Ave., 
Loveland, CO) (0.5% v/v) and urea ammonium nitrate (UAN 28-0-0) (Sylvite, 3221 North Service Road, Burlington, ON) (2.5% v/v); 
and with topramezone included Merge® (BASF Canada Inc., 100 Milverton Drive, Mississauga, ON) (0.5% v/v). 
c Standard error of the mean.
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Table 5.8 Multiple-herbicide-resistant (MHR) waterhemp [Amaranthus tuberculatus (Moq.) J. D. Sauer] control [4, 8 and 12 weeks 
after POST application (WAA)], density, biomass and corn grain yield in corn treated with HPPD-, PSII- and HPPD- + PS II-
inhibitors applied POST across five field sites in 2019 and 2020 in Ontario, Canada. 

 Controla 
 S1, S4  S2, S3, S5 

Herbicide Treatmentb 
No tank-mix 

partner Mesotrione Tolpyralate Topramezone SEe  
No tank-mix 

partner Mesotrione Tolpyralate Topramezone SE 
Visible control 4 WAA --------------------------------------------------------------------------------------------------- % --------------------------------------------------------------------------------------------------- 

No tank-mix partner 0 b Y 54 b Z 61 b Z 45 a Z 4  0 b Y 93 a Z 97 a Z 90 a Z 6 
Atrazine 31 a X 83 a Z (69)c 63 b YZ (73) 48 a XY (63)** 4  79 a Y 98 a Z (99) 99 a Z (99) 97 a Z (98) 2 
Bromoxynil 23 a X 88 a Z (64)** 81 a YZ (70)* 59 a Y (57) 5  83 a Y 100 a Z (99) 99 a Z (99) 95 a YZ (98) 1 
Bentazon 16 ab X 76 a Z (61)* 71 ab YZ (67) 53 a Y (54) 5  71 a Y 99 a Z (98) 99 a Z (99) 90 a Z (97)* 3 

SEe 3 3 2 2   5 0.7 0.3 1  
Visible control 8 WAA            

No tank-mix partner 0c 58 61 45 5  0 c Y 95 a Z 98 a Z 91 a Z 6 
Atrazine 35 87 (73)d 62 (74)* 52 (65) 4  82 ab Y 99 a Z (199) 99 a Z (100) 97 a Z (99)* 1 
Bromoxynil 23 92 (68)** 81 (70) 60 (57) 5  86 a Y 100 a Z  (99) 100 a Z (99) 97 a YZ (98) 1 
Bentazon 18 81 (66)* 72 (68) 54 (55) 5  75 b Y 99 a Z (99) 99 a Z (99) 94 a Z (97) 2 

SE 3 3 3 3   6 0.5 0.3 1  
Visible control 12 WAA            

No tank-mix partner 0 59 61 44 5  0 c Y 96 a Z 98 a Z 92 a Z 6 
Atrazine 34 88 (73) 62 (73)* 53 (63) 5  83 ab Y 99 a Z (99) 99 a Z (100) 97 a Z (99)* 1 
Bromoxynil 21 90 (68)** 80 (70)* 59 (56) 5  87 a Y 100 a Z (99) 100 a Z (100) 97 a Z (99) 1 
Bentazon 17 83 (66)* 73 (68) 54 (54) 5  77 b Y 99 a Z (99) 99 a Z (99) 94 a Z (97) 2 

SE 3 3 3 3   6 0.4 0.3 1  
Density ---------------------------------------------------------------------------------------------- Plants m-2 ---------------------------------------------------------------------------------------------- 

No tank-mix partner 863 463 396 578 71  54 11 3 12 6 
Atrazine 889 107 (339) 386 (417) 403 (568) 71  20 1 (4.1) 0 (0.8) 3 (7.0) 2 
Bromoxynil 811 57 (427)* 146 (414)* 352 (549) 65  19 0 (4.0)* 0 (1.5) 2 (5.0) 2 
Bentazon 884 200 (588) 246 (572) 399 (670) 75  35 1 (4.9) 1 (3.1) 12 (13.7) 3 

SE 84 42 44.5 54   5 3 0.7 2  
Biomass ------------------------------------------------------------------------------------------------- g m-2 ------------------------------------------------------------------------------------------------- 
No tank-mix partner 247.5 69.6 55.5 108.5 18.8  50.3 2.7 0.7 3.3 4.2 
Atrazine 161.3 14.1 (52.0) 59.2 (46.2) 72.5 (81.2) 13.6  13.3 0.2 (1.5) 0.1 (0.1) 1.2 (1.7) 1.0 
Bromoxynil 184.7 4.1 (60.2)** 12.9 (50.8)* 55.9 (94.7) 15.5  9.9 0.1 (1.1) 0 (0.2) 0.8 (1.0) 1.1 
Bentazon 236.0 18.9 (83.2)* 28.5 (67.4)* 92.0 (123.5) 20.5  20.9 0.2 (0.5) 0.2 (0.2) 2.1 (2.9) 1.9 

SE 20.0 6.8 6.8 10.1   4.1 0.4 0.1 0.4  
Corn yield ------------------------------------------------------------------------------------------------- t ha-1 ------------------------------------------------------------------------------------------------- 

No tank-mix partner 3.8 a Z 6.2 b Z 6.9 a Z 6.3 a Z 0.3  6.9 8 7.1 7.5 0.3 
Atrazine 5 a Y 8.6 a Z 7.5 a YZ 6.4 a YZ 0.3  7.6 8.4 7.4 7.7 0.3 
Bromoxynil 4.3 a Y 8.6 a Z 7.5 a YZ 7.5 a YZ 0.4  7.7 7.7 7.6 7.7 0.2 
Bentazon 4.3 a Y 8.3 a Z 7.4 a YZ 6.2 a YZ 0.4  6.9 7.3 7.6 7.4 0.3 

SE 0.3 0.2 0.3 0.3   0.3 0.3 0.3 0.3  

Abbreviations: WAA, weeks after POST application. 
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a Within site groupings, means within column followed by the same letter (a-c) or means within row followed by the same letter (X-Z) 
are not significantly different according to Tukey-Kramer multiple range test (P < 0.05). 
b Herbicide treatments with mesotrione included Agral® 90 (Syngenta Canada Inc., 140 Research Lane, Research Park, Guelph, ON) 
(0.2% v/v); with tolpyralate included methylated seed oil (MSO Concentrate®) (Loveland Products, 3005 Rocky Mountain Ave., 
Loveland, CO) (0.5% v/v) and urea ammonium nitrate (UAN 28-0-0) (Sylvite, 3221 North Service Road, Burlington, ON) (2.5% v/v); 
and with topramezone included Merge® (BASF Canada Inc., 100 Milverton Drive, Mississauga, ON) (0.5% v/v). 
c Values in parentheses represent expected values calculated from Colby’s analysis. 
d Interaction was negligible; therefore, only treatment means and results from Colby’s analysis are shown. 
* or ** denote significant difference of P < 0.05 or P < 0.01, respectively, between observed and expected values based on a two-sided 
t-test. 
e Standard error of the mean.
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Table 5.9 Corn injury due to HPPD-, PSII- and HPPD- + PS II-inhibitors applied POST across 
five field sites in 2019 and 2020 in Ontario, Canada. 

 S1, S2, S5 

Herbicide Treatmenta 
No tank-mix 

partner Mesotrione Tolpyralate Topramezone SE 
Corn injury 1 WAA ------------------------------------------------------------------------- % --------------------------------------------------------------------

----- 
No tank-mix partner 0 a Z 0 a Z 0 a Z 0 a Z 0.1 

Atrazine 0 a Z 0 a Z (0) 0 a Z (0) 0 a Z (0) 0.1 
Bromoxynil 7 b X 8 b Y (7) 16 b Z (7)** 13 b YZ (8)* 0.8 
Bentazon 2 ab X 6 ab XY (2) 11 b YZ (2)** 2 a X (2) 0.9 

SEb 0.6 0.8 1.1 0.9  
Corn injury 2 WAA      

No tank-mix partner 0 0 0 0 0 
Atrazine 0 0 (0) 0 (0) 0 (0) 0 
Bromoxynil 2 2 (2) 7 (2)** 4 (2)* 0.6 
Bentazon 1 3 (1)* 4 (1)* 1 (1) 0.5 

SE 0.2 0.3 0.7 0.4  
Corn injury 4 WAA      

No tank-mix partner 0 0 0 0 0.1 
Atrazine 0 0 (0) 1 (0) 0 (0) 0.1 
Bromoxynil 1 1 (1) 2 (1)* 1 (1)* 0.3 
Bentazon 1 0 (1) 2 (1) 0 (1) 0.2 

SE 0.1 0.2 0.3 0.2  
Abbreviations: WAA, weeks after POST application. 
a Within site groupings, means within column followed by the same letter (a-c) or means within 
row followed by the same letter (X-Z) are not significantly different according to Tukey-Kramer 
multiple range test (P<0.05). 
b Herbicide treatments with mesotrione included Agral® 90 (Syngenta Canada Inc., 140 
Research Lane, Research Park, Guelph, ON) (0.2% v/v); with tolpyralate included methylated 
seed oil (MSO Concentrate®) (Loveland Products, 3005 Rocky Mountain Ave., Loveland, CO) 
(0.5% v/v) and urea ammonium nitrate (UAN 28-0-0) (Sylvite, 3221 North Service Road, 
Burlington, ON) (2.5% v/v); and with topramezone included Merge® (BASF Canada Inc., 100 
Milverton Drive, Mississauga, ON) (0.5% v/v). 
c Standard error of the mean. 
d Values in parentheses represent expected values calculated from Colby’s analysis. 
e Interaction was negligible; therefore, only treatment means and results from Colby’s analysis 
are shown. 
* or ** denote significant difference of P < 0.05 or P < 0.01, respectively, between observed and 
expected values based on a two-sided t-test.  
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Chapter 6: Early-postemergence herbicide tank-mixtures for 
control of waterhemp [Amaranthus tuberculatus (Moq.) J. D. Sauer] 
resistant to four herbicide modes of action in corn 

Christian Willemse, Nader Soltani, David, C. Hooker, Amit J. Jhala, Darren E. Robinson, and 

Peter H. Sikkema 

6.1 Abstract 

Multiple-herbicide-resistant (MHR) waterhemp has been confirmed and is difficult to 

control for growers in Ontario, Canada and in the Midwestern United States. The objective of 

this study was to evaluate early post-emergence (EPOST) herbicide tank-mixtures and 

preformulated mixtures for control of MHR waterhemp in field corn. Five field trials were 

conducted over a two-year period (2019, 2020) at sites on Walpole Island, ON and near Cottam, 

ON, Canada. Thirteen herbicide tank-mixtures and preformulated mixtures containing multiple 

modes-of-action (MOA) were applied EPOST to 5 cm MHR waterhemp in field corn. Control of 

MHR waterhemp varied by site due to variable plant density, plant biomass, and percent 

herbicide-resistant individuals across research sites and years. Control of MHR waterhemp 

ranged from 90% to 100% with glyphosate + S-metolachlor/mesotrione/bicyclopyrone/atrazine, 

glyphosate/2,4-D choline + rimsulfuron + mesotrione + atrazine, glyphosate + S-

metolachlor/atrazine/mesotrione, glyphosate + mesotrione + atrazine, glyphosate/S-

metolachlor/mesotrione + atrazine, glyphosate + S-metolachlor/mesotrione/bicyclopyrone, 

glyphosate/2,4-D choline + rimsulfuron + mesotrione, and glyphosate + pyroxasulfone + 

dicamba/atrazine at 4, 8, and 12 WAA. Control of MHR waterhemp ranged from 70% to 100% 

with glyphosate + topramezone/dimethenamid-P + dicamba/atrazine, glyphosate + isoxaflutole + 

atrazine, and glyphosate + tolpyralate + atrazine at 4, 8, and 12 WAA. Control of MHR 
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waterhemp was similar for all herbicide programs, except glyphosate + dicamba/atrazine and 

glyphosate + S-metolachlor/atrazine which resulted in the lowest control at three of five sites that 

ranged from 63% to 89% and 61% to 76%, respectively. Crop injury was ≤ 10% for herbicide 

programs tested, except 28% to 31% corn injury with glyphosate/2,4-D choline + rimsulfuron + 

mesotrione + atrazine; however, without effect on corn grain yield. Corn yield was comparable 

with all herbicide programs evaluated in this study. It is concluded that there are herbicide 

programs that provided control of emerged and full-season residual control of MHR waterhemp 

in field corn.  

6.2 Introduction 

Waterhemp has become one of the most problematic weed species in midwestern United 

States crop production. Reductions in tillage, greater reliance on herbicides for weed 

management, and the evolution of resistance to multiple herbicide modes of action (MOA) have 

contributed to the rapid increase of waterhemp in agricultural cropping systems (Green and 

Owen 2011; Steckel and Sprague 2004). Waterhemp has been reported in 19 states of the USA 

and three provinces in Canada where it interferes with corn and soybean production (Benoit et al. 

2020; Heap 2020; Willemse unpublished). The rapid movement of waterhemp and evolution of 

herbicide resistance among individuals and populations is facilitated by its dioecism, rapid 

growth rate, high reproductive rate, delayed emergence, and extended emergence pattern (Costea 

et al. 2005; Hartzler et al. 1999). Resistance to photosystem II (PS II)-, acetolactate synthase 

(ALS)-, and protoporphyrinogen oxidase (PPO)-inhibiting herbicides was identified in 

waterhemp in 1990, 1993, and 2001, respectively (Horak and Peterson 1995; Heap 2020; 

Schleufer et al. 1992; Shoup et al. 2003). Waterhemp resistant to 5-enolpyruyl shikimate-3-
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phosphate synthase (EPSPS)-inhibitors was first reported in the USA in 2005 and Ontario in 

2014 (Heap 2020; Legleiter and Bradley 2008; Schryver et al. 2017c). More recent reports from 

Ontario have identified multiple-herbicide-resistant (MHR) waterhemp populations resistant to 

ALS-, PS II-, EPSPS-, and PPO-inhibiting herbicides (Benoit et al. 2020; Willemse 

unpublished). Waterhemp continues to evolve resistance to currently used MOA and is the first 

weed species to evolve resistance to 4-hydroxyphenylpyruvate dioxygenase (HPPD)-inhibiting 

herbicides (Heap 2020; McMullan and Green 2011). The first MHR waterhemp population with 

six-way resistance to synthetic auxins and ALS-, PS II-, EPSPS-, PPO-, and HPPD-inhibiting 

herbicides was identified in Missouri in 2015 (Shergill et al. 2018). Resistance to very-long-

chain fatty-acid (VLCFA)-inhibiting herbicides has since been detected within a MHR 

waterhemp population resistant to 2,4-D and ALS-, PS II-, PPO-, and HPPD-inhibiting 

herbicides (Strom et al. 2019). The ability of MHR waterhemp to rapidly evolve and accumulate 

traits that confer resistance to multiple MOA make it difficult to manage in agricultural cropping 

systems (Bell et al. 2013).  

Weed interference must be prevented during the early stages of corn (Zea mays L.) 

growth and development to prevent yield loss (Hall et al. 1992; Page et al. 2012). The relative 

time of crop and weed emergence has a greater effect on corn yield than weed density and 

biomass (Page et al. 2012). Weeds that emerge with the crop have the greatest impact on corn 

yield (Hall et al. 1992). Steckel and Sprague (2004) reported MHR waterhemp emerging at VE 

corn growth stage reduced grain yield 74% compared to only 2% yield loss when waterhemp 

emerged at V8 and was left uncontrolled for the remainder of the growing season. In contrast, 

Cordes et al. (2004) reported corn yield loss was dependent on waterhemp density. When 

competing with corn, waterhemp can be placed at a disadvantage due to its characteristic late 
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emergence; however, corn yield losses of up to 17% have been reported when densities of 369 to 

445 plants m-2 emerge and compete up to V7 corn growth stage (Cordes et al. 2004; Nordby and 

Hartzler 2004). Steckel and Sprague (2004) reported corn yield reductions when waterhemp 

emerged before the V8 corn growth stage. In Ontario, corn yield losses of up to 48% have been 

reported when waterhemp populations are left uncontrolled (Soltani et al. 2009). The critical 

period of weed control in corn to prevent yield loss varies with the relative time of weed and 

crop emergence, weed density, species, and environment (Cox et al. 2006; Knezevic et al. 2002). 

It is recommended that corn remain waterhemp-free from emergence to V6 to minimize grain 

yield loss from waterhemp interference (Steckel and Sprague 2004). Early-season control of 

MHR waterhemp is imperative to reduce early-season weed interference, prevent corn yield loss, 

and reduce weed escapes. 

Current herbicide-based MHR waterhemp management strategies include preemergence 

(PRE), postemergence (POST), and PRE followed-by (fb) POST herbicide applications that 

utilize multiple effective MOA (Benoit et al. 2019a; Hedges et al. 2018; Jhala et al. 2017; Soltani 

et al. 2009). The HPPD-inhibitors isoxaflutole, mesotrione, and tolpyralate are often applied in 

combination with a PS II-inhibitor such as atrazine and result in excellent control of MHR 

waterhemp (Mitchell et al. 2001; Osipitan et al. 2018; Williams et al. 2011). Complementary 

activity between HPPD-inhibitors and atrazine has been reported for the control of triazine-

susceptible and triazine-resistant redroot pigweed (Amaranthus retroflexus L.), waterhemp, and 

Palmer amaranth (Amaranthus palmeri S. Watson) (Hugie et al. 2008; Khort and Sprague 2017b; 

Woodyard et al. 2009). HPPD-inhibitors inhibit the production of carotenoids, α-tocopherols, 

and plastoquinone, and atrazine increases the production of reactive oxygen species (Armel et al. 

2009; Hankamer et al. 1997). The enhanced weed control efficacy when a HPPD-inhibitor is co-
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applied with a PS II-inhibitor is due to (1) increased binding efficiency of atrazine to the D1 

protein of PS II-inhibitor caused by the shortage of plastoquinone, and (2) enhanced reactive 

oxygen species (ROS) levels due to the lack of quenching carotenoids, antioxidants, and 

plastoquinone. Synthetic auxin herbicides are another effective MOA for MHR waterhemp 

control; however, current literature reports variable responses (Anderson et al. 1996; Soltani et 

al. 2009; Vyn et al. 2006). Synthetic auxin herbicides provide control of broadleaf weeds by 

mimicking plant growth hormones which causes unregulated plant growth and death in some 

plants (Munro et al. 1992). Superior MHR waterhemp control with dicamba/atrazine compared 

to other POST tank-mixtures has been reported (Benoit et al. 2019a). Anderson et al. (1996), 

Soltani et al. (2009), and Vyn et al. (2006) reported dicamba/atrazine provided ≥ 86% control of 

herbicide-resistant waterhemp. Benoit et al. (2019a) and Schryver et al. (2017b) found that POST 

applications of dicamba are more effective than PRE applications. The application of a new 

glyphosate/2,4-D choline formulation registered for application to ENLIST™ (Corteva 

Agriscience, Wilmington, DE.) corn hybrids allows for a second synthetic auxin herbicide for 

MHR waterhemp control in corn (Anonymous 2018c; Robinson et al. 2012). ENLIST™ corn 

hybrids contain transgenes that confer resistance to glyphosate and glufosinate plus the 

arylxoyalkanoate dioxygenase-1 (AAD-1) transgene which enables them to exhibit resistance to 

glyphosate, glufosinate, and greater tolerance to 2,4-D and the arlyloxyphenoxy proprionates 

than traditional glyphosate (RoundupReady®) (Bayer CropScience Inc., 160 Quarry Park 

Boulevard SE, Calgary, AB) and glufosinate (LibertyLink®) (BASF Canada Inc., 100 Milverton 

Drive, Mississauga, ON) resistant hybrids (Anonymous 2018c; OMAFRA 2018b; Ruen et al. 

2017). Robinson et al. (2012) reported up to 94% control of common waterhemp (Amaranthus 

rudis Sauer) with 2,4-D (1,120 g ae) and 99% control with 2,4-D + glyphosate (280 + 840 g ae); 
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however, it is important to note glyphosate (840 g ae) alone provided 100% control 4 WAA in 

that study. Similarly, Miller and Norsworthy (2016) documented ≥ 87% control of glyphosate-

resistant Palmer amaranth in soybean. Numerous PRE, POST, and PRE fb POST herbicide 

applications in corn have been developed for the control of MHR waterhemp with varying 

resistance profiles (Benoit et al. 2019a, 2019b; Oliveira et al. 2017; Sarangi et al. 2015b; Vyn et 

al. 2006). 

Waterhemp control is affected by herbicide application timing. Previous studies have 

shown that PRE applications can control MHR waterhemp better than POST applications (Benoit 

et al. 2019a; Hager et al. 2003; Hedges et al. 2019). Hager et al. (2003) reported 8% to 9% 

greater control of ALS-resistant-waterhemp 1, 2, and 3 WAA when herbicides were applied to 5 

cm waterhemp early POST (EPOST) compared to 10 cm waterhemp (POST) in soybean. 

Similarly, Hedges et al. (2019) observed a 20% reduction in waterhemp control as POST 

applications were delayed from 5 to 25 cm tall waterhemp. These studies suggest differences 

between EPOST and POST can be attributed to slower herbicide activity on larger waterhemp 

plants and reduced interception due to shading of younger plants caused by the extended 

emergence pattern (Benoit et al. 2019a; Hager et al. 2003; Hedges et al. 2019). Corn producers 

should eliminate MHR waterhemp interference from VE to V6 corn growth stage and control it 

before it exceeds 10 cm in height (Chahal et al. 2015; Hager et al. 2003; Steckel and Sprague 

2004). 

 Delayed POST herbicide applications can result in reduced control due to larger weed 

size at application and decreased corn yield due to early-season waterhemp interference. To 

achieve season-long control of MHR waterhemp, it is imperative that herbicide applications 
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include effective MOA, provide soil residual and target small weed size (≤ 10 cm). We 

hypothesized that EPOST herbicide tank mixtures made to 5 cm MHR waterhemp will provide 

season-long control of MHR waterhemp in corn. The objective of this research was to identify 

effective EPOST herbicide tank-mixtures that provide control of emerged MHR waterhemp and 

season-long residual control in corn while stewarding currently available herbicide MOA. 

6.3 Materials and Methods 

6.3.1 Experimental Methods 

Five field trials were conducted over a two-year period (2019, 2020) at sites on Walpole 

Island, ON (42.561492ºN, -82.501487ºW) and near Cottam, ON, Canada (42.149076ºN, -

82.683687ºW) with MHR waterhemp resistant to ALS-, PS II-, EPSPS-, and PPO-inhibiting 

herbicides (Schryver et al. 2017c; Table 6.2). Sites were disked or cultivated in the spring to 

prepare the seedbed for planting. Glyphosate- and glufosinate-resistant DKC 45-65RIB 

(Monsanto, St. Lousi, MO) corn was seeded in rows spaced 0.75 m apart at approximately 

83,000 seeds ha-1 to a depth of 4 cm. Plots were 8 m long and 2.25 m (3 corn rows) wide. Fifteen 

herbicide treatments were arranged in a randomized complete block design with four 

replications. Replications included nontreated and weed-free controls and were separated by a 2 

m alley. The weed-free control was maintained weed-free with a preemergence (PRE) 

application of S-metolachlor/mesotrione/bicyclopyrone/atrazine (1259/140/35/1259 g ha-1) 

followed by either dicamba/atrazine (504/996 g ha-1) applied postemergence (POST) up to V3-

growth (5-leaf) stage of corn development, or glufosinate (500 g ha-1) between V3- and V6-

growth stage; hand-weeding was performed throughout the remainder of the growing season as 

needed. Glyphosate (450 g ae ha-1) was applied POST to the entire experimental area, including 

the nontreated control, to remove susceptible waterhemp biotypes and other weed species. 
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Herbicide treatments were applied EPOST using a CO2-powered backpack sprayer 

equipped with four, 120-02 ultra low drift (ULD) nozzles (Pentair, New Brighton, MN) spaced 

50 cm apart and calibrated to deliver 200 L ha-1 at 240 kPa. All herbicide treatments were 

applied when MHR waterhemp reached an average 5 cm in height. Site 1 (S1) and S3 were 

temporally separated by applying herbicide treatments 5 days apart.  

Data were collected on MHR waterhemp control estimates, density, biomass, visible corn 

injury, grain corn moisture content, and grain corn yield. Waterhemp control was evaluated 

visually on a 0% to 100% scale compared to the nontreated control at 4, 8, and 12 week after 

herbicide application (WAA). MHR waterhemp density and biomass were determined at 4 WAA 

by counting and harvesting the plants within two randomly placed 0.25 m2 quadrats in each plot. 

The aboveground biomass of the plants within each quadrat was determined by cutting the MHR 

waterhemp at the soil surface, the plants placed inside a paper bag, kiln-dried for three weeks to 

a consistent moisture, then weighed using an analytical balance to calculate MHR waterhemp 

biomass per unit area (g m-2). Visible corn injury was assessed on a 0% to 100% scale at 1 and 4 

WAA; 0% represented no visible injury and 100% represented complete corn death. Grain corn 

yield (t ha-1) and moisture (%) were collected by harvesting two rows of each plot at maturity 

using a small-plot combine. Grain yields were adjusted to 15.5% moisture prior to statistical 

analysis. 

6.3.2 Statistical Analysis 

Data were subjected to variance analysis using the PROC GLIMMIX procedure in SAS 

v. 9.4 (SAS Institute Inc., Car, NC). An initial mixed model analysis was conducted to evaluate 

site-by-treatment interactions. Site, site-by-treatment, and replication within site were considered 
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the random effect and the fixed effect was treatment. Site-by-treatment interaction was 

significant for all parameters with no difference between S1 and S3, and S2 and S5; therefore, 

data were combined for S1 and S3, and S2 and S5, and are presented separately for S4. A second 

mixed model analysis was conducted to analyze herbicide treatment effects on visible MHR 

waterhemp control, density, biomass, visible corn injury, and grain corn yield. The fixed effect 

was herbicide treatment and the random effect was replication. Normality and homogeneity of 

variance were tested using the Shapiro-Wilk test via the PROC UNIVARIATE procedure. 

Normality assumptions (residuals are independent, homogeneous, and normally distributed) were 

confirmed by plotting the residuals for treatment, replication, and site. A normal distribution was 

used to analyze visible MHR waterhemp control, visible crop injury, and corn yield data. MHR 

waterhemp density and biomass data were analyzed using a lognormal distribution to satisfy 

assumptions of variance analysis. MHR waterhemp density and biomass least-square means were 

back-transformed from the log-scale using the omega method (M. Edwards, Ontario Agricultural 

College Statistician, University of Guelph, personal communication). Means were separated 

using the Tukey-Kramer grouping for Least Square Means. A significance level of α=0.05 was 

used for data analysis. 

6.4 Results and Discussion 

Most EPOST herbicide tank-mixtures provided greater than 90% control of MHR 

waterhemp. The density, biomass, and population resistance profile are reflected in the 

differences in control between sites. At 4, 8, and 12 WAA, control of MHR waterhemp ranged 

from 61% to 100% across sites and was lower at S1, S3, and S4 due to greater density and 

biomass compared to S2 and S5 (Tables 6.1, and 6.3 to 6.5). Density and biomass of MHR 
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waterhemp in the nontreated control at S1, S3, and S4 averaged 263 to 962 plants m-2 and 70.2 to 

259.4 g m-2, respectively, compared to 60 plants m-2 and 72.2 g m-2 at S2 and S5. Vyn et al. 

(2006) reported similar site differences in POST MHR waterhemp control which they attributed 

to plant density and site specific MHR waterhemp resistance profiles. In that study, one 

waterhemp population exhibited resistance to ALS-inhibiting herbicides and the other to both 

ALS- and PS II-inhibiting herbicides (Vyn et al. 2006). All sites contained waterhemp resistant 

to ALS-, PS II-, EPSPS-, and PPO-inhibitors; however, the proportion of individuals resistant to 

each MOA varied by site. The MHR waterhemp population at S1, S3, and S4 contained a greater 

percent of individuals exhibiting resistance to ALS-, PS II-, and PPO-inhibitors than that of S2 

and S5. 

At S1, S3, and S4, glyphosate + S-metolachlor/mesotrione/bicyclopyrone/atrazine, 

glyphosate/2,4-D choline + rimsulfuron + mesotrione + atrazine, glyphosate + S-

metolachlor/atrazine/mesotrione, and glyphosate + mesotrione + atrazine controlled MHR 

waterhemp 95% to 100% at 4, 8, and 12 WAA and reduced plant density and biomass by 97% to 

100%. Glyphosate/S-metolachlor/mesotrione + atrazine, glyphosate + S-

metolachlor/mesotrione/bicyclopyrone, glyphosate/2,4-D choline + rimsulfuron + mesotrione, 

and glyphosate + pyroxasulfone + dicamba/atrazine controlled MHR waterhemp 90% to 99% at 

4, 8, and 12 WAA and reduced plant density and biomass 96% to 100%. Control of MHR 

waterhemp ranged from 99% to 100% and plant density and biomass were reduced 100% with 

all herbicides at S2 and S5. These findings are consistent with Sarangi and Jhala (2017) who 

reported excellent control of MHR waterhemp with S-

metolachlor/mesotrione/bicyclopyrone/atrazine applied POST to 8 to10 cm and 15 to 18 cm 

waterhemp. Benoit et al. (2019a, 2019b) and Vyn et al. (2006) reported comparable control of 
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MHR waterhemp with mesotrione + atrazine applied POST providing ≥ 90% control 4, 8, and 12 

WAA in multiple trials. Vyn et al. (2006) reported similar control of MHR waterhemp with 2,4-

D/atrazine (1404 g ha—1) of 84 to 100% 4 and 10 WAA. Additionally, Sarangi et al. (2019) and 

Chahal et al. (2015) reported excellent control of MHR waterhemp with glyphosate + 2,4-D 

choline (840 + 800 g ha—1) applied POST, however, Chahal et al. (2015) suggests plants should 

be less than 10 cm in height at application. At S1, S3, and S4, glyphosate + 

topramezone/dimethenamid-P + dicamba/atrazine, glyphosate + isoxaflutole + atrazine, and 

glyphosate + tolpyralate + atrazine controlled MHR waterhemp 79% to 99% at 4, 8, and 12 

WAA and reduced plant density and biomass 92% to 100%. These results complement another 

Ontario study that reported ≥ 96% MHR waterhemp control from 4 to 12 WAA with glyphosate 

+ tolpyralate + atrazine (900 + 30 + 560 g ha—1) applied POST (Langdon et al. 2020). Moreover, 

MHR waterhemp control with isoxaflutole + atrazine applied EPOST was similar to PRE 

applications that provided 82% to 100% control in other studies (Benoit et al. 2019a; Soltani et 

al. 2009; Vyn et al. 2006). Control of MHR waterhemp was similar for all herbicide tank-

mixtures except glyphosate + S-metolachlor/atrazine and glyphosate + dicamba/atrazine at S4, 

S1 and S3 which resulted in the lowest level of control ranging from 73% to 75% and 76% to 

83%, respectively. Glyphosate + S-metolachlor/atrazine resulted in lower MHR waterhemp 

control than glyphosate + dicamba/atrazine at S1 and S3; however, control was similar at S4. 

This is consistent with Benoit et al. (2019a) who reported 84% and 87% MHR waterhemp 

control 4 and 8 WAA with dicamba/atrazine POST. In contrast, Soltani et al. (2009) reported 

greater MHR waterhemp control and reductions in density and biomass with dicamba/atrazine 

(1,800 g ha—1) POST that were similar to mesotrione + atrazine POST and isoxaflutole + 

atrazine PRE in that study. Schryver et al. (2017b) reported MHR waterhemp control with 
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dicamba (600 g ha—1) is greatest when applied POST resulting in 91% to 100% control 

compared to 60% to 65% at 10 WAA when applied PRE. Lower control with glyphosate + 

dicamba/atrazine may be due to lower dicamba application rate (504 g ha-1). Control of MHR 

waterhemp from 4 to 12 WAA increased at S1 and S3 and decreased at S4 for most herbicide 

tank-mixtures evaluated. Increasing MHR waterhemp control over the course of the growing 

season could be due to natural thinning of waterhemp populations reported by Benoit et al. 

(2019b) and Heneghan and Johnson (2017); in contrast, late emerging cohorts have been 

reported to reduce end-of-season control as well (Steckel and Sprague 2004).  

Corn injury was ≤ 10% for all herbicide treatments 1, 2, and 4 WAA at all sites except S2 

(Table 6.5). Glyphosate/2,4-D choline + rimsulfuron + mesotrione + atrazine caused 28%, 31%, 

and 31% corn injury 1, 2, and 4 WAA at S2; symptoms included brace root malformation and 

lodging which resulted in reduced corn stand. Applications of glyphosate/2,4-D choline to non-

ENLIST™ hybrids can cause stalk brittleness, leaning, malformed brace roots, and leaf rolling in 

the whorl (Rodgers 1952; Striegel et al. 2020). Ruen et al. (2017) reported similar leaf necrosis 

and leaning of ENLIST™ corn hybrids treated with single applications of glyphosate/2,4-D 

choline at V4 and V7 corn growth stages and sequential applications at V4 fb V7. Interestingly, 

the addition of atrazine to glyphosate/2,4-D choline + rimsulfuron + mesotrione increased corn 

injury 25%, 25%, and 26% at 1, 2, and 4 WAA, respectively. We do not have an explanation for 

this observation; the response should be evaluated in future studies to determine if this is a real 

response. Tolerance of conventional corn hybrids to 2,4-D varies with hybrid, corn growth stage 

at application, soil characteristics, and weather conditions (Ruen et al. 2017). It is recommended 

that glyphosate/2,4-D choline (ENLIST DUO) only be applied to ENLIST™ field corn hybrids 

that contain the AAD-1 transgene (Anonymous 2018c). Glyphosate/2,4-D choline applications 
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can also be made up to the V8 corn growth stage; in this study, herbicides were applied to V4 

corn (data not shown). Corn injury caused by glyphosate/2,4-D choline + rimsulfuron + 

mesotrione + atrazine resulted in lower corn yield than glyphosate + S-metolachlor/atrazine; 

however, yield was similar to the weed-free control. When waterhemp was left uncontrolled, 

corn yield was reduced 39% at S4 and was similar to another Ontario study that reported a corn 

yield reduction of 48% (Soltani et al. 2009). Relative to the weed-free control, corn yield was not 

reduced at S1, S2, S3, and S5 which could again be the result of comparatively lower MHR 

waterhemp density and biomass. Cordes et al. (2004) reported corn yield reductions due to the 

late removal of waterhemp when plants reached 15 cm. This result supports previous research 

that suggests EPOST herbicide applications reduce early season weed interference and minimize 

corn yield loss (Hall et al. 1992; Page et al. 2012). 

6.5 Conclusions 

In summary, most of the EPOST herbicide tank-mixtures and preformulated mixtures 

evaluated in this study resulted in greater than 90% control of MHR waterhemp. The top four 

herbicides treatments were glyphosate + S-metolachlor/mesotrione/bicyclopyrone/atrazine, 

glyphosate/2,4-D choline + rimsulfuron + mesotrione + atrazine, glyphosate + S-

metolachlor/atrazine/mesotrione, and glyphosate + mesotrione + atrazine which controlled MHR 

waterhemp 95% to 100% throughout the growing season at all sites. Glyphosate/S-

metolachlor/mesotrione + atrazine, glyphosate + S-metolachlor/mesotrione/bicyclopyrone, 

glyphosate/2,4-D choline + rimsulfuron + mesotrione, and glyphosate + pyroxasulfone + 

dicamba/atrazine provided 90% to 100% MHR waterhemp control 4, 8, and 12 WAA. Control of 

MHR waterhemp was similar amongst all herbicide tank-mixtures, except glyphosate + S-
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metolachlor/atrazine and glyphosate + dicamba/atrazine which resulted in lower control than all 

other treatments, control ranged from 61% to 100% and 63% to 100%, respectively. Reductions 

in MHR waterhemp control with these herbicides resulted in greater MHR waterhemp density 

and biomass 4 WAA at three of five sites. Differences in MHR waterhemp control were the 

result of variation in population resistance profiles, competitiveness of individual populations, 

and comparatively lower MHR waterhemp density and biomass at two of five sites. Furthermore, 

herbicide tank-mixtures reduced MHR waterhemp density and biomass > 91% and 97%, 

respectively, except glyphosate + S-metolachlor/atrazine and glyphosate + dicamba/atrazine 

(67% to 82% and 74% to 92%). Weed interference caused by MHR waterhemp did not reduce 

corn yield in this study. This study identifies EPOST herbicide tank-mixtures that expand POST 

MHR waterhemp management and have a wide margin of crop safety. Corn producers should 

incorporate the use of strategic tillage, cover crops, crop row spacing, crop density, PRE 

herbicides, EPOST herbicides, POST herbicides, and PRE fb POST herbicide programs to 

steward the use of currently effective MOA and reduce the evolution of herbicide resistance. 

Strategies to manage MHR waterhemp should be implemented early in the growing season, 

herbicide applications should be made before MHR waterhemp reaches 10 cm in height to 

prevent corn yield loss.
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Table 6.1 Soil characteristics and resistance profile of each field site where herbicide tank-1 
mixtures were applied EPOST for control of multiple-herbicide resistant (MHR) waterhemp 2 
[Amaranthus tuberculatus (Moq.) J. D. Sauer] in Ontario, Canada in 2019 and 2020. 3 

   Soil characteristics  % Resistanta 

Site Year Location Classification Sand Silt Clay pH OM 
 

ALS PS II 
EPSP

S PPO 
    ---------- % ----------  %  -------------------- % -------------------- 
S1 2019 Cottam Sandy Loam 70 21 9 6.0 2.6  97 34 N/A N/A 
S2 2019 Walpole Loamy Sand 70 21 9 7.6 2.3  23 6 79 N/A 
S3 2019 Cottam Sandy Loam 70 21 9 6.0 2.6  97 34 N/A N/A 
S4 2020 Cottam Sandy Loam 70 19 11 5.9 2.6  68 54 64 43 
S5 2020 Walpole Sandy Loam 76 15 9 7.8 2.5  54 30 96 17 

Abbreviations: ALS, acetolactate synthase; OM, organic matter; PS II, photosystem II; EPSPS, 4 
5-enolpuryuvylshikimate-3-phosphate synthase; PPO, protoporphyrinogen oxidase. 5 
a Mean number of surviving waterhemp plants three weeks after application divided by the 6 
number of plants sprayed within quadrats per mode of action per site.7 
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Table 6.2 Herbicide treatments, products, rates, and manufacturers for the study of herbicide tank-mixtures applied EPOST for the 
control of multiple-herbicide resistant (MHR) waterhemp [Amaranthus tuberculatus (Moq.) J. D. Sauer] in Ontario, Canada in 2019 
and 2020. 

Herbicide treatmenta Herbicide trade name Rate (g ae or ai ha-1) Herbicide manufacturerb 

Glyphosate + S-metolachlor/atrazine Roundup WeatherMAX® + Primextra® II Magnum® 900 + 1600/1280 Bayer CropScience/Syngenta Canada 
Glyphosate + dicamba/atrazine Roundup WeatherMAX® + Marksman® Herbicide 900 + 504/996 Bayer CropScience/BASF Canada. 
Glyphosate + tolpyralate + atrazine Roundup WeatherMAX® + Shieldex™ 400 SC Herbicide + 

AAtrex® 
900 + 40 + 1120 Bayer CropScience/ISK Biosciences 

Glyphosate + isoxaflutole + atrazine Roundup WeatherMAX® + Converge Flexx Herbicide + 
AAtrex® Liquid 480 

900 + 105 + 1063 Bayer CropScience/ Bayer CropScience/Syngenta 
Canada 

Glyphosate + topramezone/dimethenamid-P + 
dicamba/atrazine 

Roundup WeatherMAX® + Armezon® PRO + Marksman® 
Herbicide 

900 + 12.5/630 + 
488/966 

Bayer CropScience/BASF Canada/BASF Canada 

Glyphosate + pyroxasulfone + dicamba/atrazine Roundup WeatherMAX® + Zidua™ SC + Marksman® 
Herbicide 

900 + 150 + 488/966 Bayer CropScience/BASF Canada/BASF Canada 

Glyphosate/2,4-D choline + rimsulfuron + 
mesotrione 

Roundup WeatherMAX® + Enlist Duo™ Herbicide+ Matrix® 
SG + Callisto® 480SC Herbicide 

563/591 + 15 + 144 Bayer CropScience/Corteva Agriscience/Corteva 
Agriscience/Syngenta Canada 

Glyphosate + S-
metolachlor/mesotrione/bicyclopyrone 

Roundup WeatherMAX® + Acuron® Flexi 900 + 1268/141/35 Bayer CropScience/Syngenta Canada 

Glyphosate/S-metolachlor/mesotrione + atrazine Roundup WeatherMAX® + Halex® GT Herbicide 1050/1050/105 + 280 Bayer CropScience/Syngenta Canada 
Glyphosate + mesotrione + atrazine Roundup WeatherMAX® + Callisto® 480SC Herbicide + 

AAtrex® Liquid 480 
900 + 100 +280 Bayer CropScience/Syngenta Canada/Syngenta 

Canada 
Glyphosate + S-metolachlor/atrazine/mesotrione Roundup WeatherMAX® + Lumax® EZ Herbicide 900 + 1393/524/139 Bayer CropScience/Syngenta Canada 
Glyphosate/2,4-D choline + rimsulfuron + 
mesotrione + atrazine 

Roundup WeatherMAX® + Enlist Duo™ Herbicide + 
Matrix® SG + Callisto® 480SC Herbicide+ AAtrex® Liquid 
480 

563/591 + 15 + 144 + 
1008 

Bayer CropScience/Corteva Agriscience/Corteva 
Agriscience/Syngenta Canada/Syngenta Canada 

Glyphosate + S-
metolachlor/mesotrione/bicyclopyrone/atrazine 

Roundup WeatherMAX® + Acuron® Herbicide 900 + 
1261/140/35/589 

Bayer CropScience/Syngenta Canada 

a DMA, dimethylamine. 
b BASF Canada Inc., 100 Milverton Drive, Mississauga, ON; Bayer CropScience Inc., 160 Quarry Park Boulevard SE, Calgary, AB; Corteva 
Agriscience, 735 Chestnut Run Plaza, Wilmington, DE; ISK Biosciences Corporation, 7470 Auburn Road, Concord, OH; Syngenta Canada Inc., 140 
Research Lane, Research Park, Guelph, ON) 
a Herbicide treatments glyphosate + mesotrione + atrazine and glyphosate/S-metolachlor/mesotrione + atrazine included Agral® 90 (Syngenta 
Canada Inc., 140 Research Lane, Research Park, Guelph, ON.) (0.2% v/v); and glyphosate + tolpyralate + atrazine included methylated seed oil 
(MSO Concentrate®) (Loveland Products Inc., 3005 Rocky Mountain Ave., Loveland, CO.) (0.5 % v/v), and urea ammonium nitrate (UAN 28-0-0) 
(Sylvite, 3221 North Service Road, Burlington, ON.) (2.5 % v/v).
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Table 6.3 Means for multiple-herbicide-resistant (MHR) waterhemp [Amaranthus tuberculatus (Moq.) J. D. Sauer] control [4, 8 and 
12 weeks after EPOST application (WAA)] in corn treated with herbicide tank-mixtures applied EPOST from five field trials 
conducted in Ontario, Canada in 2019 and 2020. 

Treatmenta Rate 

Visible control 
4 WAA  8 WAA  12 WAA 

S4 S1, S3 S2, S5  S4 S1, S3 S2, S5  S4 S1, S3 S2, S5 
 g ae or ai ha—1 ------------------------------------------------------- % ------------------------------------------------------- 
Weed-free control - 100 100 100  100 100 100  100 100 100 
Nontreated control - 0 0 0  0 0 0  0 0 0 
Glyphosate + S-metolachlor/atrazine 900 + 1600/1280 75 b 73 c 100 ab  67 bc 73 c 100 a  61 c 76 c 100 a 
Glyphosate + dicamba/atrazine 900 + 504/996 76 b 83 bc 99 b  65 c 86 b 99 b  63 c 89 b 99 b 
Glyphosate + tolpyralate + atrazine 900 + 40 + 1120 95 a 99 a 100 ab  83 ab 99 a 100 a  79 bc 99 a 100 a 
Glyphosate + isoxaflutole + atrazine 900 + 105 + 1063 92 a 94 ab 100 a  87 a 95 ab 100 a  84 ab 96 ab 100 a 
Glyphosate + topramezone/dimethenamid-P + dicamba/atrazine 900 + 12.5/630 + 488/966 98 a 99 a 100 ab  90 a 99 a 100 a  86 ab 99 ab 100 a 
Glyphosate + pyroxasulfone + dicamba/atrazine 900 + 150 + 488/966 95 a 93 ab 100 ab  92 a 95 ab 100 a  90 ab 97 ab 100 a 
Glyphosate/2,4-D choline + rimsulfuron + mesotrione 563/591 + 15 + 144 98 a 99 a 100 a  92 a 99 a 100 a  90 ab 99 a 100 a 
Glyphosate + S-metolachlor/mesotrione/bicyclopyrone 900 + 1268/141/35 95 a 97 a 100 a  95 a 97 a 100 a  92 ab 98 ab 100 a 
Glyphosate/S-metolachlor/mesotrione + atrazine 1050/1050/105 + 280 97 a 97 ab 100 a  94 a 97 ab 100 a  92 ab 98 ab 100 a 
Glyphosate + mesotrione + atrazine 900 + 100 +280 98 a 98 a 100 ab  95 a 99 a 100 a  95 ab 99 ab 100 a 
Glyphosate + S-metolachlor/atrazine/mesotrione 900 + 1393/524/139 99 a 99 a 100 a  98 a 99 a 100 a  97 ab 99 a 100 a 

Glyphosate/2,4-D choline + rimsulfuron + mesotrione + atrazine 563/591 + 15 + 144 + 
1008 99 a 100 a 100 a  96 a 99 a 100 a  96 ab 100 a 100 a 

Glyphosate + S-metolachlor/mesotrione/bicyclopyrone/atrazine 900 + 1261/140/35/589 99 a 99 a 100 ab  99 a 99 a 100 a  99 a 100 a 100 a 
a Herbicide treatments glyphosate + mesotrione + atrazine and glyphosate/S-metolachlor/mesotrione + atrazine included Agral® 90 (Syngenta 
Canada Inc., 140 Research Lane, Research Park, Guelph, ON.) (0.2% v/v); and glyphosate + tolpyralate + atrazine included methylated seed oil 
(MSO Concentrate®) (Loveland Products Inc., 3005 Rocky Mountain Ave., Loveland, CO.) (0.5 % v/v), and urea ammonium nitrate (UAN 28-0-0) 
(Sylvite, 3221 North Service Road, Burlington, ON.) (2.5 % v/v). 
a-c Means followed by the same letter are not significantly different (P < 0.05).
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Table 6.4 Density and biomass of multiple-herbicide-resistant (MHR) waterhemp [Amaranthus tuberculatus (Moq.) J. D. Sauer] 4 
weeks after EPOST application (WAA) in corn treated with herbicide tank-mixtures applied EPOST from five field trials conducted in 
Ontario, Canada in 2019 and 2020. 

Treatmenta Rate 
Density and site  Biomass  and site 

S4 S1, S3 S2, S5  S4 S1, S3 S2, S5 
 g ae or ai ha—1 ----------------Plants m—2 ----------------  ---------------- g m—2 ---------------- 
Weed-free control - 0 0 0  0 0 0 
Nontreated control - 962 a 263 a 60 a  259.4 a 70.2 a 72.2 a 
Glyphosate + S-metolachlor/atrazine 900 + 1600/1280 177 abc 86 ab 0 b  60.0 b 15.7 b 0 b 
Glyphosate + dicamba/atrazine 900 + 504/996 246 ab 45 bc 0 b  28.0 b 5.3 bc 0 b 
Glyphosate + tolpyralate + atrazine 900 + 40 + 1120 79 abcd 1 e 0 b  0.9 c 0.1 d 0 b 
Glyphosate + isoxaflutole + atrazine 900 + 105 + 1063 38 bcde 7 cde 0 b  5.7 bc 0.5 d 0 b 
Glyphosate + topramezone/dimethenamid-P + dicamba/atrazine 900 + 12.5/630 + 488/966 7 cde 1 e 0 b  0.8 c 0 d 0 b 
Glyphosate + pyroxasulfone + dicamba/atrazine 900 + 150 + 488/966 27 bcde 19 bcd 0 b  6.6 bc 1.4 cd 0 b 
Glyphosate/2,4-D choline + rimsulfuron + mesotrione 563/591 + 15 + 144 9 cde 1 de 0 b  0.7 c 0 d 0 b 
Glyphosate + S-metolachlor/mesotrione/bicyclopyrone 900 + 1268/141/35 37 bcde 10 cde 0 b  2.0 c 0.6 d 0 b 
Glyphosate/S-metolachlor/mesotrione + atrazine 1050/1050/105 + 280 10 cde 5 cde 0 b  2.1 c 0.4 d 0 b 
Glyphosate + mesotrione + atrazine 900 + 100 +280 10 cde 7 cde 0 b  0.1 c 0.3 d 0 b 
Glyphosate + S-metolachlor/atrazine/mesotrione 900 + 1393/524/139 2 de 1 de 0 b  0.1 c 0.1 d 0 b 
Glyphosate/2,4-D choline + rimsulfuron + mesotrione + atrazine 563/591 + 15 + 144 + 1008 3 de 0 e 0 b  0.5 c 0 d 0 b 
Glyphosate + S-metolachlor/mesotrione/bicyclopyrone/atrazine 900 + 1261/140/35/589 1 e 1 de 0 b  0.2 c 0 d 0 b 

a Herbicide treatments glyphosate + mesotrione + atrazine and glyphosate/S-metolachlor/mesotrione + atrazine included Agral® 90 (Syngenta 
Canada Inc., 140 Research Lane, Research Park, Guelph, ON.) (0.2% v/v); and glyphosate + tolpyralate + atrazine included methylated seed oil 
(MSO Concentrate®) (Loveland Products Inc., 3005 Rocky Mountain Ave., Loveland, CO.) (0.5 % v/v), and urea ammonium nitrate (UAN 28-0-0) 
(Sylvite, 3221 North Service Road, Burlington, ON.) (2.5 % v/v). 
a-d Means followed by the same letter are not significantly different (P < 0.05).



189 

 

Table 6.5 Effect of herbicide tank-mixtures applied EPOST on corn injury [1, 2 and 4 weeks after the EPOST application (WAA)] and 
corn yield from five field trials conducted in Ontario, Canada in 2019 and 2020. 

Treatmenta Rate  

Injury     
1 WAA 2 WAA 4 WAA  Yield and site 

S2 S2 S2  S4 S1, S3 S2, S5 
 g ae or ai ha—1 ----------------------- % -----------------------  -------------------- t ha—1 -------------------- 
Weed-free control - - - -  8.0 a 8.4 a 8.7 ab 
Nontreated control - - - -  4.9 b 7.3 a 8.3 ab 
Glyphosate + S-metolachlor/atrazine 900 + 1600/1280 1 a 0 a 0 a  7.9 a 8.0 a 9.4 a 
Glyphosate + dicamba/atrazine 900 + 504/996 0 a 0 a 0 a  8.5 a 8.6 a 8.7 ab 
Glyphosate + tolpyralate + atrazine 900 + 40 + 1120 8 ab 4 a 1 a  8.8 a 8.2 a 8.1 ab 
Glyphosate + isoxaflutole + atrazine 900 + 105 + 1063 0 a 0 a 0 a  8.4 a 8.0 a 9.2 ab 
Glyphosate + topramezone/dimethenamid-P + dicamba/atrazine 900 + 12.5/630 + 488/966 1 a 1 a 1 a  8.2 a 7.6 a 8.5 ab 
Glyphosate + pyroxasulfone + dicamba/atrazine 900 + 150 + 488/966 3 a 3 a 3 a  7.9 a 8.0 a 8.5 ab 
Glyphosate/2,4-D choline + rimsulfuron + mesotrione 563/591 + 15 + 144 3 a 6 a 5 a  8.6 a 8.5 a 8.3 ab 
Glyphosate + S-metolachlor/mesotrione/bicyclopyrone 900 + 1268/141/35 0 a 0 a 0 a  8.2 a 8.0 a 8.7 ab 
Glyphosate/S-metolachlor/mesotrione + atrazine 1050/1050/105 + 280 0 a 0 a 0 a  9.2 a 8.1 a 8.5 ab 
Glyphosate + mesotrione + atrazine 900 + 100 +280 0 a 0 a 0 a  9.8 a 8.9 a 9.0 ab 
Glyphosate + S-metolachlor/atrazine/mesotrione 900 + 1393/524/139 0 a 0 a 0 a  8.3 a 8.6 a 8.5 ab 
Glyphosate/2,4-D choline + rimsulfuron + mesotrione + atrazine 563/591 + 15 + 144 + 1008 28 b 31 b 31 b  8.2 a 8.5 a 7.3 b 
Glyphosate + S-metolachlor/mesotrione/bicyclopyrone/atrazine 900 + 1261/140/35/589 0 a 0 a 0 a  8.8 a 8.5 a 8.4 ab 

a Herbicide treatments glyphosate + mesotrione + atrazine and glyphosate/S-metolachlor/mesotrione + atrazine included Agral® 90 (Syngenta Canada Inc., 140 
Research Lane, Research Park, Guelph, ON.) (0.2% v/v); and glyphosate + tolpyralate + atrazine included methylated seed oil (MSO Concentrate®) (Loveland 
Products Inc., 3005 Rocky Mountain Ave., Loveland, CO.) (0.5 % v/v), and urea ammonium nitrate (UAN 28-0-0) (Sylvite, 3221 North Service Road, Burlington, 
ON.) (2.5 % v/v). 
a-b Means followed by the same letter are not significantly different (P < 0.05).
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Chapter 7: Discussion 

7.1 Contributions 

This research was conducted to build on current knowledge regarding the distribution and 

control of MHR waterhemp in Ontario. The distribution of MHR waterhemp was documented 

through continuation of the Ontario waterhemp survey. In 2018 and 2019, MHR waterhemp 

populations with individuals resistant to ALS-, PS II-, EPSPS-, and PPO-inhibitors were 

documented in 35 additional fields, and the additional counties of Bruce, Elgin, Haldimand, 

Huron, Norfolk, Northumberland, and Wentworth. MHR waterhemp has been identified in 13 

counties and continues to become more prevalent in Ontario cropping systems. With the help of 

agricultural retailers, agronomists, researchers, and farmers, new MHR waterhemp populations 

were identified and subsequent seed and leaf tissue samples were collected. In the greenhouse, 

seed lots were germinated, seedlings were separated, and plants were grown in individual pots. 

Upon reaching 10 cm in height, plants were treated with imazethapyr, atrazine, metribuzin, 

glyphosate, or lactofen to screen for resistance to ALS-, PS II-, PS II-, EPSPS-, and PPO-

inhibitors, respectively. Each herbicide treatment consisted of 12 plants; 10 treated and 2 

nontreated controls. Visible control of each plant, scored as visible reduction in plant biomass 

relative to the nontreated controls, was evaluated at 1, 3, and 5 WAA; plants were recorded dead 

or alive at 5 WAA. Of the 35 sampled populations, 30 were screened in the greenhouse and 

100%, 83%, 97%, and 63% contained individuals resistant to ALS-, PS II-, EPSPS, and PPO-

inhibitors, respectively. Additionally, 0%, 10%, 27%, and 63% of screened populations 

contained individuals exhibiting one-, two-, three-, and four-way resistance.  
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The analysis of leaf tissue samples in 2019 was arranged and completed with the help of 

OMAFRA’s Weed Management Specialist, Kristen Obeid, Agriculture and Agri-Food Canada’s 

research scientist Dr. Martin Laforest, and Ministry of Agriculture, Fisheries, and Food Quebec 

(MAPAQ)’s weed scientist David Miville. Within each MHR waterhemp population, 10 leaves 

were collected from different plants and analyzed using polymerase chain reaction (PCR) 

analysis. Results of this analysis complement the resistance profiles identified through the 

greenhouse screening program. From conducting the PCR analysis, currently known target site 

mutations that confer resistance to ALS-, PS II-, EPSPS-, and PPO-inhibitors were identified. 

PCR analysis results indicate that of the 17 populations analyzed in 2019, 100%, 12%, 94%, and 

47% contained individuals resistant to ALS-, PS II-, EPSPS-, and PPO-inhibitors, respectively, 

which is consistent with greenhouse results. In addition, 94%, 65%, and 47% of the 17 

populations contained the W574L, S653N, and both the W574L and S653N mutations, respectively, 

that confer resistance to ALS-inhibitors. In contrast, only 12% of analyzed populations contained 

the S264G mutation that confers resistance to PS II-inhibitors suggesting resistance to this MOA 

in Ontario MHR waterhemp populations is mainly conferred by a non-target mechanism such as 

enhanced metabolism. Resistance to EPSPS conferred by Pro106 substitutions and gene 

amplification was identified with 12% of individuals exhibiting greater than one copy of EPSPS. 

Moreover, the codon deletion on the PPX2L gene that confers resistance to PPO-inhibitors was 

identified in analyzed MHR waterhemp populations. It is imperative that MHR waterhemp 

populations are screened in the greenhouse and via PCR leaf tissue analysis to identify herbicide-

resistance and build population-specific resistance profiles. The PCR analysis identifies specific 

target-site mutations while greenhouse screening detects herbicide-resistance conferred by both 

target site and non-target site mechanisms. 
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Field trials conducted in 2019 and 2020 evaluated numerous herbicide programs for the 

control of MHR waterhemp in corn. The efficacy of herbicide programs consisting of HPPD-

inhibitors applied PRE fb glufosinate POST and PRE herbicides fb HPPD-inhibitors POST were 

evaluated for the control of MHR waterhemp in corn. The PRE application of S-

metolachlor/mesotrione/bicyclopyrone/atrazine (588/35/140/1259 g ha-1) and 

saflufenacil/dimethenamid-P (75/660 g ha-1) controlled MHR waterhemp ≥ 95% at 4, 8, and 12 

WAA. A POST application of glufosinate (500 g ha-1) following tolpyralate + atrazine (30 + 560 

g ha-1) PRE, and a POST application of mesotrione + atrazine (100 + 280 g ha-1) following 

dicamba/atrazine (504/996 g ha-1) or S-metolachlor/atrazine (1200/960 g ha-1) PRE, increased 

MHR waterhemp control 5% to 37% at 4, 8, and 12 WAA in most environments. Compared to 

PRE- and POST-only applications, PRE fb POST applications resulted in greater control of 

MHR waterhemp throughout the entire growing season. 

The use of atrazine is restricted in some geographical areas such as the province of 

Quebec, Canada necessitating the need to evaluate the application of POST HPPD-inhibitor + 

atrazine tank-mixtures for the control of MHR waterhemp in corn. The POST application of 

atrazine + isoxaflutole, mesotrione, tembotrione, topramezone, or tolpyralate resulted in 81% to 

99% control of MHR waterhemp 4, 8, and 12 WAA. Tank-mixing atrazine with isoxaflutole, 

mesotrione, tembotrione, or topramezone increased MHR waterhemp control 15%, 11%, 7% and 

7% at 4 WAA. Though there were few statistical differences between MHR waterhemp control, 

density, biomass, and corn grain yield, the addition of atrazine reduced standard error 13% to 

100% resulting in more consistent MHR waterhemp control 4, 8, and 12 WAA. 
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Tolpyralate is a relatively new HPPD-inhibitor for use in corn. Field studies evaluated 

control of MHR waterhemp to determine the biologically-effective-dose of tolpyralate and 

tolpyralate + atrazine, and the relative efficacy of tolpyralate and tolpyralate + atrazine to POST 

herbicides mesotrione + atrazine and dicamba/atrazine. At 12 WAA, the predicted dose of 

tolpyralate for 50% control of MHR waterhemp was 8 and 2 g ha-1 at Cottam and on Walpole 

Island, respectively; the predicted dose of tolpyralate + atrazine for 50% control was 5 + 160 and 

1 + 21 g ha-1 at Cottam and on Walpole Island, respectively. Tolpyralate (30 g ha-1) and 

tolpyralate + atrazine (30 + 1,000 g ha-1) controlled MHR waterhemp 60% to 78% and 78% to 

99% at Cottam and on Walpole Island, respectively, and was similar to mesotrione + atrazine 

and dicamba/atrazine. Tolpyralate and tolpyralate + atrazine also resulted in similar grain corn 

yield to mesotrione + atrazine and dicamba/atrazine. 

The restricted use of atrazine in geographical areas such as the province of Quebec 

warranted the evaluation of atrazine alternatives and their interaction with HPPD-inhibitors for 

the control of MHR waterhemp in corn. The PRE application of isoxaflutole controlled MHR 

waterhemp 58% to 76%; control increased 17% to 34% with the addition of atrazine, metribuzin, 

or linuron; conversely, atrazine, metribuzin, and linuron controlled MHR waterhemp 45% to 

69%, 69% to 85%, and 82% to 98%, respectively; the addition of isoxaflutole to atrazine, 

metribuzin, and linuron improved control up to 35%, 19%, and 10%, respectively, at three of five 

sites across 2, 4, 8, and 12 WAA. The Colby equation indicated the interaction between 

isoxaflutole and atrazine, metribuzin, and linuron was additive for MHR waterhemp control, 

density, and biomass. The POST application of mesotrione, tolpyralate, and topramezone 

controlled MHR waterhemp 45% to 59%, 61%, and 44% to 45%, respectively; atrazine, 

bromoxynil, and bentazon controlled MHR waterhemp 31% to 35%, 21% to 23%, and 16% to 
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18% at two of five sites across 4, 8, and 12 WAA. The addition of atrazine, bromoxynil, or 

bentazon to mesotrione improved MHR waterhemp control 29%, 34%, and 22%, to tolpyralate 

improved control 2%, 20%, and 10%, and to topramezone improved control 3%, 14%, and 8%, 

respectively across 4, 8, and 12 WAA. Across the remaining three sites, atrazine, bromoxynil, 

and bentazon controlled MHR waterhemp 71% to 87%; tank-mixing mesotrione, tolpyralate, or 

topramezone increased control 10% to 28% across 4, 8, and 12 WAA. The Colby equation 

indicated mostly additive interactions between POST-applied HPPD- and PS II-inhibitors; 

however, synergistic interactions were observed between mesotrione + bromoxynil or bentazon, 

and tolpyralate + bromoxynil. In contrast, antagonistic interactions were observed with 

topramezone + atrazine or bentazon.  

Several ePOST herbicide tank-mixtures that provide burndown and season-long residual 

MHR waterhemp control were evaluated. Control of MHR waterhemp ranged from 90% to 

100% with glyphosate + S-metolachlor/mesotrione/bicyclopyrone/atrazine, glyphosate/2,4-D 

choline + rimsulfuron + mesotrione + atrazine, glyphosate + S-metolachlor/atrazine/mesotrione, 

glyphosate + mesotrione + atrazine, glyphosate/S-metolachlor/mesotrione + atrazine, glyphosate 

+ S-metolachlor/mesotrione/bicyclopyrone, glyphosate/2,4-D choline + rimsulfuron + 

mesotrione, and glyphosate + pyroxasulfone + dicamba/atrazine applied ePOST. Additionally, 

MHR waterhemp was controlled 70% to 100% with glyphosate + topramezone/dimethenamid-P 

+ dicamba/atrazine, glyphosate + isoxaflutole + atrazine, and glyphosate + tolpyralate + atrazine 

4, 8, and 12 WAA. All ePOST herbicide applications resulted in similar MHR waterhemp 

control except glyphosate + dicamba/atrazine and glyphosate + S-metolachlor/atrazine which 

resulted in 61% to 89% control. 
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This research identified PRE, PRE fb POST, ePOST, and POST herbicide programs that 

resulted in excellent control of MHR waterhemp resistant to ALS-, PS II-, EPSPS-, and PPO-

inhibitors in corn. The herbicide programs identified in these studies represent one aspect of 

agricultural weed management and should be used in combination with other best management 

practices such as herbicide MOA rotation, tank-mixing multiple-effective MOA, crop rotation, 

strategic tillage, and cover crops.  

7.2 Limitations 

Upon completion of this research it is important to evaluate limitations of the 

experimental methods, data collected, and practical implications. The presence of MHR 

waterhemp in southwestern Ontario presents a relatively new and extremely complex problem 

for producers that requires the implementation of several management strategies. Identifying the 

shortcomings of this research is pertinent to recognize areas for future studies to combat 

herbicide resistance in waterhemp and other weed species. 

The ability to document the distribution of MHR waterhemp in southwestern Ontario is 

limited to the identification of new and existing populations through contact with agronomists, 

agricultural retailers, and farmers. It is not practical to annually survey every hectare in 

southwestern Ontario and test for resistance to every herbicide MOA through greenhouse 

screening and PCR analysis. Searching for new populations was limited to soybean fields due to 

the late emergence of waterhemp and the morphology of other crops such as corn. Most MHR 

waterhemp populations were identified by escapes that could be seen visually form the roadway. 

Though herbarium records have limited documentation of waterhemp in Ontario, this research 

cannot definitively state whether MHR waterhemp is expanding its geographic distribution 
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across the province or if “new” populations are resulting from the previous misidentification of 

Amaranthus species that have recently evolved herbicide resistance. Similar morphological 

characteristics between MHR waterhemp and other Amaranthus species such as green/redroot 

pigweed can lead to the misidentification of Amaranthus populations causing waterhemp 

populations to be overlooked until herbicide resistance becomes apparent.  

The field experiments conducted in 2019 and 2020 focus on herbicidal weed management 

solutions that can be implemented in a single crop for short period of time. Managing MHR 

waterhemp with herbicides is a short-term solution to a long-term problem given the propensity 

of this weed species to rapidly evolve resistance to multiple herbicide MOA. The herbicide 

programs evaluated in these studies rely heavily on the use of HPPD- and PS II-inhibitors. 

Populations of MHR waterhemp resistant to the HPPD-inhibitors have already been identified in 

the USA; therefore, the value of this research is best realized to manage MHR waterhemp 

populations resistant to ALS-, PS II-, EPSPS-, and PPO-inhibitors.  

Field trials were conducted at locations across southwestern Ontario with known MHR 

waterhemp populations. These trials were designed to provide corn producers across Ontario 

with herbicide programs to manage MHR waterhemp; however, trials were subject to variability 

associated with environments, weed density, weed biomass, and population resistance profiles. 

To eliminate variability among data, sites were grouped so environment-by-treatment 

interactions were non-significant. Grouping the sites for data analysis reduced variability and 

provided a more accurate interpretation of the data; however, these results are specific to 

environment and MHR waterhemp population. In the future, a more robust dataset could be 

generated using sites with heavier and more similar weed pressure. 
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Field trials evaluated POST herbicide applications made to 10 cm MHR waterhemp 

regardless of corn growth stage. The primary focus of this research was to evaluate herbicide 

products in relation to weed size; therefore, these trials do not accurately reflect the proper use of 

some POST herbicides with respect to corn growth stage at application; some applications were 

made beyond label restrictions. In the PRE fb POST studies, POST applications were made when 

MHR waterhemp reached 10 cm in each plot; to circumvent this problem in future PRE fb POST 

studies, POST applications could be made at a predetermined interval following the PRE 

application to more accurately reflect the commercial use of these products.  

7.3 Future Research 

Further monitoring the evolution of herbicide resistance and geographical distribution of 

MHR waterhemp is pertinent to the future management of this problematic weed species in 

southwestern Ontario. The use of drone-derived aerial imagery could enable future researchers to 

search for and more rapidly identify MHR waterhemp next to areas with known populations. The 

use of drone imagery would enable individuals to cover more hectares over a shorter period of 

time and allow them to survey fields nonadjacent to roadways. Continuation of greenhouse 

screening and PCR analysis is essential to identify target and non-target site resistance 

mechanisms among MHR waterhemp populations and confirm the results of both analyses. 

Populations of MHR waterhemp with putative resistance to the HPPD-inhibitors have been 

identified; screening for resistance to this MOA should be considered given the widespread use 

of these herbicides in Ontario corn production. 

Cropping systems in southwestern Ontario often include several crops grown in rotation. 

Future research should evaluate PRE, PRE fb POST, ePOST, and POST herbicide programs for 
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the control of MHR waterhemp in other crops such as conventional soybean (Glycine max), dry 

bean (Phaseolus vulgaris L.), winter wheat (Triticum aestivum L.), canola (Brassica napus L.), 

and vegetable crops. No-till and reduced-till cropping systems are also prevalent across Ontario 

and rely on burndown and POST herbicide applications. The incorporation of strip-till systems, a 

method of reduced-till, that integrate no-till and conventional till practices is becoming more 

prevalent. Future research should evaluate MHR waterhemp control in strip-tillage systems given 

the differences in herbicide management strategies between no-till and conventional-till systems. 

To effectively manage MHR waterhemp Ontario producers should also strive for 100% control 

every year. The transient seedbank of waterhemp could allow producers to eliminate this weed 

species in as little as five years if there is no weed seed return. The ability to manage MHR 

waterhemp in a variety of crops and cropping systems would enable producers to rotate herbicide 

MOA to more effectively manage herbicide resistance.
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Chapter 9: Appendix 

9.1 SAS Code for Chapter 2 GLIMMIX Analysis 

Data original; 
Length env $8; 
Input env rep trmt injury_7daa injury_14daa beforePOST control_28daa 
control_56daa control_84daa density biomass yield; 
 
 /***for control, injury, density and biomass*** 
if trmt=1 then delete; 
if trmt=2 then delete; 
 
 /***E1,E4*** 
if env="PWC18A2B" then delete; 
if env="PWC18A2C" then delete; 
if env="PWC19B2B" then delete; 
 
 /***E2,E3,E5***/ 
if env="PWC18A2A" then delete; 
if env="PWC19B2A" then delete; 
 
 /***data***/ 

datalines; 

DATA 

run; 
 
 /***No Transformation***/; 
data first; 
set original; 
*analvar=control_28daa; 
*analvar=control_56daa; 
*analvar=control_84daa; 
*analvar=injury_7daa; 
*analvar=injury_28daa; 
analvar=yield; 
run; 
 
proc print data=first; 
run; 
 
 /***Log Transformation***; 
data first; 
set original; 
*analvar=density+1; 
analvar=biomass+1; 
logvar=log(analvar); 
run; 
 
proc print data=first; 
run; 
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 /***Variable Analysis***/; 
title 'Yield'; 
proc glimmix data=first ;  
class env rep trmt; 
model analvar=trmt / distribution=normal link=identity;  
random rep; 
covtest "env=0" 0...; 
covtest "rep=0" .0..; 
covtest "trmt*env=0" ..0.; 
 
contrast 'PRE vs. Two-Pass' trmt 1 1 1 0 -1 -1 -1;  
contrast 'POST vs. Two-Pass' trmt 0 0 0 3 -1 -1 -1; 
contrast 'PRE vs. POST' trmt 1 1 1 -3 0 0 0;  
contrast 'Convrg vs. Convrg 2-Pass' trmt 1 0 0 0 -1 0 0;  
contrast 'Acuron vs. Acuron 2-Pass' trmt 0 1 0 0 0 -1 0; 
contrast 'Tolpy vs. Tolpy 2-Pass' trmt 0 0 1 0 0 0 -1;  
 
lsmeans trmt / pdiff adjust=tukey lines ilink; 
output out=second student=studentresid student(noblup)=smresid residual=resid 
predicted=pred residual(noblup)=mresid; 
ods output lsmeans=third; 
run; 
 
 /***to get standard deviation for lognormal backtransformation*** 
proc means data=first; 
class trmt; 
var analvar; 
run; 
 
proc means data=first noprint; 
class trmt; 
var logvar; 
output out=tim mean=mns std=dev; 
run; 
 
proc sort data=tim (firstobs=2); 
by trmt; 
run; 
data combined; 
merge tim third; 
by trmt; 
run; 
 
 /***plots***/ 
proc sgplot data=second; 
scatter y=studentresid x=trmt; 
refline 0; 
 
 ***linearity of fixed effects - scatter and boxplot***; 
proc sgplot data=second; 
vbox studentresid/group=trmt datalabel; 
 
 ***homogeneity of effects***; 
proc sgscatter data=second; 
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plot studentresid*(pred trmt env rep); 
 
 ***Q-Q plot and Shapiro-Wilk test for normality***; 
proc univariate data=second plot normal; 
var studentresid; 
run; 
 
/***back-transformation from lognormal_mean and SE*** 
data btdata; 
set combined; 
fred=dev*dev/2.5; 
omega=exp(stderr*stderr); 
btlsmean=exp(estimate+fred)-1; 
btvar=exp(2*estimate)*omega*(omega-1); 
btse_mean=sqrt(btvar); 
run; 
 
title'Backtransformations'; 
proc print data=btdata; 
run; 
 
 
/***to check back transformed means***/; 
proc sort data=original; 
by trmt; 
run; 
proc means data=original; 
class trmt ; 
var yield; 

run; 

9.2 SAS Code for Chapter 3 GLIMMIX Analysis 

Data original; 
Length env $8; 
Input env rep trmt atr injury_7daa injury_28daa control_28daa control_56daa 
control_84daa density biomass yield; 
 
 /***for control and injury***/ 
if trmt=1 then delete; 
if trmt=2 then delete; 
 
 /***for density and biomass*** 
if trmt=2 then delete; 
 
 /***for average statements*** 
if atr=0 then delete; 
 
 /***FOR ANALYSIS BY ENV***/ 
  /***Cottam Env Analysis*** 
if env="PWC18C9B" then delete; 
if env="PWC18C9C" then delete; 
if env="PWC19C5B" then delete; 
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 /***Walpole Island Env Analysis*** 
if env="PWC18C9A" then delete; 
if env="PWC19C5A" then delete; 
 
 /***Without atrazine*** 
if trmt=3 then delete; 
if trmt=5 then delete; 
if trmt=7 then delete; 
if trmt=9 then delete; 
if trmt=11 then delete; 
if trmt=13 then delete; 
 
 /***With atrazine*** 
if trmt=4 then delete; 
if trmt=6 then delete; 
if trmt=8 then delete; 
if trmt=10 then delete; 
if trmt=12 then delete; 
 
*if trmt=5 then delete; /***to get rid of zeros for means separation at 
Walpole + ATR***/ 
*if trmt=7 then delete; 
*if trmt=11 then delete; 
*if trmt=13 then delete; 
 
 /***DATA***/; 

datalines; 

DATA 

run; 
 
  
 /***No Transformation***/; 
data first; 
set original; 
*analvar=control_28daa/100; 
*analvar=control_56daa/100; 
analvar=control_84daa/100; 
*analvar=injury_7daa/100; 
*analvar=injury_28daa/100; 
*analvar=yield; 
if analvar=0 then analvar=0.0000000001; 
if analvar=1 then analvar=0.9999999999; 
run; 
 
proc print data=first; 
run; 
 
 /***Log Transformation***; 
data first; 
set original; 
*analvar=density+1; 
analvar=biomass+1; 
logvar=log(analvar); 
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run; 
 
proc print data=first; 
run; 
 
 /***Variable Analysis***/; 
title 'Control'; 
proc glimmix data=first;  
nloptions maxiter=800; 
class env rep trmt atr; 
model analvar=trmt|env / distribution=normal link=identity; ***"trmt|env" for 
separating by env and year***; 
*random env rep(env); 
random rep; 
random _residual_ / subject=rep(env*trmt) group=trmt; 
covtest "env=0" 0...,1-1;; 
covtest "rep=0" .0..,1-1; 
 
contrast 'Isox vs. Isox+Atr' trmt  0 1 -1 0 0 0 0 0 0 0 0; 
contrast 'Meso vs. Meso+Atr' trmt  0 0 0 1 -1 0 0 0 0 0 0; 
contrast 'Topr vs. Topr+Atr' trmt  0 0 0 0 0 1 -1 0 0 0 0; 
contrast 'Temb vs. Temb+Atr' trmt  0 0 0 0 0 0 0 1 -1 0 0; 
contrast 'Tolp vs. Tolp+Atr' trmt  0 0 0 0 0 0 0 0 0 1 -1; 
 
 ***averaged across envs and years***; 
*contrast 'W/out vs. W atr'  atr  1 -1; 
*lsmeans trmt / pdiff adjust=tukey lines ilink; 
 
 ***separated by env and year***; 
lsmeans trmt env trmt*env / pdiff slicediff=(trmt env) adjust=tukey lines 
ilink; 
output out=second student=studentresid residual=resid predicted=pred 
residual(noblup)=mresid; 
ods output lsmeans=third; 
ods output diffs=ppp lsmeans=mmm; 
run; 
%include 'C:\Users\cwillems\Music\PDMIX800.sas'; 
%pdmix800(ppp,mmm,alpha=.05,sort=no,slice=env); 
run; 
 
 /***to calculate standard deviation for lognormal***; 
proc means data=first noprint; 
class trmt; 
var logavar; 
output out=tim mean=mns std=dev; 
run; 
 
data tim;  
set tim; 
if trmt=. then delete; 
run; 
 
proc print data=tim; 
run; 
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proc sort data=tim; 
by trmt; 
run; 
 
proc sort data=third; 
by trmt; 
run; 
 
*proc print data=tim; 
*run; 
 
data combined; 
merge tim third; 
*by trmt; 
run; 
 
proc print data=combined; 
run; 
 
 /***boxplots***/; 
proc sgplot data=second; 
scatter y=studentresid x=trmt; 
refline 0; 
 
 ***linearity of fixed effects - scatter and boxplot***; 
proc sgplot data=second; 
vbox studentresid/group=trmt datalabel; 
 
 ***homogeneity of effects***; 
proc sgscatter data=second; 
plot studentresid*(pred trmt env rep); 
 
 ***Q-Q plot and Shapiro-Wilk test for normality***; 
proc univariate data=second plot normal; 
var studentresid; 
run; 
 
proc means data=original mean min max stderr std; 
class trmt; 
var control_84daa; 
by env; 
run; 
 
 /***back-transformation from lognormal_mean and SE*** 
data btdata; 
set combined; 
fred=dev*dev/2.5; 
omega=exp(stderr*stderr); 
btlsmean=exp(estimate+fred)-1; 
btvar=exp(2*estimate)*omega*(omega-1); 
btse_mean=sqrt(btvar); 
run; 
 
title'Backtransformations'; 
proc print data=btdata; 
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run; 
 
proc means data=fred; 
class trmt; 
var mean se_mean; 
run; 
 

*set for yield averaged over all treatments, envs, and years*** 

9.3 SAS Code for Chapter 4 GLIMMIX Analysis and Non-Linear Regression 

Data original; 
Length env $8; 
Input env site plot rep trmt dose injury_7daa injury_14daa injury_28daa 
control_14daa control_28daa control_56daa control_84daa density pdens biomass 
pbio yield pyield; 
 
 /***Cottam*** 
if site in (2,3,5,7) then delete; 
 /***Walpole***/ 
if site in (1,4,6) then delete; 
 /*** 
if trmt=2 then delete; 
if trmt>8 then delete; 
 /***use above for tolpyralate and below for tolpyralate + atrazine***/; 
if trmt=2 then delete; 
if trmt=3 then delete; 
if trmt=4 then delete; 
if trmt=5 then delete; 
if trmt=6 then delete; 
if trmt=7 then delete; 
if trmt=8 then delete; 
if trmt=15 then delete; 
if trmt=16 then delete; 
 
 /***for GLIMMIX*** 
if trmt in (3,4,5,7,8,9,10,11,13,14) then delete; 
 
 /***data***/ 

datalines; 

DATA 

run; 
 
*proc print data=original; 
*run; 
 
 /***/; 
data first; 
set original; 
*analvar=injury_7daa; 
*analvar=injur_14daa; 
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*analvar=injury_28daa; 
*analvar=control_14daa; 
*analvar=control_28daa; 
*analvar=control_56daa; 
*analvar=control_84daa; 
*analvar=density; 
*analvar=biomass; 
analvar=pyield; 
run; 
 
 /***Log Transformation***; 
data first; 
set original; 
*analvar=density+1; 
analvar=biomass+1; 
logavar=log(analvar); 
run; 
 
 /***/; 
proc print data=first; 
run; 
 
 /***ANOVA to determine which locations could be combined***; 
proc mixed covtest data=first; 
class env dose rep; 
model analvar = dose / DDFM = satterth outp= second; 
random env rep(env) dose*env; 
random rep; 
parms/nobound; 
lsmeans dose/pdiff; 
run; 
 
 /***Log-logistic regression, where d=upper/lower asymptote, 
c=lower/upper asymptote i50=ED50, b=slope***; 
title 'Log-logistic Model'; 
proc sort data=first; 
by dose site rep; 
proc plot; 
plot analvar*dose; 
run; 
  
proc nlin data=first; 
parameters 
d=100 
c=0.001 
i50=50 
b=0.53; 
bounds c>=0; 
bounds d<=100; 
if dose=0 then model analvar=c; 
else model analvar=c+(d-c)/(1+exp(-b*(log(dose)-log(i50)))); 
output out=second predicted=pred; 
run; 
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 /***Exponential to maximum #1 - a=y-intercept, b=change in Y from 
asymptote to intercept (magnitude constant), c=slope (rate) constant***/ 
title 'Exponential to Maximum #1'; 
proc sort data=first; 
by dose site rep; 
proc plot; 
plot analvar*dose; 
run; 
 
proc nlin data=first; 
parameters 
a=0 
b=4.5 
c=0.067; 
*bounds b<=100; 
*bounds a<=0; 
*if dose=0 then model analvar=0; 
model analvar=a+b*(1-exp(-c*dose)); 
output out=second predicted=pred; 
run; 
 
 /***Exponential to maximum #2 - a=upper asymptote, b=magnitude 
constant, c=slope (rate) constant***/ 
title 'Exponential to Maximum #2'; 
proc sort data=first; 
by dose site rep; 
proc plot; 
plot analvar*dose; 
run; 
 
proc nlin data=first; 
parameters 
a=8.2 
b=8.2 
c=0.067; 
*bounds a<=100; 
*if dose=0 then model analvar=0; 
model analvar=a-b*(exp(-c*dose)); 
output out=second predicted=pred; 
run; 
 
 /***Exponential to maximum #3, a=upper asymptote, b=rate(slope), 
c=magnitude constant***/ 
title 'Exponential to Maximum #3'; 
proc sort data=first; 
by dose site rep; 
proc plot; 
plot analvar*dose; 
run; 
 
proc nlin data=first; 
parameters 
a=8.2 
b=12.8 
c=10; 
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*bounds a<=100; 
*if dose=0 then model analvar=0; 
model analvar=a-c*(b**dose); 
output out=second predicted=pred; 
run; 
 
 /***Rectangular hyperbola (Cousen) Ascending - a=upper asymptote, 
i=initial slope***/ 
title 'Rectangular Hypoerbola'; 
proc sort data=first; 
by dose site rep; 
proc plot; 
plot analvar*dose; 
run; 
 
proc nlin data=first; 
parameters 
a=8.2 
i=2; 
*bounds a<=100; *bound for control, unbound for yield*; 
*if dose=0 then model analvar=0; 
model analvar=(i*dose)/(1+((i*dose)/a)); 
output out=second predicted=pred; 
run; 
 
 /***Exponential decay, a=lower asymptote, b=change in Y from intercept 
to a, c=change in Y/change in X (slope) to reach a***/ 
title 'Exponential Decay'; 
proc sort data=first; 
by dose site rep; 
proc plot; 
plot analvar*dose; 
run; 
 
proc nlin data=first; 
parameters 
a=0 
b=380 
c=0.2; 
*bounds a<=0; 
*if dose=0 then model analvar=0; 
model analvar=a+b*(exp(-c*dose)); 
output out=second predicted=pred; 
run; 
 
 /*** 
proc print data=second; 
run; 
 
 ***Plot data***; 
proc sort data=second; 
by dose; 
run; 
 
proc sgplot data=second; 
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scatter x=dose y=analvar; 
series x=dose y=pred / lineattrs=GraphPrediction; 
run; 
 
 /***GLIMMIX Analysis of means***/; 
proc sort data=first; 
by site trmt rep; 
run; 
 
proc glimmix data=first nobound; 
class site rep trmt; 
model analvar=trmt / distribution=normal link=identity; 
random site rep(site) site*trmt; 
covtest "site=0" 0...; 
covtest "rep(site)=0" .0..; 
covtest "site*trmt=0" ..0.; 
lsmeans trmt / pdiff adjust=tukey lines ilink; 
output out=second student=studentresid residual=resid predicted=pred 
residual(noblup)=mresid; 
ods output lsmeans=third; 
ods output diffs=ppp lsmeans=mmm; 
run; 
%include 'C:\Users\cwillems\Music\PDMIX800.sas'; 
%pdmix800(ppp,mmm,alpha=0.05,sort=no); 
run; 
 
 ***linearity of fixed effects - scatter and boxplot***; 
proc sgplot data=second; 
scatter y=studentresid x=trmt; 
refline 0; 
  
proc sgplot data=second; 
vbox studentresid/group=trmt datalabel; 
 
 ***homogeneity of effects***; 
proc sgscatter data=second; 
plot studentresid*(pred trmt site rep); 
 
 ***Q-Q plot and Shapiro-Wilk test for normality***; 
proc univariate data=second plot normal; 
var studentresid; 
histogram studentresid/normal kernel; 
run; 
 
proc means data=first; 
class trmt; 
var analvar; 
run; 
 
 /***to calculate standard deviation for lognormal***/; 
proc means data=first noprint; 
class trmt; 
var logavar; 
output out=tim mean=mns std=dev; 
run; 
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data tim;  
set tim; 
if trmt=. then delete; 
run; 
 
*proc print data=tim; 
*run; 
 
proc sort data=tim; 
by trmt; 
run; 
 
proc sort data=third; 
by trmt; 
run; 
 
data combined; 
merge tim third; 
*by trmt; 
run; 
 
proc print data=combined; 
run; 
 
 ***Back-transformation for lognormal distribution***; 
data btdata; 
set combined; 
fred=dev*dev/2.4; 
omega=exp(stderr*stderr); 
btlsmean=exp(estimate+fred)-1; 
btvar=exp(2*estimate)*omega*(omega-1); 
btse_mean=sqrt(btvar); 
run; 
 
title 'Backtransformations'; 
proc print data=btdata; 
run; 
 
 ***To check btmeans***; 
title 'Check btlsmeans'; 
proc means data=original mean min max stderr std; 
class trmt; 
var biomass; 
run; 

9.4 SAS Code for Chapter 5 Two-Factor GLIMMIX and Colby’s Analyses 

Data original; 
Input trial$ site plot rep trmt HPPD PSII injury_7daa injury_14daa 
injury_28daa control_14daa e14daa control_28daa e28daa control_56daa e56daa 
control_84daa e84daa density edens biomass ebio yield; 
 
***trial was not conducted at S2***; 
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 /***FOR ANALYSIS BY SITE***/ 
if site in (3,5) then delete; 
*if site in (1,4,6) then delete; 
 
 /***DATA***/; 

datalines; 

DATA 

/***No Transformation***/; 
data first; 
set original; 
analvar=control_14daa; 
eanalvar=e14daa; 
*analvar=control_28daa; 
*eanalvar=e28daa; 
*analvar=control_56daa; 
*eanalvar=e56daa; 
*analvar=control_84daa; 
*eanalvar=e84daa; 
*analvar=injury_7daa; 
*analvar=injury_14daa; 
*analvar=injury_28daa; 
*analvar=yield; 
run; 
 
*proc print data=first; 
*run; 
 
 /***Log Transformation***; 
data first; 
set original; 
*analvar=density+1; 
*eanalvar=edens+1; 
analvar=biomass+1; 
eanalvar=ebio+1; 
logavar=log(analvar); 
elogavar=log(eanalvar); 
run; 
 
*proc print data=first; 
*run; 
 
 /***Variable Analysis***/; 
title 'Control'; 
proc glimmix data=first nobound; 
class site rep trmt HPPD PSII; 
 
 ***use to determine site groupings***; 
*model analvar=site trmt site*trmt/dist=lognormal link=identity; 
*random rep(site); 
*random _residual_ / subject=rep(site) group=site; 
*covtest "rep(site)=0" 0., / estimates wald restart; 
*lsmeans site / pdiff adjust=tukey lines ilink; 
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 ***use for control and yield***; 
model analvar=HPPD PSII HPPD*PSII / dist=normal link=identity; 
 
 ***use for density and bimoass***; 
*model analvar=HPPD PSII HPPD*PSII / dist=lognormal link=identity; ***use 
eanalvar for expected values***; 
 
 ***use for all parameters when multiple sites per group***; 
random site site*HPPD site*PSII site*HPPD*PSII rep(site); 
covtest "site=0" 0.....; 
covtest "site*HPPD=0" .0....; 
covtest "site*PSII=0" ..0...; 
covtest "site*HPPD*PSII=0" ...0..; 
covtest "rep(site)=0" ....0.; 
lsmeans HPPD PSII HPPD*PSII / pdiff slicediff=HPPD slicediff=PSII 
adjust=tukey lines ilink; 
 
output out=second student=studentresid residual=resid predicted=pred 
residual(noblup)=mresid; 
ods output lsmeans=third; 
run; 
 
 /***to calculate standard deviation for lognormal***; 
proc means data=first noprint; 
class HPPD PSII; 
var logavar; 
output out=tim mean=mns std=dev; 
run; 
 
*proc print data=tim; 
*run; 
 
proc sort data=tim (firstobs=2); 
by HPPD PSII; 
run; 
 
proc sort data=third; 
by HPPD PSII; 
run; 
 
*proc print data=tim; 
*run; 
 
data combined; 
merge tim third; 
*by HPPD PSII; 
run; 
 
proc print data=combined; 
run; 
*/; 
 
 /***to calculate standard deviation for expected lognormal***; 
proc means data=first noprint; 
class HPPD PSII; 
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var elogavar; 
output out=tim mean=mns std=dev; 
run; 
 
 ***trim dataset "tim" to factor levels that contain expected values***; 
data tim;  
set tim; 
if HPPD <2 then delete; 
if PSII=1 then delete; 
run; 
 
proc sort data=tim; 
by HPPD PSII; 
run; 
 
proc print data=tim; 
run; 
 
 ***trim dataset "third" to factor levels that contain expected 
values***; 
data third; set third; 
if HPPD <2 then delete; 
run; 
 
proc sort data=third; 
by HPPD PSII; 
run; 
 
proc print data=third; 
run; 
 
data combined; 
merge tim third; 
*by HPPD PSII; 
run; 
 
proc print data=combined; 
run; 
*/; 
 
 ***boxplot***; 
proc sgplot data=second; 
scatter y=studentresid x=trmt; 
refline 0; 
 
 ***linearity of fixed effects - scatter and boxplot***; 
proc sgplot data=second; 
vbox studentresid/group=trmt datalabel; 
 
 ***homogeneity of effects***; 
proc sgscatter data=second; 
plot studentresid*(pred trmt site rep); 
 
 ***Q-Q plot and Shapiro-Wilk test for normality***; 
proc univariate data=second plot normal; 
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var studentresid; 
run; 
 
 /***back-transformation from lognormal_mean and SE*** 
data btdata; 
set combined; 
fred=dev*dev/3; 
omega=exp(stderr*stderr); 
btlsmean=exp(estimate+fred)-1; 
btvar=exp(2*estimate)*omega*(omega-1); 
btse_mean=sqrt(btvar); 
run; 
 
title'Backtransformations'; 
proc print data=btdata; 
var HPPD PSII btlsmean btse_mean; 
run; 
 
 /***to get Colby's expected values***/; 
title "Colby's"; 
proc sort data=first; 
by HPPD PSII; 
run; 
 
proc means data=first; 
class HPPD PSII; 
var eanalvar; 
run; 
 
 /***T-test for Colby's***/; 
proc sort data=first; 
by trmt; 
run; 
 
proc ttest data=first; 
by trmt; 
paired analvar*eanalvar; 
*paired logavar*elogavar; 
run; 
 
 /***to get main effects***/; 
proc sort data=first; 
by PSII; 
run; 
 
proc means data=first mean min max stderr std; 
*class HPPD PSII; 
var yield; 
by PSII; 
run; 
 
proc sort data=first; 
by HPPD; 
run; 
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proc means data=first mean min max stderr std; 
*class HPPD PSII; 
var yield; 
by HPPD; 
run; 
*/; 
 
 /***; 
title'Main and Simple Effect SEs'; 
proc sort data=first; 
by PSII; ***by HPPD or PSII for simple effect SE***; 
run; 
 
proc summary data=first mean stderr; 
by PSII; ***by HPPD or PSII for simple effect SE***; 
var  control_14daa control_28daa control_56daa control_84daa density biomass 
yield;  
output mean= m14 m28 m56 m84 mdens mbio myld stderr= se14 se28 se56 se84 
sedens sebio seyld; 
run; 
 
proc print; 
var   m14 se14 m28 se28 m56 se56 m84 se84 mdens sedens mbio sebio myld seyld; 
by PSII; ***by HPPD or PSII for simple effect SE***; 
run; 

*/; 

9.5 SAS Code for Chapter 6 GLIMMIX Analysis 

Data original; 
Input site rep trmt injury_7daa injury_14daa injury_28daa control_28daa 
control_56daa control_84daa density biomass yield; 
 
 ***delete trmt 1 and 2 for control and injury***; 
 ***delete trmt 2 for density and biomass***; 
*if trmt=1 then delete; 
*if trmt=2 then delete; 
 
 /***ANALYSIS BY SITE***/ 
*if site in (2,4,5) then delete; 
*if site in (1,3,4) then delete; 
*if site in (1,2,3,5) then delete; 
if site in (1,3,4,5) then delete; 
 
 /***DATA***/; 

datalines; 

DATA 

run; 
 
 /***No Transformation***/; 
data first; 
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set original; 
*analvar=control_28daa; 
*analvar=control_56daa; 
*analvar=control_84daa; 
*analvar=injury_7daa; 
*analvar=injury_14daa; 
analvar=injury_28daa; 
*analvar=yield; 
run; 
 
*proc print data=first; 
*run; 
 
 /***Log Transformation***; 
data first; 
set original; 
*analvar=density+1; 
analvar=biomass+1; 
logavar=log(analvar); 
run; 
 
*proc print data=first; 
*run; 
 
 /***Variable Analysis***/; 
title 'Injury'; 
proc glimmix data=first nobound; 
class site rep trmt; 
 
 ***use to determine site groupings***; 
*model analvar=site trmt site*trmt/dist=normal link=identity; 
*random rep(site); 
*covtest "rep(site)=0" ..0.,1-1 / estimates wald restart; 
*lsmeans site / pdiff adjust=tukey lines ilink; 
 
 ***use for control and yield***; 
model analvar=trmt / dist=normal link=identity; 
 
 ***use for density and bimoass***; 
*model analvar=trmt / dist=lognormal link=identity; 
 
 ***use for analysis when not analyzed as groups***; 
*random site site*trmt rep(site); 
*covtest "site=0" 0...,/ estimates wald restart;; 
*covtest "site*trmt=0" .0..,/ estimates wald restart; 
*covtest "*rep(site)=0" ..0.,/ estimates wald restart; 
*lsmeans trmt / pdiff adjust=tukey lines ilink; 
 
 ***use for analysis when sites are grouped***; 
random rep; 
covtest 'test of rep=0' 0 . / estimates wald restart; 
lsmeans trmt / pdiff adjust=tukey lines ilink; 
 
output out=second student=studentresid residual=resid predicted=pred 
residual(noblup)=mresid; 
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ods output lsmeans=third; 
run; 
 
 /***to calculate standard deviation for lognormal***; 
proc means data=first noprint; 
class trmt; 
var logavar; 
output out=tim mean=mns std=dev; 
run; 
 
data tim;  
set tim; 
if trmt=. then delete; 
run; 
 
proc print data=tim; 
run; 
 
proc sort data=tim; 
by trmt; 
run; 
 
proc sort data=third; 
by trmt; 
run; 
 
*proc print data=tim; 
*run; 
 
data combined; 
merge tim third; 
*by trmt; 
run; 
 
proc print data=combined; 
run; 
 
 /***boxplots***/; 
proc sgplot data=second; 
scatter y=studentresid x=trmt; 
refline 0; 
 
 ***linearity of fixed effects - scatter and boxplot***; 
proc sgplot data=second; 
vbox studentresid/group=trmt datalabel; 
 
 ***homogeneity of effects***; 
proc sgscatter data=second; 
plot studentresid*(pred trmt site rep); 
 
 ***Q-Q plot and Shapiro-Wilk test for normality***; 
proc univariate data=second plot normal; 
var studentresid; 
run; 
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 /***back-transformation from lognormal_mean and SE*** 
data btdata; 
set combined; 
fred=dev*dev/2.5; 
omega=exp(stderr*stderr); 
btlsmean=exp(estimate+fred)-1; 
btvar=exp(2*estimate)*omega*(omega-1); 
btse_mean=sqrt(btvar); 
run; 
 
title'Backtransformations'; 
proc print data=btdata; 
run; 
 
 /***/; 
proc sort data=first; 
by trmt; 
run; 
 
proc means data=first mean min max stderr std; 
class trmt; 
var injury_28daa; 
run; 
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