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Twenty-five field trials were conducted in 2021 and 2022 to evaluate multiple-herbicide-

resistant waterhemp control with acetochlor. Phaseolus vulgaris dry beans, corn, and soybean 

were tolerant to acetochlor; tank mixing acetochlor and flumioxazin caused 19% soybean injury. 

Azuki beans were sensitive to acetochlor at 2X rates. Acetochlor controlled waterhemp 96 and 

88% in corn and soybean, respectively; acetochlor tank mixtures controlled waterhemp >95% in 

corn and >89% in soybean. In corn, acetochlor at low, medium, and high rates controlled 

waterhemp 81, 85, and 90%, respectively; preemergence or postemergence applications provided 

better control than preplant. In soybean, acetochlor at low, medium, and high rates controlled 

waterhemp 63, 70, and 74%, respectively; control was similar among application timings. Of 

five Group 15 herbicides evaluated, flufenacet and pyroxasulfone provided shortest and longest 

residual control of waterhemp, respectively. Surveys confirmed MHR waterhemp in three 

additional counties and confirmed Group 27 and 5-way resistance in Ontario. 
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Chapter 1: Literature Review  

 Weed Control in Corn 

1.1.1 Overview of Corn Production 

Corn (Zea mays L.) is one of the world’s most important crops, a result of its high energy 

density and wide variety of uses (Ranum et al. 2014; StatsCan 2015; USDA 2021b). Grain corn 

is used for food production, livestock feed, and numerous industrial products (USDA 2021b). 

Worldwide, it is the most produced cereal crop, greater than rice and wheat (StatsCan 2015). In 

2020, just over 1.13 billion tonnes of corn were produced globally (USDA 2021c). The United 

States accounts for 32% of global corn production, followed by China and Brazil at 23 and 10%, 

respectively; Canada ranks 11th globally (USDA 2021d). Ontario, Quebec, and Manitoba account 

for 62, 31, and 6% of Canadian corn production, respectively (StatsCan 2015). Within Ontario in 

2019, just over 850,000 ha of grain corn was harvested with an average yield of 10.65 t ha-1. The 

total farm value of the harvested crop was over $1.8 billion (CAD) making corn the highest 

value crop grown in the province (OMAFRA 2021). 

1.1.2 Impacts of Weed Interference 

Weed interference caused an average 50% corn yield loss based on a meta-analysis of 

trials conducted across North America (Soltani et al. 2016), making weed management one of 

the most important aspects of profitable corn production. Corn is very sensitive to weed 

interference; yield losses can occur early in the growing season if weeds are not managed 

properly (Anderson 2011; Massinga et al. 2001). Anderson 2011 reported corn yield loss of 97% 

due to uncontrolled weeds. Massinga et al. (2001) showed that yield losses of 11-91% can occur 

when Palmer amaranth (Amaranthus palmeri S. Watson) emerges with corn. One of the most 
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crucial factors dictating yield loss is the relative time of weed and crop emergence (Dew 1972; 

O’Donovan et al. 1985; Swanton et al. 2008). For example, barnyard grass (Echinochloa crus-

galli (L.) P. Beauv.) caused greater yield loss when weeds emerged at the 1- to 3-leaf stage of 

corn compared to barnyard grass which emerged later (Bosnic and Swanton 1997). These 

findings corroborate the results of Cardina et al. (1995), who found that early-emerging 

velvetleaf (Abutilon theophrasti Medik.) in corn resulted in 70% more yield reduction than late-

emerging velvetleaf. These yield reductions translate into significant economic losses for 

producers worldwide. Swanton et al. (1993) estimated that the value of lost yield due to weeds in 

Ontario corn in 1993 dollars averaged around $27 million (CAD) annually. Additionally, the 

impact of weed interference is not limited to losses in yield. Weeds present at harvest can 

contaminate grain corn and decrease harvest efficiency, which reduces net returns for growers 

(Chandler et al. 1984; Dille et al. 2016).  

1.1.3 Means of Weed Interference 

Corn yield loss due to weeds is due to direct and indirect effects. Indirect weed 

interference is due to changes in the red:far red (R:FR) light signaling process while direct weed 

interference is due to competition for light, water, and nutrients (Cerrudo et al. 2012; Evans et al. 

2003; Rajcan and Swanton 2001).  

1.1.3.1 Direct Weed Interference: Competition for Critical Resources  

Weeds can reduce corn productivity by competing for light, nutrients, and water. The 

presence of weeds can reduce the quantity of light absorbed by the crop canopy (Rajcan and 

Swanton 2001). Tollenaar et al. (1994) found that even under high weed pressure, corn leaf area 

was reduced by 15%, and the amount of photosynthetic photon flux density (PPFD) intercepted 
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by corn leaves decreased by 13%. A reduction in leaf area index can reduce the crop’s ability to 

intercept PPFD and is a common consequence of corn-weed competition (Ghanizadeh et al. 

2014).  

Weeds compete with corn for nutrients, which is another factor that can contribute to 

yield losses (Evans et al. 2003; Poffenbarger et al. 2015; Rajcan and Swanton 2001; Tollenaar et 

al. 1997). Corn yield loss due to competition for nutrients with weeds is influenced by weed 

species, relative time of weed and crop emergence, nutrient concentration in the soil, and the 

amount of precipitation (Rajcan and Swanton 2001). In the presence of weeds, the addition of 

nitrogen (N) has been shown to increase corn yield (Evans et al. 2003). Withholding all N 

fertilization resulted in a delay in the time to silking and maturity by 2.9 and 1.8 days, 

respectively, in comparison to plots which received 120 kg N ha-1 (Evans et al. 2003a). Tollenaar 

(1997) reported that silking was delayed by 2.5 days in low N and weedy conditions. Corn that 

was subjected to both low N and weedy conditions accumulated 53% less dry matter and had a 

47% reduction in yield (Tollenaar et al. 1997). Depletion of soil N occurs more rapidly in the 

presence of weeds, which leads to an acceleration of leaf senescence and reduces dry matter 

accumulation (DMA) and grain yield (Rajcan and Swanton 2001). Other nutrients including 

phosphorus (P) and potassium (K) influence corn-weed competition (Little et al. 2021). For 

example, composted poultry manure with an N:P:K ratio of 5:4:3 increased corn biomass; 

however, rates beyond the recommended amounts for corn production resulted in significantly 

more weed growth than corn growth (Little et al. 2015). Phosphorus fertilization increases weed 

shoot biomass from two- to twenty- fold (Blackshaw et al. 2004). Aghaie et al. (2013) found that 

at 100 and 200 kg P ha-1, grain corn yield was substantially lower in the weedy treatments than in 
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the weed-free. In contrast, Carlesi et al. (2019) reported that P fertilization favoured corn over 

weeds and that only when P was applied with green manure did weeds become more competitive 

than corn. The growth of redroot pigweed (Amaranthus retroflexus L.), jimsonweed (Datura 

stramonium L.) and Florida beggarweed (Desmodium tortuosum (Sw.) DC.) declined 

significantly with 40 kg K ha-1 applied, compared to 213 kg K ha-1 (Hoveland et al. 1976). Corn 

growth was not significantly impacted by the reduction in K fertilization demonstrating that 

weed species will continue to benefit from additional potassium long after corn demands are met 

(Hoveland et al. 1976). The effects of direct competition for K was noted by Lehoczky and 

Reisinger (2003), who found that K uptake in corn decreased from 220 to 80 kg ha-1 when in the 

presence of weeds. 

Weeds can also impose a water deficit in corn; this can have substantial impacts on corn 

growth and development at both the vegetative or reproductive stages (Rajcan and Swanton 

2001). Water stress can decrease conductance of carbon dioxide through leaf stomata, thereby 

reducing photosynthesis (Tollenaar et al. 1997). Competition for water results in a redistribution 

of dry matter during vegetative development leading to reduced root growth (Kasperbauer and 

Karlen 1994). Moreover, competition for moisture results in shorter corn height, reduced leaf 

area and lower rates of grain and stover production (Denmead and Shaw 1960). However, the 

consequences of water stress are not isolated to the morphological and physiological processes; 

water stress also impacts corn grain yield (Denmead and Shaw 1960; Robins and Domingo 

1953). Drought stress experienced during the vegetative stage or silking reduced corn grain yield 

by 25 and 50%, respectively (Denmead and Shaw 1960). Water stress, accentuated by the 
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presence of weeds, has the potential to reduce corn yield and profitability drastically, regardless 

of timing. 

1.1.3.2 Indirect Weed Interference – Light Signaling: The Red:Far Red Light Ratio 

A decrease in the red:far red light ratio (R:FR) initiates a shade avoidance strategy that is 

triggered by photoreceptors when plants sense neighbouring competitors (Ballaré 1999; 

Markham and Stoltenberg 2009). Chlorophyll absorbs red light and reflects far red light. When 

neighbouring weeds absorb red light, the R:FR light ratio decreases thus triggering a shade 

avoidance response in corn seedlings (Markham and Stoltenberg 2009; Rajcan et al. 2004). 

Reflected light is from leaf and stem tissues and is thus independent of the size of weed seedlings 

(Cerrudo et al. 2012; Rajcan et al. 2004). To outcompete neighbouring weeds, corn seedlings 

adjust their carbon partitioning resulting in altered plant growth (Cerrudo et al. 2012; Markham 

and Stoltenberg 2009; Rajcan et al. 2004). In growth cabinet experiments, corn exposed to low 

R:FR light had lower root:shoot ratios, longer leaves, and were taller compared to those with a 

high R:FR (Rajcan et al. 2004). Kasperbauer and Karlen (1994) noted the same effects when 

corn seedlings were subjected to low R:FR light. When grown in near proximity to weeds, corn 

seedlings expend more energy to grow taller to capture more incident radiation (Kasperbauer and 

Karlen 1994; Markham and Stoltenberg 2009; Rajcan et al. 2004). Markham and Stoltenberg 

(2010) reported that corn with a high R:FR ratio had higher grain yield than corn grown in low 

R:FR environments.   

There are multiple ways in which corn yield can be reduced when grown in a low R:FR 

ratio environment (Cerrudo et al. 2012). Corn grown in the presence of weeds had lower dry 

matter accumulation (DMA) and grain yield. Corn grain yield is determined, in part, by kernel 
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number per plant, and to a lesser extent by kernel weight. Both kernel number per plant and 

kernel weight were reduced when weed control was delayed resulting in a concomitant reduction 

in overall grain yield (Cerrudo et al. 2012). It was also reported that the decrease in DMA was 

accompanied by increases in plant-to-plant variability which has also been shown to negatively 

affect grain yield (Cerrudo et al. 2012; Tollenaar and Wu 1999). The combination of these 

factors stresses the importance of maximizing the R:FR ratio through timely and effective weed 

control in corn. 

1.1.4 Critical Weed-Free Period of Corn 

Knowledge and understanding of the critical weed-free period (CWFP) helps weed 

management practitioners to implement weed management programs on a timely basis that 

minimize corn yield loss due to weed interference (Hall et al. 1992; Knezevic et al. 2002; 

Swanton and Weise 1991; Van Acker et al. 1993). The CWFP is the period in the growth cycle 

of a crop during which weeds must be controlled to prevent yield losses (Hall et al. 1992; 

Knezevic et al. 2002; Swanton and Weise 1991). The CWFP for a crop establishes the time in 

the growth of the crop when it must be kept weed-free to avoid yield losses of greater than 5% 

(Hall et al. 1992; Knezevic et al. 1994; Van Acker et al. 1993). Weeds that emerge after the end 

of the CWFP may not reduce crop yield but may still need to be controlled to prevent weed seeds 

from entering the seedbank, increase harvesting efficiency, and reduce grain contamination 

(Evans et al. 2003; Swanton et al. 1998). The CWFP differs between crop species due to 

differences in morphology, physiology, and development; many studies have been conducted to 

determine the CWFP in a range of crops (Knezevic and Datta 2015; Knezevic et al. 2002). The 

CWFP has two components: the critical time of weed removal and the critical weed-free period 
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to prevent unacceptable yield loss (Knezevic et al. 2002).  The first component, or critical time 

of weed removal, identifies how long weeds can be present in the crop and not cause a yield loss, 

and the second component, or critical weed-free period, identifies how long the crop must be 

maintained weed-free (Swanton et al. 1998; Weaver and Tan 1983).  

Studies conducted by Hall et al. (1992) at four Ontario sites aimed to determine the 

CWFP of corn. Their observations found that the beginning of the CWFP ranged from V3 to V9 

and the end of the period varied from V7 to V14. In contrast, Page et al. (2012) determined the 

CWFP to be from the four to eight leaf stage (V2-V6). Contrary to previous findings, Cox et al. 

(2006) found that weed competition up to V5 delayed silking by two days and reduced DMA and 

yield, while weed competition up to V3 had no influence on these factors. These variations in the 

CWFP are a function of differences in location, year, weed species composition, weed density, 

relative time of weed and crop emergence, environmental conditions, fertility programs, and 

planting date (Hall et al. 1992; Knezevic et al. 2002; Van Acker et al. 1993). Nitrogen can 

influence the CWFP. Evans et al. (2003) reported that when 60 or 120 kg N ha-1 was applied, the 

start of the CWFP was delayed, and the period was shorter. In this case, the addition of nitrogen 

increased early-season corn growth and improved its resiliency against weed competition (Evans 

et al. 2003). In Ontario, growers are advised to keep their corn crops free of weeds from 

emergence through the V6 stage which correlates with the majority of published manuscripts  

(OMAFRA 2009). Identification of the CWFP has helped producers implement weed 

management programs that minimize corn yield loss due to weed interference.  
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1.1.5 Herbicide-Resistant Crops 

Herbicide-resistant crops (HRC) have revolutionized weed management in corn in North 

America (Green 2012). Of all the transgenic traits, ones for herbicide-resistance are used on over 

80% of the hectarage of those trait-containing crops (Green and Owen 2011). Canada is a large 

producer of HRC, ranking fourth worldwide on a percentage basis (Beckie et al. 2006). The most 

popular and widely used trait globally is resistance to glyphosate (Green 2014; Owen and Zelaya 

2005). Glyphosate, an inhibitor of the 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS) 

enzyme in the shikimate pathway, was a successful herbicide before the commercialization of 

glyphosate-resistant (GR) crops (Roundup Ready, Monsanto) in 1974 (Beckie 2011; Benbrook 

2016; Duke 2017; Green 2016). Soybean (Glycine max (L.) Merr.) and canola (Brassica napus) 

were the first GR crops followed by cotton (Gossypium hirisutum L.) and corn (Chahal et al. 

2017; Duke 2017). Though GR crops were not the first HR crops, they were much more 

successful due to excellent weed control, a wide margin of crop safety, simplicity, and low 

environmental impact (Duke 2017; Green 2012; Kniss 2018). Glufosinate-resistant corn hybrids 

(Liberty Link, Bayer Crop Science) are also commercially available (Aulakh and Jhala 2015). 

First introduced in Canada in 1993, glufosinate is a non-selective post-emergence herbicide that 

inhibits glutamine synthetase resulting in production of free radicals followed by membrane 

destruction (Culpepper and York 1999; Takano et al. 2020; Thomas et al. 2007). Rapid adoption 

of glufosinate-resistant corn hybrids was impeded by higher prices and lower efficacy in 

comparison to its GR competitor (Green and Owen 2011; Meyer et al. 2020). In 2018, Enlist 

corn was commercialized in Ontario with traits that confer resistance to glyphosate, glufosinate, 

2,4-D, and the aryloxyphenoxy propionates (Enlist, Corteva Agriscience) (Anonymous 2017; 
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Soltani et al. 2015). Unlike GR and glufosinate-resistant hybrids, Enlist hybrids are resistant to 

four modes of action, expanding the possible weed control options thus reducing dependency on 

a single mode of action (Ruen et al. 2017).  

Adoption of these biotechnological traits, specifically GR corn hybrids, is a result of 

multiple factors. These traits have allowed producers to apply glyphosate post-emergence, which 

has resulted in improved weed control, decreased crop injury relative to conventional herbicides, 

and simplified weed management (Devine and Buth 2001). In addition, the use of the GR 

technology has reduced weed management costs, increased corn yields, and enhanced net returns 

for producers (Cerdeira and Duke 2006; Devine and Buth 2001). For many, the use of GR crop 

hybrids/cultivars has facilitated the transition from conventional tillage to conservation and 

minimum tillage (Beckie et al. 2006; Culpepper and York 1999). 

Despite the undisputable success of HRC, the overreliance on a single mode of action, 

specifically glyphosate, has created problems worldwide (Green 2012; Heap and Duke 2017; 

Owen and Zelaya 2005). Glyphosate’s numerous benefits led many producers to rely solely on 

glyphosate with the exclusion of any other weed management tactics on their farms (Green 

2016). The repeated use of glyphosate has resulted in the evolution of GR weed biotypes (Beckie 

2011; Green 2012; Green 2014; VanGessel 2001). As of 2021, 56 weed species have evolved 

resistance to glyphosate in 31 countries (Heap 2022); 17 of the 53 GR species have been found 

in the US and eight have been confirmed in Canada. In Ontario, waterhemp (Amaranthus 

tuberculatus (Moq.) J. D. Sauer), common ragweed (Ambrosia artemisiifolia L.), giant ragweed 

(Ambrosia trifida L.), Canada fleabane (Erigeron canadensis L.), and Italian ryegrass (Lolium 

perenne L. spp. multiflorum (Lam.) Husnot) biotypes have evolved resistance to glyphosate 
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(Heap 2022). To control HR weeds, diversified weed management strategies need to be adopted 

so to reduce further possible resistance (Swanton and Weise 1991). 

1.1.6 Integrated Weed Management and Control Methods 

Integrated Weed Management (IWM) is a restructured approach to weed control that 

focuses on combining chemical, mechanical, cultural, and biological practices to create an 

economically, environmentally, and socially accepted system (Swanton and Murphy 1996; 

Swanton and Weise 1991; Swanton et al. 2008).  

1.1.6.1 Chemical Weed Control 

The application of pre-emergent (PRE) and post-emergent (POST) herbicides has long 

been a popular method of weed control in corn (Gianessi and Reigner 2007; Harker and 

O’Donovan 2013; Janak and Grichar 2016). The first large adoption of chemical herbicides 

occurred in the late 1940s with the arrival of 2,4-D (Gianessi and Reigner 2007). Twenty percent 

of corn yield increases from 1964 to 1979 have been attributed to the use of herbicides and the 

concomittant improvement in weed control (Schroder et al. 1984). Surveys from the USDA 

during the 1990s reported that the most popular corn herbicides were atrazine, metolachlor, 

alachlor, and dicamba (USDA 1991; USDA 1992; USDA 1996). 

 Despite the introduction of glyphosate in the mid-1970s, glyphosate usage did not begin 

to climb steadily until the late 1990s with the introduction of GR crops (Benbrook 2016; Osteen 

and Fernandez-Cornejo 2016). In the span of 10 years, glyphosate applications went from 1.18 

million kilograms in 1995 to 32.5 million kilograms in 2005 (Benbrook 2016). This upward 

trend correlates to the increase in planted hectares of GR hybrids/cultivars (Osteen and 
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Fernandez-Cornejo 2016). After many years of relying on glyphosate exclusively for weed 

management, producers began tank mixing glyphosate with other herbicides to increase the 

spectrum of weeds controlled, provide season-long residual weed control, and to reduce the 

selection intensity for GR weeds (Soltani et al. 2009). Glyphosate has no residual activity and 

does not control weeds that emerge after application, so the addition of a residual herbicide also 

provides control of later-emerging weeds (Gonzini et al. 1999; Soltani et al. 2009; Soltani et al. 

2013).   

In recent years, many producers have shifted to a two-pass weed control program, 

consisting of a soil-applied residual herbicide followed by a post-emergence herbicide. This 

strategy ensures that the crop is weed-free throughout the CWFP, reduces the number of weed 

seeds that are added to the soil seedbank, and increases the number of herbicide modes of action 

used which helps delay the evolution of herbicide resistance (Gonzini et al. 1999; Gressel and 

Segel 1990). Glyphosate is often used as the post-emergent herbicide in a two-pass system 

(Nurse et al. 2006; Soltani et al. 2013); the strategy provides much better weed control than a 

single application of glyphosate (Gonzini et al. 1999). Examples of a two-pass system that have 

provided excellent annual grass and broadleaf weed control consists of either 

saflufenacil/dimethenamid-P, isoxaflutole + atrazine, or rimsulfuron + S-metalochlor + dicamba, 

applied PRE, followed by glyphosate POST, while simultaneously reducing the risk of resistance 

(Moran et al. 2011; Soltani et al. 2013). Though the number of herbicides and herbicide use 

patterns have changed over the years, herbicides are still the primary weed management practice 

for North American corn producers.   
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1.1.6.2 Mechanical Weed Control  

As more farms adopt conservation- or no-tillage crop production practices, the reliance 

on mechanical weed control has been reduced (Bates et al. 2012; Govindasamy et al. 2020; 

Swanton et al. 2008). For centuries, tillage has been the primary method of weed control 

(Hussain et al. 2018; Peruzzi et al. 2013; Shaner and Beckie 2013). Prior to tillage, hand pulling 

or hoeing was the dominant form of weed control (Hussain et al. 2018). Primary and secondary 

tillage, along with rotary hoeing and inter-row cultivation, control weeds by burying weeds and 

weed seeds, cutting plant tissue, and uprooting weeds from soil (Begna et al. 2000; Chicouene 

2007; Gunsolus 1990). In a study by Bates et al. (2012), it was found that one pass with a vertical 

coulter and two passes with a rotary harrow before corn emergence provided equivalent weed 

control to that of a glyphosate burndown. Likewise, the use of a harrow prior to crop emergence 

followed by a rotary hoe in crop provided 88-97% weed reduction on a clay loam soil (Pannacci 

and Tei 2014). The success of mechanical weed control is dependent on weed species, time of 

weed emergence, weed density, tillage implement, and proper timing (Gunsolus 1990).  

Tillage practices influence seed burial depth. Minimum tillage concentrates weed seeds in 

the top layer of the soil, favoring small-seeded annual weeds as well as perennials due to a lack 

of soil inversion and lack of injury to underground perennial structures (Clements et al. 1996; 

Refsell and Hartzler 2009; Swanton et al. 1993; Swanton et al. 1999; Tuesca et al. 2001). 

Swanton et al. (2000) found that 90% of weed seeds were within 5 cm of the soil surface in a no-

till system, while only 27 and 12% were present in the top 5 cm of the chisel plow and 

moldboard plow systems, respectively. While seeds that are undisturbed by tillage have greater 

germination and emergence rates, they are also less persistent and more prone to predation which 
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reduces the number of viable weed seeds in the seedbank over time (Bullied et al. 2003; Cromar 

et al. 1999; Lutman et al. 2002).  

1.1.6.3 Cultural Weed Control  

 

Cultural weed control includes all aspects of crop husbandry to increase the 

competitiveness of the crop with weeds. Cultural weed control includes crop rotation, planting 

date, row spacing, row orientation, and the use of cover crops in combination with other weed 

control strategies to form an effective IWM program (Burgos and Talbert 1996; Gower et al. 

2002; Swanton and Murphy 1996; Teasdale and Mirsky 2015). Cover crops suppress weeds by 

creating a physical barrier to emergence, reducing light penetration, and in some cases via 

allelopathy (Teasdale and Mohler 2000). Burgos and Talbert (1996) reported that rye or rye plus 

hairy vetch provided weed suppression, but also reduced sweet corn emergence and yield. A 

living mulch of subterranean clover provided control of fall panicum (Panicum dichotomiflorum 

Michx.) and ivyleaf morningglory (Ipomoea hederacea Jacq.) without reducing corn silage or 

grain corn yields (Ilnicki and Enache 1992).  

Crop rotation can aid in weed management by providing different chemical weed control 

options that vary from crop to crop (Goplen et al. 2017; Liebman and Dyck 1993; Norsworthy et 

al. 2012). Crop rotations have also been known to increase weed seed predation and create 

unfavourable habitats due to differences in tillage, resource competition, and cultural practices 

associated with growing different crops in succession (Kegode et al. 1999; Liebman and Dyck 

1993; Westerman et al. 2005). In a report from Liebman and Dyck (1993), crop rotation reduced 
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weed densities in 21 of 29 studies. In a separate study, a corn-sugarbeet-spring wheat rotation 

reduced the densities of four weed species (Wilson et al. 2007).  

Delayed crop planting until after the majority of weed species have emerged is another 

cultural weed management tactic (Mulder and Doll 1994). Williams (2006) showed that delayed 

sweet corn planting can increase competitiveness with weeds. Weed biomass in the early-planted 

sweet corn was five-fold greater than in late-planted sweet corn and sweet corn yield losses were 

up to 70% greater when planted early (Williams 2006). Similarly, Gower et al. (2002) reported 

lower weed densities in the late-planted compared to early-planted corn while Mulder and Doll 

(1994) reported lower amounts of between-row weeds when corn planting was delayed. 

Crop row spacing can influence weed emergence, density, and biomass accumulation. A 

relatively narrow corn row spacing of 60 cm resulted in lower weed density and biomass than a 

wide row spacing of 90 cm; however, the impact on yield was dependent on seeding rate 

(Mashingaidze et al. 2009). Narrow row spacing can be advantageous as it allows the corn 

canopy to close earlier resulting in reduced weed seed germination, emergence, and 

establishment (Gunsolus 1990). However, findings from Johnson and Hoverstad (2002) showed 

that there were no differences in early season weed growth between 51 and 76 cm rows, while 

the density of giant foxtail (Setaria faberi Herrm.) was greater in narrow rows later in the season. 

The benefits of cultural weed control are often amplified when used in combination with other 

methods of weed control (Gunsolus 1990; Jones et al. 2001; Moomaw and Martin 1984). 

 

 



 

 

15 

 

1.1.6.4 Biological Weed Control 

 

Biological weed control includes natural, indigenous bacteria, fungi, insects and rodents 

or can be intentional introductions of bio-control agents (Gourlay et al. 2005; Keever et al. 2021; 

McFayden 1998; Suckling 2013). Living organisms, or biological control agents, are a 

component of a diversified IWM program. Two different types of biological control exist: 

classical and inundative (Anonymous 2000; Charudattan and Dinoor 2000). Classical biological 

control typically involves the use of arthropods in small amounts to control the target weed 

(Anonymous 2000; Jenner et al. 2010). Small amounts of the agents are applied to weeds and left 

to reproduce over the season, slowly building their population and increasing control of the pest 

(Charudattan and Dinoor 2000). Though simple and sustainable, the lengthiness of this system 

has rendered it the more uncommon of the two approaches (Keever et al. 2021; Charudattan and 

Dinoor 2000). Inundative biological control is often referred to as a bioherbicide, as it is 

regulated as a pesticide. It involves the use of a pathogen such as fungi or bacteria in much larger 

quantities than classical biological control (Anonymous 2000; Charudattan and Dinoor 2000). In 

Canada, BioMal was registered for use against low mallow (Malva pusilla Sm.) from 1992 to 

2006 (Charudattan and Dinoor 2000). Often, bio-control agents are extremely specific and 

control only one weed species (Keever et al. 2021; McFayden 1998). Ecology of the weed, and 

the damage that each bio-control agent provides must be considered when evaluating the efficacy 

of a biocontrol agent (McFayden 1998). Success varies, however, Gourlay (2005) reported that 

the ragwort flea beetle (Longitarsus jacobaeae Waterhouse) provided 90% control of ragwort 

(Senecio jacobaea L.) after three years.  
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1.1.7 Herbicide Stewardship in Corn 

 

 The responsible use of herbicides is crucial for long-term successful weed management in 

corn. Adopting an IWM approach is the first step to successful herbicide stewardship as this 

reduces the overall dependency on herbicides (Shaner and Beckie 2013). Chemical weed control, 

as part of an IWM program should include herbicides with multiple effective modes of action 

(MOAs) over time (Busi et al. 2019; Norsworthy et al. 2012; Shaner and Beckie 2013; Torbiak et 

al. 2020). The decrease in the rate of introductions of herbicides with a new MOA over the last 

three decades stresses the importance of judicious use of existing herbicides to ensure that they 

are still effective for future generations of producers. IWM programs need to be implemented to 

mitigate resistance and reduce the amount of weed seeds contributed to the seedbank 

(Norsworthy et al. 2012; Shaner and Beckie 2013; Torbiak et al. 2020). In addition to using 

multiple MOAs, the environmental impact of herbicides must be considered. Atrazine, a 

historically important herbicide in corn production in Canada and the US, and a common tank 

mix partner with modern corn herbicides has been banned in parts of the world due to persistence 

and toxicity issues (Ahel et al. 1992; Swanton et al. 2007; Willingham 2005). Over application 

and repeated applications of persistent herbicides can lead to undesirable outcomes. Dicamba, a 

popular corn herbicide, is another example of a herbicide that requires increased stewardship. 

Dicamba is a highly volatile herbicide; off-target-movement can injure sensitive crops (Hartzler 

and Owen 2016). The long-term availability of dicamba is largely dependent on minimizing off-

target movement (Jones et al. 2019). It is crucial that all herbicide label directions are followed 

as they provide important application information including but not limited to buffer zones, spray 

drift considerations, application accuracy, and environmental conditions (Anonymous 2016; 
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Friesen et al. 2000). When applied properly, herbicides are an important component of a 

diversified IWM program in the production of a high yielding corn crop. 

 Weed Control in Soybean 

1.2.1 Overview of Soybean Production  

Soybean is a high protein and oil crop, grown primarily in Asia and the Americas (Averitt 

et al. 2017; Bellaloui et al. 2011; USDA 2021e; Wijewardana et al. 2019). Oil from this oilseed 

crop is a combination of both saturated (palmitic and stearic) and unsaturated (oleic, linoleic, and 

linolenic) (Bellaloui et al. 2011). Soybean is crushed and processed for protein, vegetable oil, 

livestock feed, and various industrial products (Soy Canada 2021a; Wijewardana et 

al. 2019). Non-genetically modified or Identity Preserved (IP) food-grade soybean is a popular 

food item in Asian culture as edamame, tofu, and miso (Soy Canada 2021a). China imports 60% 

of all soybean produced globally, 85 million tonnes more than the European Union, the second 

largest importer (USDA 2021e). According to the USDA (2021e), approximately 305 million 

tonnes of soybean were produced in 2019. Brazil, United States and Argentina accounted for 38, 

29, and 14% of world production, respectively. Canada accounts for 1.8% of global soybean 

production (USDA 2021e). Farm cash receipts from soybean are the third highest among field 

crops in Canada, at just over $2.5 billion (CAD) in 2019 (Soy Canada 2021b); 50-70% of 

Canadian soybean production is exported (Soy Canada 2021). Soybean was produced on 2.1 

million hectares in 2020, with Ontario, Quebec, and Manitoba producing 61, 18, and 18%, 

respectively (Soy Canada 2021b). The average soybean yield in Ontario is 3.03 t ha-

1 (OMAFRA 2021).  
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Soybean growth is influenced by day length (or photoperiod) and temperature making it 

unique relative to most other crops (Langewisch et al. 2017; OMAFRA 2012; Zhang et 

al. 2007). The onset of flowering is triggered by decreasing day length and temperature; the time 

of flowering is the primary factor determining when soybean matures (Langewisch et 

al. 2017). In Canada and Europe, indeterminate cultivars are grown primarily, while in more 

southern latitude regions, determinate cultivars are grown that flower uniformly once vegetative 

growth is complete (Voldeng et al. 1997; Yamaguchi et al. 2019). Latitude influences day length 

hence the establishment of soybean maturity groups based on narrow latitudinal ranges to rank 

them in terms of their maturity (Langewisch et al. 2017; OMAFRA 2012). There are 14 Maturity 

Groups ranging from 0000 to X (Jia et al. 2014; Zhang et al. 2007). The Maturity Group 000 and 

0000 contains the earliest maturing cultivars grown in the most northly latitudes of soybean 

adaptation (Zhang et al. 2007). Maturity Groups I to III are grown in southern Ontario, while 

Maturity Groups 0 to VIII are grown throughout the United States, depending mainly on latitude 

(OMAFRA 2012; Timmerman et al. n.d.; Zhang et al. 2007).   

1.2.2 Impacts of Weed Interference  

Though soybean has become increasingly competitive through plant breeding, weed 

interference has been identified as the most important manageable factor to minimize yield 

reductions (Soltani et al. 2017a; Soltani et al. 2019b). Multiple studies have evaluated potential 

soybean yield losses due to weed interference with mean yield losses between 30 and 

52% (Marangoni et al. 2013; Oerke 2005; Soltani et al. 2019b; Vivian et al. 2013). Oerke (2005) 

estimated that soybean yield losses due to disease, insect and weed pests were 16, 18 and 

34%, respectively. Likewise, work by Marangoni et al. (2013), Soltani et al. (2019b), 
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and Vivian et al. (2013) reported soybean yield losses due to weed interference to be 30, 37, and 

39%, respectively. Vollmann (2010) reported that in their Austrian field trials, soybean grain 

yield decreased by 560 and 370 kg ha-1 in 2005 and 2006, respectively, due to uncontrolled 

weeds; soybean yield loss was proportionate to weed ground cover. Fresh weight, which can be 

used to estimate soybean grain yield (Kasu-Bandi et al. 2019) was reduced 52 and 27% when 

yellow nutsedge (Cyperus esculentus L.) emerged 7 days before soybean and simultaneously 

with the crop, respectively (Leon et al. 2003). Both reductions occurred under the lowest density 

of nutsedge pressure (170 tubers m2) (Leon et al. 2003). Horneburg et al. (2017) found that 

buckwheat (Fagopyrum esculentum Moench) and mustard (Sinapis alba L.) were most 

competitive against three cultivars resulting in 54 and 49% yield reduction, respectively. GR 

Canada fleabane interference can be extremely detrimental causing soybean yields losses of 83-

93% (Byker et al. 2013). In a meta-analysis, Soltani et al. (2017a) estimated that North American 

soybean yield loss due to weed interference was 52% when no weed management tactics were 

implemented. Soltani et al. (2017a) quantified this loss in economic terms based on data from 

2007 to 2013. Yield losses ranging from 32-61% regionally throughout the US resulted in 

potential losses of $98 million (USD) in the northeastern states to $8.5 billion (USD) in the corn 

belt states (Soltani et al. 2017a). In Illinois alone, $2.7 billion (USD) can be lost due to weed 

interference in soybean (Soltani et al. 2017a). If Ontario farmers did not employ any weed 

management tactics, it has been estimated that soybean yield would be reduced 38% or a loss of 

$425 million (USD) annually (Soltani et al. 2017a).  

Other impacts of weed interference in soybean include reduced harvesting efficiency, and 

lower quality due to seed staining and mud tagging (Burnside 1973; Reschke 2007; Soltani et al. 
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2017a; Werner 1998). An abundance of weeds at harvest can clog the combine, inhibit grain 

from falling through sieves or reduce the cylinder speed, all of which reduce harvest efficiency 

(Burnside 1973; Lamp et al. 1961). Burnside (1973) found that over three years, plots infested 

with broadleaf weeds resulted in higher shattering losses when compared with weed-free or 

grassy plots. Harvest losses in these plots were 43% greater when harvest was delayed (Burnside 

1973). The presence of green weeds at harvest can rupture berries that stain soybean seed leading 

to reduced quality and increased dockage at the point of sale (Anonymous 2020; Steckel 

n.d.; Werner 1998). Specifically, pokeweed (Phytolacca americana L.) and eastern black 

nightshade (Solanum ptychanthum Dunal) are of concern as their dark purple-black berries 

leave undesirable staining that is unacceptable in food grade markets (Anonymous 2020; Steckel 

n.d.; Werner 1998). In addition, the moisture from green weeds at harvest can cause dirt and 

other foreign substances to stick to the seed, a phenomenon referred to as mud tagging, which 

can further impact quality resulting in lower prices at the point of sale (Anonymous 2020; 

Reschke 2007).  

1.2.3 Means of Weed Interference  

Soybean yield loss due to weed interference is the result of direct and indirect 

mechanisms. Direct interference is competition for light, moisture, and nutrients while indirect 

weed interference includes the shade avoidance response; both negatively impact soybean 

morphological and physiological development (Green-Tracewicz et al. 2011; Stoller and 

Woolley 1985).  
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1.2.3.1 Direct Weed Interference – Competition for Critical Resources  

Weeds and soybean compete for light, water, and nutrients when they coexist. Many 

weed species are competitive in soybean because they outgrow and subsequently shade the crop 

(Coble et al. 1981; Stoller and Woolley 1985; Wiles and Wilkerson 1991). Velvetleaf, 

jimsonweed, and common cocklebur (Xanthium strumarium L.) can cause up to 56% shade 

resulting in up to 25% yield loss in soybean (Stoller and Woolley 1985); they concluded that 

competition for light accounts for 100, 100 and 50% of the soybean yield loss caused by 

velvetleaf, jimsonweed, and cocklebur, respectively. Akey et al. (1990) reported that velvetleaf 

was taller than soybean and had a greater number of branches leading to increased light 

interception and increased competitiveness. Late in the season, competition for light is most 

severe (Stoller and Woolley 1985; Wiles and Wilkerson 1991). The fraction of 

photosynthetically active radiation intercepted by a common ragweed canopy increased from 

11% at six weeks after crop emergence to 45% 12 weeks after crop emergence (Coble et al. 

1981). During this same time frame, the competing soybean canopy intercepted 77 and 54% of 

radiation, respectively (Coble et al. 1981). These results show that as the season progresses, 

weeds tend to intercept a greater percentage of incident radiation. In addition, competition for 

light is also the primary factor responsible for decreased soybean yields in the presence of hemp 

sesbania (Sesbania herbacea (Mill.) McVaugh) (King and Purcell 1997; Norsworthy and 

Oliver 2002).  

Competition for moisture by weeds can reduce soybean yield, though it is not as common 

or dominant as competition for light (King and Purcell 1997; Vivian et al. 2013). Soybean is 

most sensitive to water shortages during reproductive growth (Du et al. 2020). Darmanti et al. 
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(2016) found that weed induced drought stress from purple nutsedge (Cyperus rotundus L.) 

lowered wet weight, dry weight, leaf area, leaf fresh weight, and height of the soybean canopy. 

The presence of weeds can accentuate drought stress, as found in studies that combined the two 

factors (Darmanti et al. 2016). Surprisingly, the activity of antioxidant enzymes in soybean was 

reduced when subjected to competition with purple nutsedge alone but not when subjected to 

drought stress or the two combined (Darmanti et al. 2016). Mckenzie-Gopsill et al. (2016b) also 

reported that drought stress, which can be generated by weed interference, reduced above ground 

biomass, and altered biomass allocation within soybean plants. This resulted in a decline in the 

number of seeds per plant but no effect on seed weight due to soybean plasticity (Mckenzie-

Gopsill et al. 2016b; Vivian et al. 2013).   

Unlike many other crops, soybean is a legume that can fix its own nitrogen (N), leading 

to little need of any synthetic N fertilizer (Chander et al. 2013; Sivarajan et al. 2019). A study 

from 1973 showed a 20% increase in vegetative growth but no effect on yield when N was 

applied to soybean (Terman 1977). Nonetheless, competition for nutrients due to weed 

interference can impact soybean. Harre and Young (2020) reported that potassium (K) and iron 

(Fe) are the macronutrient and micronutrient taken up by grass and broadleaf weeds in the 

greatest quantity, which can impact nutrient availability in soybean. A 60% reduction in 

Fe uptake by soybean occurred when competing weeds were not removed until they reached 45 

cm tall (Harre and Young 2020). Conversely, Millar et al. (2011) concluded that sufficient 

Fe was present for soybean even under weed competition. Harre and Young (2020) determined 

that increasing weed competition negatively impacted soybean seed weight, pods per plant, and 

yield; however, differences were not always statistically significant. Chander et al. (2013) saw 
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that 89% more N and phosphorus was removed from weedy soybean plots than the weed-free 

plots. Soybean N and K uptake increased up to 187 and 166%, respectively, when grown in a 

weed-free compared to a weedy environment (Chander et al. 2013). The yield response to 

applied nutrients in soybean is variable (Millar et al. 2012; Terman 1977). Nutrient competition 

with weeds is not as impactful in soybean as it is many other crops; light is the predominant form 

of direct competition that influences soybean growth, development, and yield (Chander et al. 

2013; Stoller and Woolley 1985).  

1.2.3.2 Indirect Weed Interference - Light Signaling: The Red:Far Red Light Ratio  

The presence of weeds causes a decline in the red:far red ratio (R:FR), which cues 

soybean to adopt shade avoidance mechanisms resulting in changes to soybean anatomy and 

morphology. Seedlings exposed to nearby weeds grow taller, have longer internode length, 

reduced root growth, and lower root:shoot ratio (Gal et al. 2015; Gong et al. 2015; Green-

Tracewicz et al. 2011; Green-Tracewicz et al. 2012; Hitz et al. 2019; Liu et al. 2017b; Mckenzie-

Gopsill et al. 2016a; Page et al. 2009). Green-Tracewicz et al. (2011) reported that soybean 

seedlings grown in the presence of weeds were 38% taller than the weed-free control, though no 

differences were detected at the beginning of reproduction. Similarly, Gal et al. (2015) found that 

soybean grown in a weed-free environment was 4.5 cm tall at the cotyledon stage compared to 

soybean grown in the presence of weeds which was 5.3 cm tall. Increased internode length is a 

common effect of reduced R:FR ratios, either through the presence of weeds or by planting 

soybean at increased densities (Green-Tracewicz et al. 2011; Hitz et al. 2019; Xu et al. 2020).  

Multiple studies have documented the effect of decreased R:FR on root biomass, length, 

area, and volume (Gal et al. 2015; Green-Tracewicz et al. 2011; Rockenbach and Rizzardi 
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2019). Weed interference during early vegetative growth, VC-V3 reduced root length by 21% 

(Rockenbach and Rizzardi 2019). Significant decreases in root volume from weed interference at 

V2 and V3 occurs despite no significant reduction in root diameter or number of root tips (Gal et 

al. 2015). The same study found that average total root length decreased by 88 mm when weeds 

were present at V2 (Gal et al. 2015). Rockenbach and Rizzardi (2019) determined that soybean 

root:shoot ratio decreased in the presence of Canada fleabane at all timings except when the 

interference lasted from R2-R6. Other studies have shown that the presence of weeds results in a 

decline in soybean root:shoot ratio regardless of timing, however declines are greater when 

weeds are present during vegetative growth (Green-Tracewicz et al. 2011). These findings 

corroborate many other studies that show that the root:shoot ratio of soybean decreases when 

subjected to low R:FR ratios (Gal et al. 2015; Green-Tracewicz et al. 2012; Mckenzie-Gopsill 

et al. 2016a). Weedy conditions also result in decreased expression of two key genes responsible 

for flavonoid content in roots and for nodulation (Gal et al. 2015; Yoo et al. 2013). The presence 

of weeds reduces nodule number per plant and flavonoid content (Gal et al. 2015; Kasperbauer 

1987). A decrease in nodule number results in reduced soybean nodulation and nitrogen fixation; 

reduced flavonoid content interferes with soybean’s ability to scavenge reactive oxygen species 

(Gal et al. 2015; Kasperbauer 1987). Without this scavenging mechanism, soybean is unable to 

self-protect against heavy metals (Sharma et al. 2012).  

Many early season effects of reduced R:FR ratios on soybean carry through the entire 

growing season and can result in lower yields. Yield in soybean is determined by the number of 

plants per unit area, pods per plant, seeds per pod, and seed weight (Ulloa et al. 2010). Green-

Tracewicz et al. (2011) documented that seed number per pod and seed weight were not affected 
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by the presence of weeds; however, overall seed yield was 12% lower in the weedy than the 

weed-free treatment. The reduction in overall yield was caused by a decrease in pod number, 

from 100 to 88, for the weed-free and weedy plots, respectively, in conjunction with fewer 

branches in weedy plots (Green-Tracewicz et al. 2011). A 1983 study also concluded that 

soybean seed yield per node was reduced when soybean was shaded, however, the reduction in 

this study was a result of increased pod and flower abscission (Heindl and Brun 1983). 

Reductions in the R:FR ratio as demonstrated in plant population and intercropping studies 

support these findings of reduced yield, although differences are not always statistically 

significant (Board 2000; Liu et al. 2017b). Indirect weed interference can affect soybean 

structure and form and may result in yield loss.  

1.2.3.3 Factors Influencing Weed Interference  

Soybean yield loss from weed interference depends on weed species, weed density, the 

relative time of crop and weed emergence, soil type, soil health, and weather conditions. 

Generally, broadleaf weeds are much more competitive than grass weeds in soybean (Hock et 

al. 2006). Cowan et al. (1998) found that pigweed (Amaranthus spp.) was more competitive than 

barnyardgrass in soybean. When emerging with the crop, pigweed and barnyardgrass at low 

densities of 0.5-1 and 10-30 plants per meter of row, respectively, caused soybean yield 

losses ranging from 6-20% and 1-5%, respectively (Cowan et al. 1998). Common cocklebur 

negatively impacts yield more than velvetleaf or jimsonweed when present at the same 

densities (Stoller and Woolley 1985). As expected, weeds at higher densities cause higher 

soybean yield losses providing producers with greater financial incentives to control weeds 

(Hamill et al. 2004). Another critical consideration is relative time of emergence. Annual weeds 
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that emerge at planting or during stand establishment cause greater soybean yield loss than later 

emerging weeds (Vollmann et al. 2010). Hock et al. (2006) documented that when common 

sunflower (Helianthus annuus L.) emerged simultaneously with soybean it caused 52% yield 

loss compared to 21% yield loss when it emerged at first trifoliate. In a study evaluating 

postemergence control of pigweed in soybean, later-emerging seedlings had higher thresholds for 

spraying and lower doses required for control, demonstrating that early-emerging weeds are 

more competitive and cause greater soybean yield loss (Dieleman et al. 1996).   

1.2.4 Critical Weed-Free Period of Soybean  

Many studies have been conducted to determine the CWFP in soybean. Ontario studies 

conducted at various locations determined the CWFP to limit yield loss to 5% or less to be from 

VE to V1 or V3 (Van Acker et al. 1993). However, the CWFP was extended to R1 if yield losses 

of only 2.5% were deemed acceptable (Van Acker et al. 1993). Likewise, Green-Tracewicz et al. 

(2012) found that weeds present from soybean emergence to V2 had the greatest impact on 

soybean biomass accumulation. In no-till production, the weed species composition and 

emergence pattern is altered; velvetleaf and green foxtail (Setaria viridis (L.) P. Beauv.) recede 

while giant foxtail thrives, which can impact the CWFP (Buhler 1995). The CWFP in no-till 

soybean began at V1 and ended 40 days after emergence, which correlates to R1, aligning 

closely with the results from the Van Acker et al. (1993) study which used an acceptable soybean 

yield loss of 2.5% (Halford et al. 2001). Cooler spring temperatures result in later-germinating 

weeds that can delay the start of the CWFP (Halford et al. 2001). In no-till GR 

soybean, glyphosate needs to be applied before the unifoliate stage and weeds must be controlled 

until the V1-V3 stage to prevent yield losses greater than 5% (Swanton et al. 2000). Recent 
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studies conducted at three Ontario locations in 2015-16 affirmed previous findings 

demonstrating that keeping soybean weed-free between V1-V2 and VC-V1 resulted in less than 

2.5% and 5% yield loss, respectively (Soltani et al. 2019b). A US study determined the CWFP in 

soybean to be V2-V4 while other studies have indicated periods ending up to 45 days after 

planting (Chhokar and Balyan 1999; Mulugeta and Boerboom 2000). When fields are kept weed-

free until V1-V2, very few weed seeds are added to the seedbank (Chandler et al. 2001). This 

correlates well to OMAFRA’s recommendations that states soybean should be kept weed-free 

from V2 to V3 to maximize returns (OMAFRA n.d.). As expected, the various studies on CWFP 

have reported wide difference in CWFP due to differences in weed species composition, weed 

density, relative time of weed and soybean emergence, soil type, soil health, planting date, row 

spacing, and weather (Eyherabide and Cendoya 2002; Halford et al. 2001; Van Acker et al. 

1993).  

1.2.5 Herbicide-Resistant Crops  

Globally and nationally, the commercialization of HR soybean, and specifically GR 

soybean has resulted in simplified weed management programs and initially improved weed 

control, which led to rapid adoption of this technology. HR soybean accounted for 60% of 

all transgenic crops grown globally in 2005 (Beckie et al. 2006). Introduced in 1996, GR 

soybean (Roundup Ready, Monsanto) provided growers with a new option for in-crop control of 

weeds (Carpenter and Gianessi 1999; Dill 2005; Konduru et al. 2008). This technology proved to 

be popular; by 2003, 98% of Argentina’s soybean was seeded to GR cultivars and 60% of 

Ontario grown soybean were GR by 2005 (Beckie et al. 2006; Dill 2005). GR cultivars promoted 

convenience and flexibility of weed control and reduced financial risk, all of which were 
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attractive to growers (Beckie et al. 2006; Carpenter and Gianessi 1999; Hurley et al. 2009; 

Konduru et al. 2008). Just a few years later in 2010, glufosinate-resistant cultivars (LibertyLink, 

Bayer Crop Science) were brought to market (Culpepper et al. 2000; Schryver et al. 2017a). 

Within the last decade, glyphosate- and dicamba-resistant cultivars (Roundup Ready 2 Xtend, 

Bayer Crop Science) and Enlist E3 soybean with resistance to glyphosate, glufosinate, and 2,4-D 

(Corteva AgriScience) have been commercialized (Culpepper et al. 2000; Frene et al. 

2018; Green and Owen 2011; Schryver et al. 2017a). Enlist E3 cultivars allow for PRE or 

POST application of three separate modes of action, thus providing greater flexibility in weed 

management programs (Robinson et al. 2015). Enlist is no longer the only soybean triple stacked 

with resistance to three herbicide modes of action; the recent commercialization of XtendFlex 

soybean (Bayer Crop Science) has resistance to glyphosate, glufosinate, and dicamba (BCS 

n.d.). Dicamba, a Group 4, synthetic auxin provides excellent control of broadleaves and can be 

applied preplant (PP), PRE or POST in Roundup Ready 2 Xtend or XtendFlex soybean as 

Engenia, Roundup Xtend, or Xtendimax (Byker et al. 2017; Green and Owen 2011; Werle et al. 

2018).   

One of the main reasons for the introduction of Roundup Ready 2 Xtend, XtendFlex, and 

Enlist E3 soybean has been to combat widespread resistance to glyphosate (Frene et al. 

2018; Hurley et al. 2009; Schryver et al. 2017a). Cultivars with stacked traits make this easier by 

providing resistance to more than one mode of action thus reducing the reliance on a single mode 

of action. For example, GR waterhemp can be controlled with a two-pass program with the 

application of glyphosate/2,4-D applied POST in Enlist E3 soybean (Schryver et al. 2017a). 

Similarly, to improve control of problem weeds in glufosinate-resistant soybean, glufosinate, 



 

 

29 

 

applied POST, should be paired with PRE residual herbicides (Craigmyle et al. 2013; Schryver et 

al. 2017a). Overall, the introduction of soybean with various HR traits has increased flexibility in 

herbicide application timing, decreased soybean injury from herbicides, improved weed control, 

and reduced risk of financial loss from weed interference; however, other weed control practices 

should be implemented in a diversified IWM program to control weeds in HR crops.   

1.2.6 Integrated Weed Management  

To effectively manage weeds in soybean, especially those that are resistant to one or 

multiple herbicide modes of actions, IWM must be employed, the use of varied weed 

management techniques and control methods. These approaches may include some or all of 

chemical, mechanical, cultural, or biological weed control methods described below. 

1.2.6.1 Chemical Weed Control  

Herbicides are and have been a part of successful weed management in soybean for more 

than six decades. The USDA reported that in 1990, almost 95% of all soybean fields received a 

herbicide application (UDSA 1991). At this time, trifluralin, chlorimuron-ethyl, and metribuzin 

were applied to 37, 20 and 19% of soybean, respectively (USDA 1991). Though total US 

soybean acreage receiving a herbicide did not increase much from the 1990s to the 2000s, the 

products applied did change. GR cultivars rapidly increased in popularity over this time, 

resulting in 62% of soybean hectares receiving glyphosate in 1999 (USDA 2000). In that same 

year, 16% of soybean fields received imazethapyr, while pendimethalin and trifluralin each 

accounted for 14%. Not only did glyphosate usage significantly exceed all other herbicides, but 

the number of applications per field was also different; an average of 1.3 applications of 

glyphosate were made compared to one application of other herbicides besides chlorimuron-
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ethyl (USDA 2000). Similar usage trends are evident in Eastern Canada where GR soybean 

is widely grown; in 2011, 72% of all soybean cultivars were GR (Vink et al. 2012).  

With an increased focus on IWM programs, producers have shifted from single POST 

applications of glyphosate to the application of a PRE residual herbicide followed by a POST 

application, especially in no-till fields (Bruce and Kells 1990; Byker et al. 2013; Ganie et al. 

2016; Riar et al. 2013; Thompson et al. 2007; Vink et al. 2012). A two-pass weed control 

program was a common practice before the commercialization of GR cultivars. Following the 

widespread evolution of GR weeds, North American soybean producers once again implemented 

two-pass weed control programs to improve weed control and reduce the selection intensity for 

the evolution of additional HR weeds (Heap 2022; Ganie et al. 2016; Riar et al. 2013). Control of 

GR giant ragweed was greatest with saflufenacil alone or tank mixed with glyphosate applied PP 

as a burndown in soybean (Vink et al. 2012). In the late 1980s, PP applications of 2,4-D alone, or 

glyphosate + 2,4-D followed by paraquat, metolachlor, or linuron applied PRE provided 

excellent control of Canada fleabane (Bruce and Kells 1990). Byker et al. (2013) found that 

dicamba applied PP provided greater control of GR Canada fleabane than 2,4-D or cloransulam. 

Sequential applications of dicamba PP followed by POST resulted in soybean yield that was 

similar to the weed-free control (Byker et al. 2013). Chander et al. (2013) showed that control of 

multiple grass and broadleaf weeds in soybean is possible with pendimethalin applied PRE 

followed by chlorimuron-ethyl applied early POST. Similar to previous studies, Schryver et al. 

(2017a) demonstrated that herbicides applied PRE were more effective for the control of GR 

waterhemp than herbicides applied POST, and that PRE followed by POST herbicide programs 

provided greater control than PRE or POST alone, regardless of soybean HR traits. Ganie et al. 
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(2016) reported that >95% control of GR giant ragweed could be achieved with 2,4-D amine 

applied PP, followed by sulfentrazone and cloransulam applied PRE and glyphosate or 

glyphosate plus fomesafen applied late POST to control any weed escapes. Both treatments 

provided similar control to combining PP tillage with PRE and late POST herbicide 

applications demonstrating that IWM strategies can be highly effective (Ganie et al. 2016).   

1.2.6.2 Mechanical Weed Control  

For many years, crop producers relied on tillage and in-crop cultivation for weed 

management; however, mechanical control is becoming less prevalent as more farms convert to 

conservation tillage. As Lovely et al. (1958) pointed out, timing of mechanical control is crucial 

in achieving success. Timely rotary hoeing that begins when weeds have germinated reduce 

weed densities by 72% and increase soybean yields, while rotary hoeing that begins when weeds 

are in the 1-3 leaf stage provides only 40% weed control (Lovely et al. 1958). A sequential 

mechanical weed control program of two passes with a rotary hoe followed by two cultivation 

passes controlled weeds 76% in soybean (Burnside and Colville 1964). Buhler et al. (1992) 

determined that the effectiveness of mechanical control was dependent on weed density. At low 

weed densities, rotary hoeing- or cultivation-based weed management systems resulted in 

soybean yield that was similar to the weed-free control (Buhler et al. 1992). When used in 

combination with PRE herbicides, two passes with a cultivator resulted in a 50-75% reduction in 

the required herbicide rate (Buhler et al. 1992). Similar results were reported by Hooker et al. 

(1997b) who found that one pass with a rotary hoe and two passes with an inter-row cultivator 

for a total of three passes provided excellent weed control in moldboard plow, chisel plow, and 

no-till systems when a residual PRE herbicide was used. These results show that multiple weed 
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management techniques used in combination can provide excellent weed control in soybean and 

reduce the dependence on a single weed management tactic. As conservation and no-tillage 

practices become increasingly popular amongst growers, weed control becomes more difficult as 

the option for mechanical weed control is removed. Growers who choose to adopt these reduced 

tillage systems need to focus on cultural, biological, and chemical weed control to minimize 

soybean yield losses due to weed interference.   

1.2.6.3 Cultural Weed Control  

An IWM program also includes manipulating soybean row spacing, planting date 

and stand density, as well as implementing cover crops, and crop rotation. Soybean grown in 

narrow rows reduces weed growth and can subsequently increase yields (Daramola et al. 

2020; Patterson et al. 1988; Rasool et al. 2017; Rosset and Gulden 2020; Steckel and Sprague 

2004). Soybean grown in 19 cm rows reduced the CWFP by 104 growing degree days, at the 5% 

acceptable yield loss level, compared to soybeans grown in 76 cm rows (Rosset and Gulden 

2020). Intermediate row spacings of 37.5 cm also decreased the CWFP compared to wide rows 

(Rosset and Gulden 2020). Common cocklebur and sicklepod (Senna obtusifolia (L.) H.S. Irwin 

& Barneby) biomass increased, causing soybean yield to decrease, as row spacing increased 

from 15 cm rows up to 30, 45, and 90 cm rows (Patterson et al. 1998). Soybean biomass and 

yield was not affected by row width in weed-free plots (Patterson et al. 1998). Waterhemp 

emergence, biomass, and seed production was greater in 76 cm wide rows compared to 19 cm 

rows (Steckel and Sprague 2004). Wide rows allow greater amounts of light penetration through 

the canopy later in the season which allows prolonged weed germination, emergence, and 

growth (Daramola et al. 2020; Steckel and Sprague 2004; Yelverton and Coble 1991).   
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The effect of planting date in reducing weed pressure in soybean has produced varied 

results and is largely a practice undertaken in organic systems. Some conclude that delaying 

planting reduces the density of multiple weed species, while others have reported the 

opposite (Buhler and Gunsolus 1996; Gunsolus 1990; Mierau et al. 2020; Wallace et al. 2018). 

When planting timing is the only weed control method manipulated, significantly more weeds 

are present at early planting timings (Buhler and Gunsolus 1996; Gunsolus 1990). Buhler and 

Gunsolus (1996) found that 80% of common lambsquarters (Chenopodium album L.) seedlings 

emerged between the early and late planting dates of May 12-16 and June 2-7 resulting in final 

weed densities that were 3 times greater in the early planted soybean. Greater control of 

velvetleaf was also achieved when planting was delayed (Buhler and Gunsolus 1996). As 

Gunsolus (1990) pointed out, care must be taken when planting late; 30% yield loss can occur 

when planting is delayed from May 10 to June 20 in Minnesota. To avoid potentially large yield 

losses, conventional farmers plant early and use other weed control techniques that are not 

available to organic farmers. In organic systems, delaying planting allows emerged weeds to be 

controlled with tillage prior to planting (Gunsolus 1990). This is especially effective in 

controlling early germinating weeds including common lambsquarters, pigweed, and velvetleaf 

(Buhler and Gunsolus 1996; Coulter and Nafziger 2007; Gunsolus 1990). Soil temperatures are 

warmer at later plantings than they are at earlier plantings, allowing the seed to germinate and 

emerge quicker thus being more competitive with weeds than early planted soybean (Coulter et 

al. 2011; Mohler 2001). Nonetheless, not all weed species are affected by planting date (Buhler 

and Gunsolus 1996; Mierau et al. 2020; Wallace et al. 2018). Wallace et al. (2018) showed 

that the density of both giant foxtail and smooth pigweed (Amaranthus hydridus L.) was 
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lowest in early-planted soybean. Similar variation has been reported when measuring weed 

interference on soybean yield planted early and late (Mierau et al. 2020).  

Increasing seeding rates can lead to increased crop competitiveness against weeds and 

higher yields, although agronomically and economically there is a threshold beyond which 

this strategy can lead to reduced returns and issues with quality and harvest (Arce et al. 2009; 

Cox and Cherney 2011; Gaspar et al. 2020; McWhorter and Barrentine 1975; Owen et al. 

2014; Purucker and Steinke 2020). Increasing soybean seeding rates from 10 plants m-2  to 160 

plants m-2 reduced the biomass of volunteer GR canola while simultaneously increasing soybean 

yields (Mierau et al. 2020). Contrary to these findings, Rasool et al. (2017) reported that seeding 

rate had no effect on soybean yield or control of Rhodes grass (Chloris gayana Kunth). The 

CWFP can be extended when soybean is planted at low densities of 335,000 plants ha-1, however 

no differences in the CWFP occurred when soybean was grown at 446,000 or 669,000 plants   

ha-1 (Rosset and Gulden 2020).  

Cover crops can have an impact on weed management, though results have been variable. 

Montgomery et al. (2018) reported very good control of Palmer amaranth in soybean with a 

wheat plus hairy vetch cover crop. Early-season weed control was dependent on termination 

date; seven days PP provided the lowest level of control compared to all other terminating 

timings (Montgomery et al. 2018). These findings align with those of Wallace et al. (2017) who 

found that cover crop termination date greatly influenced weed control in an organic no-till corn 

and soybean rotation. Winter rye can reduce the biomass of Canada fleabane seedlings by 96% 

along with reducing plant height (Vanhie et al. 2020). However, the authors also reported that 
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winter rye did not effectively reduce Canada fleabane density; a 16% reduction occurred which 

was not statistically significant (Vanhie et al. 2020).  

Crop rotation allows for different control tactics to be employed in different crops, 

making it a valued component of cultural weed control. A 2013 summary of Iowa farmers found 

that 93% were using crop rotation as a means of managing HR weeds (Arbuckle and Lasley 

2013). Murphy et al. (2006) found that longer crop rotations increased the diversity of weed 

species but when implemented with reduced tillage, weed densities were reduced (Murphy et al. 

2006). In contrast, in 3 of 8 years, a soybean monoculture had lower weed densities than a 3-

year rotation, and crop rotation had little effect on weed species diversity (Doucet et al. 

1999). The authors also reported that crop rotation does not play as large a role in managing 

weeds in conventional moldboard plow systems compared to no-till systems (Doucet et al. 

1999). These findings support that acceptable weed control can result from the use of many weed 

management tactics used in a complementary program.  

1.2.6.4 Biological Weed Control  

Classical and inundative weed control strategies are the fourth component that can 

be incorporated into an IWM program to effectively manage weeds in soybean. Canada thistle 

(Cirsium arvense (L.) Scop.), a resilient perennial and member of many US states’ noxious weed 

lists has long been a challenging weed to control in soybean fields (Gronwald et al. 2002; Hoeft 

et al. 2001; Miller and Lym 1998; Tichich and Doll 2006). Pseudomonas syringae pv. tagetis 

(PST) is a toxin producing pathogen that contributes to Canada thistle control (Gronwald et al. 

2002; Hoeft et al. 2001; Tichich and Doll 2006). Hoeft et al. (2001) found that the application of 

PST reduced Canada thistle density, height, plants with seed heads, and number of seed heads 
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per plant compared to the control, however an application of bentazon provided greater 

reductions. Similarly, PST was found to cause greater disease when applied with an 

an organosilicon surfactant in both greenhouse and field trials (Gronwald et al. 2002). Canada 

thistle shoot dry weight treated with PST was 0.59 g while the untreated control measured 1.44 

g. No change in soybean shoot dry weight occurred (Gronwald et al. 2002). This biological 

control strategy may not be limited to Canada thistle alone; studies show that common ragweed 

exhibits remarkably similar symptoms (Gronwald et al. 2002; Rhodehamel and Durbin 1985; 

Styer and Durbin 1982). Although the options are limited, more research is being conducted 

on biological control agents as a component of a diversified IWM program.    

 Weed Control in Dry Bean  

1.3.1 Overview of Dry Bean Production   

Dry bean (Phaseolus vulgaris L.) is a pulse crop grown on smaller hectarages than corn 

and soybean. Dry bean is a legume that is high in protein, starch, dietary fiber, minerals, and 

vitamins, and low in fat (Alberta Pulse Growers n.d.b; OBG n.d.; Siddiq and Uebersax 2013). 

Dry bean seeds form in the pod of a legume which classifies them as a pulse crop (Bekkering 

2015; OBG n.d.). Dry bean is a traditional ingredient in many dishes; it is commonly used in 

soups, and can be cooked, fried, baked, or ground into flour (OBG n.d.; Siddiq and Uebersax 

2013). Dry bean is frequently divided into white or coloured bean classes; over 400 cultivars 

representing numerous market classes are grown globally (Bekkering 2015; OBG n.d.). Some of 

the most popular classes include navy (white), black, kidney, cranberry, azuki, small red, 

yellow, and pinto (Alberta Pulse Growers n.d.b; Bard 2019; Bekkering 2015; OBG n.d.; US Dry 

Bean Council n.d.). In 2020, just over 27 million metric tonnes of dry bean was produced 
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globally. India, Brazil, and Myanmar produced 5.5, 3.0, and 2.7 million metric tonnes, 

respectively (FAO 2021). Myanmar is the leading exporter of dry bean while India is the 

largest importer. In 2010, the US accounted for just 5% of global dry bean production, ranking 

4th globally (FAO 2021); North Dakota, Michigan, Washington, Montana, and Idaho were the 

top five producing US states in 2018 (USDA 2018). Pinto and navy beans are the two most 

popular market classes grown in the US (Siddiq and Uebersax 2013); small red, black, kidney, 

and great northern beans are other market classes that are grown in the US (Bard 2019; US Dry 

Bean Council n.d.). Despite Canada being a major producer of pulse crops, dry bean accounts for 

a very small portion; Canada ranks 14th globally in dry bean production (Bekkering 2015). Of the 

490,000 tonnes of dry bean produced in Canada in 2020, Ontario, Manitoba, and Alberta 

accounted for 38, 32 and 19%, respectively (Bekkering 2015). Farm cash receipts totaled just 

over $150 million (CAD) in 2010 (Bekkering 2015). Within Ontario, 48% of dry 

bean production is navy beans, the remaining 52% represents coloured market classes including 

small red, otebo, azuki, cranberry, kidney, and black beans (OBG n.d.; OMAFRA 

2021a; OMAFRA 2021b). Huron, Perth, Middlesex, and Oxford counties produce the majority 

of Ontario grown dry bean (OMAFRA 2021a; OMAFRA 2021b).  

1.3.2 Impacts of Weed Interference  

Dry bean yield losses as a result of weed interference can be substantial; in addition, 

weeds can also result in harvesting difficulties and seed staining leading to monetary losses at the 

point of sale. Dry bean is a poor competitor with weeds, in part due to its short stature, making 

weed management very important for profitable dry bean production (Ghamari and Ahmadvand 

2012; Pynenburg et al. 2011; Sikkema et al; 2007; Soltani et al. 2018b). A meta-analysis 
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published by Soltani et al. (2018b) combined 10 years' worth of dry bean field data from the US 

and Canada to calculate average yield losses due to weed interference; an average of 71% yield 

loss occurred when no weed management tactics were implemented. The regions surveyed 

account for greater than 90% of all dry bean growing areas in North America (Soltani et al. 

2018b). A 71% dry bean yield loss would translate into a $722 million (USD) loss for producers 

(Soltani et al. 2018b). A 1995 study reported that yield losses due to common ragweed in white 

beans could be as high as 52% (Chikoye et al. 1995). Comparable results were reported 

by Blackshaw and Esau (1991); they found that averaged over two years, hairy nightshade 

(Solanum physalifolium Rusby), an important weed in western Canada dry bean production, 

resulted in 83% yield loss in pinto bean. Common lambsquarters and redroot pigweed 

also pose significant risks to yield; when left uncontrolled, white bean yield losses were reduced 

40 to 71% (Wall 1995). Yield losses in Iran-grown dry bean as a result of weeds have been 

reported to be 60%, consistent with findings in North America (Hossein and Ahmadvand 2012).  

In addition to dry bean yield reductions, the presence of weeds at harvest can 

reduce harvest efficiency and dry bean quality. Weeds can cause staining of dry bean seed which 

will result in lower grades and reduced sale prices (Alberta Pulse Growers n.d.a; Blackshaw 

1991; Burnside et al. 1998; Sikkema et al. 2007; Soltani et al 2017a). Weeds present at harvest 

will also cause extra moisture in the combine, which can cause soil and dust to stick to the seed, 

commonly referred to as “earth-tag”, which will result in down-grades at the point of sale 

(Alberta Pulse Growers n.d.a). Weed control is important not only throughout the season to 

minimize yield reductions but also at harvest to reduce declines in seed quality and price.  
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1.3.3 Means of Weed Interference  

1.3.3.1 Direct Weed Interference – Competition for Critical Resources   

Direct competition for light, moisture and nutrients between weeds and dry 

bean represents the primary method in which weeds reduce dry bean yields. Ghamari and 

Ahmadvand (2012), proposed that a reduction in available resources under weed competition led 

to a decrease in crop growth, which caused dry bean to be shorter in the presence of weeds. The 

same study reported that weeds influenced the number of pods plant-1; there were 14 pods plant-1 

in weed-free treatments which was reduced to 5 pods plant-1 in the weedy plots (Ghamari and 

Ahmadvand 2012). In dry bean, yield is determined by number of plants per unit area, 

pod number per plant, seeds per pod, and seed weight; the first component set during the 

growing season is pod number per plant (Adams 1967; Woolley et al. 1993). Woolley et al. 

(1993) reported that of all yield components, pod number per plant was most influenced by weed 

interference, which explains lower grain yields when pod number is reduced (Ghamari and 

Ahmadvand 2012). A reduction in available photosynthetic active radiation (PAR) and reduced 

water availability also contribute to dry bean yield loss in the presence of weeds (Ghamari and 

Ahmadvand 2012).  

Many weeds, including the pigweeds (Amaranthus spp.), nutsedge (Cyperus spp.), 

johnsongrass (Sorghum halepense (L.) Pers.) and barnyardgrass are C4 plants while most crops 

are C3 species (Elmore and Paul 1983; Valerio et al. 2011). In conditions where soil moisture is 

limited, which is often accentuated by crop-weed competition, plants keep their stomata closed 

to reduce transpiration which also limits CO2  entry into cells, a crucial step in photosynthesis. C4 

plants can physically separate photosynthetic reactions which results in little photorespiration 

due to high concentration of CO2 in the bundle sheath cells (Elmore and Paul 1983). C3 plants 
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are not able to separate the reactions which leads to higher rates of photorespiration and 

lower efficiencies during periods of drought stress when competing with C4 species (Ghamari 

and Ahmadvand 2012; Valerio et al. 2011). Therefore, moisture deficits often favour C4 weed 

species compared to C3 crops such as dry bean.  

Weed competition can also reduce biomass accumulation and yield by amplifying the 

decrease in absorbed radiation that occurs as a crop grows (Ghamari and Ahmadvand 2013). 

When weed biomass exceeded 200 g m-2 , overall net assimilation rates were negative, 

demonstrating a significant decrease in the amount of dry matter production per leaf area under 

weed competition (Ghamari and Ahmadvand 2013).   

Unlike soybean and other leguminous plants, dry bean is not as efficient at fixing 

nitrogen (N) (Bliss 1993; Graham and Ranalli 1997). As a result, dry bean needs to be fertilized 

with N which can lead to competition between the crop and weeds for nutrients. Saberali et al. 

(2012), found that in the presence of weeds, dry bean biomass was reduced 29% when the 

recommended N rate was applied in high weed density treatments compared to when no N was 

applied at the same weed density. Similar results were apparent at harvest when seed yield was 

analyzed; dry bean yield loss was 40% when N was applied but decreased to 15% when no 

N was applied (Saberali et al. 2012) showing that weeds take up much of the applied N. Dry 

bean is also impacted by competition with weeds for phosphorus (P) and potassium (K). When K 

was applied, dry bean growth and nutrient uptake increased relative to weed uptake and growth. 

This is of particular importance given that when no K was applied, weeds had double the 

concentration of K relative to dry bean (Ugen et al. 2002). However, when N or P was applied, 
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the competitiveness of the weeds exceeded that of dry bean (Ugen et al. 2002) which poses 

significant problems if weeds are present in a dry bean crop.  

1.3.4 Critical Weed-Free Period of Dry Bean  

The purpose of the CWFP is to identify the period in which a crop needs to be kept free 

of weeds to prevent yield losses of over 2.5 or 5% (Hall et al. 1992; Knezevic et al. 2002; 

Swanton and Weise 1991). Numerous studies have been conducted in dry bean which have 

concluded CWFP’s ranging from four to nine weeks after planting (WAP) (Aguyoh and 

Masiunas 2003; Blackshaw 1991; Burnside et al. 1998; Dawson 1964; Wilson 1993; Woolley et 

al. 1993). Dry bean had to be kept weed-free for nine weeks after emergence to achieve biomass 

accumulation and seed yield that were similar to the weed-free control (Blackshaw 1991). 

Although nine weeks seems like a long period of time, Aguyoh and Masiunas (2003) found that 

in snapbeans, late-emerging redroot pigweed reduced yield up to 48%. Though late-emerging 

pigweed was not as competitive, it can still cause substantial yield loss (Aguyoh and Masiunas 

2003). To keep yield losses to a maximum of 3%, white beans grown in Elora, ON Canada had 

to be kept weed-free from the second trifoliate to the first-flower stage (Woolley et al. 1993). 

Similar findings from Burnside et al. (1998) showed that the average CWFP extended from 3 to 

5 WAP. In contrast, some studies have found that weeds must be controlled beginning at dry 

bean emergence (Dawson 1964; Wilson 1993). In irrigated studies, small red beans had to 

remain weed-free from emergence until 5 WAP to avoid crop yield loss (Dawson 1964). Weeds 

that emerged after week five did not impact bean yield (Dawson 1964). Great northern dry 

bean is able to successfully compete with wild proso millet (Panicum miliaceum L.) when kept 

weed-free from emergence to 4 WAP which corresponds to the fourth trifoliate growth stage 
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(Wilson 1993). Control of wild proso millet was deemed most important at the beginning of the 

season; yield reductions of 12 to 31% were observed at densities of 10 plants m-2 (Wilson 

1993). Like all crops, it is important that dry bean is kept weed-free from emergence through the 

CWFP, especially given its poor competitive ability with weeds.   

1.3.5 Integrated Weed Management 

An IWM program should be implemented in dry bean due to its sensitivity to weed 

interference and sensitivity to many of the herbicides that are used for weed management in 

soybean.  

1.3.5.1 Chemical Weed Control  

Many research studies have investigated the tolerance of dry bean to herbicides and weed 

control efficacy; however, there are still few herbicide options for weed management in dry 

bean. Crop sensitivity hinders the registration of many herbicides that provide efficacious weed 

control in soybean (OMAFRA 2021c). Compared to corn and soybean, HR cultivars do not exist, 

which further limits herbicide options. Broadleaf weeds are more challenging to control in dry 

bean than grasses. Currently, there are two soil-applied herbicides, imazethapyr and 

halosulfuron, registered for broadleaf weed control in Ontario. In addition, there are three post-

emergence (POST) herbicides, bentazon, fomesafen, and halosulfuron for broadleaf weed control 

in most dry bean market classes, although registrations can be market class specific 

(OMAFRA 2021c). There are more herbicide options for grass control in dry bean including 

soil-applied application of dimethenamid-p, EPTC, pendimethalin, S-metolachlor or trifluralin 

and POST-applied clethodim, fluazifop-P-butyl, quizalofop-P-ethyl, and sethoxydim 

(OMAFRA 2021c). When applied to black bean, S-metolachlor applied preplant incorporated 
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(PPI) or PRE is safe. In contrast there is a narrow margin of crop safety with imazethapyr PPI or 

PRE applied alone or tank mixed with S-metolachlor; a spray overlap can lead to dry bean injury 

and yield loss (Soltani et al. 2004). Halosulfuron or imazethapyr can be co-applied with 

pendimethalin or pendimethalin plus S-metolachlor PPI for control of common annual grass and 

broadleaf weeds in azuki bean (Soltani et al. 2020b). Each tank mix was found to provide >98% 

control of redroot pigweed, common lambsquarters, wild mustard (Sinapis arvensis L.) and 

barnyard grass, >94% control of green foxtail and adequate control of common ragweed eight 

weeks after application (Soltani et al. 2020b). In a profitability analysis of various weed 

management tactics in white bean, trifluralin plus S-metolachlor had the largest increase in profit 

margins, demonstrating that the use of a PPI herbicide is important to maximize profitability 

(Sikkema et al. 2007).  

Multiple soybean herbicides have been considered for weed management in dry bean 

production (Cowan and Sikkema 2018; Soltani et al. 2007, 2018c; Taziar et al. 2017). Cowan 

and Sikkema (2018) evaluated saflufenacil, metribuzin, saflufenacil + metribuzin, 2,4-D ester, 

flumetsulam, cloransulam-methyl, and chlorimuron-ethyl applied pre-plant in three market 

classes: kidney, small red, and white bean. Of the aforementioned herbicides evaluated, only 2,4-

D ester had a large enough margin of crop safety (Cowan and Sikkema 2018); however, as of 

2022 it is not registered. Pethoxamid co-applied with halosulfuron or imazethapyr provided 

>72% control of green foxtail, common ragweed, common lambsquarters, and redroot pigweed 

applied PRE (Soltani et al. 2018a). A tank mixture of pethoxamid and halosulfuron resulted in 

1.4% injury, and yields were similar to the weed-free control; injury was slightly higher with the 
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co-application of pethoxamid and imazethapyr resulting in slightly lower dry bean yield (Soltani 

et al. 2018a).   

1.3.5.2 Mechanical Weed Control   

Mechanical weed control is one component of an IWM program in dry bean production 

but should not be relied upon exclusively as physical control is frequently inadequate (Amador-

Ramirez et al. 2016; Burnside et al. 1994, 1998; Martelloni et al. 2016). A profitability 

analysis evaluated various herbicide treatments in white bean as the primary weed control 

method with cultivation, bentazon, and fomesafen as the secondary weed control strategies 

(Sikkema et al. 2007). The analysis determined that of the secondary control methods, 

cultivation had the most positive impact on overall returns (Sikkema et al. 2007). Hooker et al. 

(1997b) found that one pass with a rotary hoe followed by two passes with an inter-row 

cultivator consistently reduced the herbicide rate needed to control weeds in both a fall 

moldboard plowed and fall chisel plowed system. Yields correlated to these results; a 

combination of mechanical and herbicidal control yielded the most, regardless of tillage system 

(Hooker et al. 1997b). 

The success of mechanical weed control is dependent on the type of implement used 

and timing (Amador-Ramirez et al. 2016; Vangessel et al. 1998). Many studies have concluded 

that inter-row cultivators provide the greatest and most consistent level of weed control of the 

mechanical weed control options (Burnside et al. 1998; Martelloni et al. 2016; Vangessel et 

al. 1998). Martelloni et al. (2016) found that cultivating at three and four WAP with an inter-row 

cultivator reduced weed biomass by 40%, with very little to no dry bean yield penalty, while a 

spring harrow at the same timing reduced weeds by just 14% and reduced dry bean yield. Inter-
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row cultivators are more effective than standard cultivators across high and low weed densities 

(Vangessel et al. 1998). Under low weed pressure, 48 weeds m-2, a standard cultivator did not 

adequately control weeds without an early pass with a rotary hoe; two or more cultivations with 

an inter-row cultivator, without the use of a rotary how provided similar control to that of the 

herbicide treated control (Vangessel et al. 1998). Under high weed density, 140 weeds m-2, an 

inter-row cultivator did not need to be accompanied by a rotary hoe, whereas to provide the same 

level of control, the standard cultivator did need rotary hoe accompaniment (Vangessel et al. 

1998). These findings agree with those of Burnside et al. (1998) who determined that the inter- 

row cultivator provided better weed control than the rotary hoe and that weed control was not 

further improved by additional passes with a rotary hoe. In a study of weed control in Great 

Northern dry bean, inter-row cultivation reduced redroot pigweed and wild proso millet density 

by 62 and 92%, respectively in 1996 (Amador-Ramirez et al. 2001). In 1997, redroot pigweed 

was controlled 87% by inter-row cultivation plus rotary hoeing, though these implements did not 

always provide consistent control (Amador-Ramirez et al. 2001).   

In addition to the implement used, timing of mechanical weed control can influence 

success. Based on the CWFP of dry bean Vangessel et al. (1998) determined that weed control 

between weeks three to nine after planting was required to minimize dry bean yield loss due to 

weed interference. The greatest reduction in weed population was obtained with an early rotary 

hoe pass when weeds were at the cotyledon stage, followed by an inter-row cultivation pass 

when dry bean was between one to three trifoliate (Vangessel et al. 1998). Inclement weather 

and soil conditions delayed rotary hoeing and inter-row cultivation in studies by Hooker et al. 

(1997a) which led to weedier conditions than plots that received timely mechanical treatment. 
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The potential for flame weeding as a method of weed control in dry bean has also been 

investigated. In Italy, navy bean was flamed at V1 and V2 to assess tolerance (Martelloni et al. 

2016). Dry bean flamed at V2 was more tolerant than any dose applied at V1. A liquefied 

petroleum gas dose of 39 kg ha-1 applied at V2 was not injurious to dry bean plants and resulted 

in dry bean yield that was similar to the non-flamed control (Martelloni et al. 2016). However, 

the efficacy of flaming on weed control is dependent on weed species and size at time of 

application (Ascard 1995; Cisneros and Zandstra 2008).  

1.3.5.3 Cultural Weed Control  

Cultural weed management is a critical component of a diversified IWM program in dry 

beans. The manipulation of row width and planting density can reduce weed-induced dry bean 

yield reductions but should be used in combination with other weed management tactics.  

Blackshaw et al. (1999) found that reducing navy bean spacing from 69 to 46 or 23 cm or 

increasing density from 24 to 48 plants m-2 reduced hairy nightshade biomass and increased dry 

bean yield. Dry bean yield increased by 23 and 33 g m-2 when row spacing was reduced from 69 

to 23 cm at densities of 24 and 48 plants m-2, respectively (Blackshaw et al. 1999). In another 

study, Blackshaw et al. (2000) reported that small red beans are more competitive with weeds 

when grown in 23 cm rows compared to 69 cm rows, regardless of density. Weed biomass 

reductions because of higher seeding rates, 50 plants m-2, compared to 20 plants m-2, were 

dependent on row width over the three years of the study (Blackshaw et al. 2000). Reducing dry 

bean row width from 76 to 38 cm resulted in improved common lambsquarters, pigweed, and 

velvetleaf control in black beans at all site-years in a study conducted by Holmes and Sprague 

(2013). Similarly, Malik et al. (1993) found that reducing dry bean row width from 69 to 46 or 
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23 cm decreased weed biomass 15 to 21%, respectively. Manipulating the seeding rate did not 

influence competitiveness against weeds (Malik et al. 1993). Seed yield of wide row-grown dry 

bean was 40% less than the yield from medium or narrow rows under weedy conditions, and 

only 16% less when grown in weed-free environments, demonstrating a clear advantage of 

medium or narrow rows over wide rows (Malik et al. 1993).   

Though methods to control weeds in dry bean are far less abundant and under-researched 

in comparison with other row crops like corn and soybean, weed control is possible with the use 

of a diversified IWM program. When grown and managed properly, dry bean can be a very 

profitable crop given the higher commodity prices associated with this high-value crop (Soltani 

et al. 2018b).  

 Acetochlor  

1.4.1 Overview of Acetochlor  

Acetochlor (2-chloro-N-ethoxymethyl-N-(2’-ethyl-6'-methylphenyl)) is a soil-applied 

chloroacetanilide herbicide that belongs to the group of herbicides that inhibit very long-chain 

fatty acid (VLCFA) elongases (WSSA Group 15) (Braswell et al. 2016; Cahoon et al. 2015; 

Fogleman et al. 2018; Murschell and Farmer 2019; Norsworthy et al. 2019). Acetochlor is 

commonly used throughout the United States for weed management in the production of corn, 

cotton, and soybean (Armel et al. 2003; Atwood and Paisley-Jones 2017; Cahoon et al. 

2015; Jhala et al. 2015; Murschell and Farmer 2019). In 2012, acetochlor was the 7th most used 

pesticide, and 5th most used herbicide in the US based on weight of active ingredient applied 

(Atwood and Paisley-Jones 2017). Thirteen to seventeen million kilograms of active ingredient 

were applied in the US in 2012, coming in behind glyphosate, atrazine, S-metolachlor, and 2,4-D 
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(Atwood and Paisley-Jones 2017). The use of acetochlor in a diversified weed management 

program can reduce the selection pressure for the evolution of HR biotypes to other modes of 

action including the acetolactate synthase inhibitors (WSSA Group 2), photosynthesis inhibitors 

(WSSA Group 5), 5-enolpyruvylshikimimate3-phosphate synthase inhibitors (WSSA Group 

9), and protoporphyrinogen oxidase inhibitors (WSSA Group 14), which partially accounts for 

its current popularity in the US given the rapid increase in the number of hectares with HR 

weeds (Armel et al. 2003; Braswell et al. 2016; Cahoon et al. 2015; Jhala et al. 2015).   

1.4.2  History and Formulation  

In early 1994, the United States Environmental Protection Agency (EPA) approved the 

use of acetochlor as a herbicide (de Guzman et al. 2005; Heydens et al. 2010; Meyer and 

Scribner 2009). Acetochlor was registered by the Acetochlor Registration Partnership (ARP), 

which in 1994 was comprised of Monsanto and Zeneca, but in 2000, became Monsanto, now 

Bayer Crop Science and Dow AgroSciences, now Corteva Agriscience (de Guzman et al. 

2005; Heydens et al. 2010). Some trade names for acetochlor in the US include 

Harness, Warrant, Surpasss, Guardian, and Relay (Fogleman et al. 2019; Heydens et al. 2010; 

Meyer and Scribner 2009). Its registration was conditional on the findings of an extensive 

groundwater monitoring program that would document the presence of acetochlor in 

groundwater (de Guzman et al. 2005; Kolpin et al. 1996). It was anticipated that acetochlor 

would replace herbicides that were frequently applied across corn hectarage at the time, such as 

2,4-D, atrazine, alachlor, and metolachlor.  These latter herbicides were typically applied at 

higher rates than acetochlor (de Guzman et al. 2005). Registrations for the use of acetochlor in 
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Canada have only recently been submitted to the Pest Management Regulatory Agency (PMRA) 

and are currently awaiting review. 

Two formulations of acetochlor are available that influence various properties of the 

herbicide. Harness is an emulsifiable concentrate (EC) while Warrant is a capsule suspension 

(CS) formulation of acetochlor (Cahoon et al. 2015; Fogleman et al. 2019; Gustin et al. 

2005; Norsworthy et al. 2019). The CS formulation utilizes a polymer coating that controls the 

release of acetochlor, resulting in a slow release of product (Li et al. 2008; Fogleman et al. 

2019; Rao 2000). Oftentimes, encapsulated products are favoured for their higher margin of crop 

safety, lower risk of herbicide leaching and longer periods of weed control (Cahoon et al. 2015; 

Rao 2000). One consideration is that an EC formulation must be agitated to produce 

the emulsion (Monaco et al. 2002). A safener is present in the product Harness for use in corn, 

but not in the CS formulation (Gustin et al. 2005). Safeners increase crop safety by promoting 

rapid herbicide degradation in the crop with generally no impact on the weed species, resulting in 

similar efficacy with a wider margin of crop safety (Davis and Caseley 1999; Sivey et al. 

2015). Dichlormid (Surpass EC, Corteva Agriscience), and furilazole (Harness, Bayer Crop 

Science) are safener pairings with acetochlor (Davies and Caseley 1999; Sivey et al. 2015).   

1.4.3 Absorption and Translocation  

Acetochlor is a selective preplant (PP), preplant incorporated (PPI), preemergence (PRE) 

or early post (ePOST) herbicide (Anonymous 2012; Anonymous 2018). Uptake and 

absorption of acetochlor occurs primarily via emerging plant shoots, but studies have shown that 

it can be absorbed through the roots (Jhala et al. 2015; Shaner 2014). Acetochlor that enters the 

soil solution is absorbed by the coleoptile in grasses, and by the hypocotyl or epicotyl in 
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broadleaves, via passive diffusion (Hartzler n.d.; Shaner 2014). The lack of cuticle, endodermis 

and Casparian strip in the elongating shoots of grasses and broadleaves below the soil surface 

results in greater shoot absorption; plants beyond the seedling stage can take acetochlor up 

through the roots (Shaner 2014). In some crops there is a wider margin of crop safety when 

applied PPI due to reduced absorption through the emerging shoot (Prendeville et al. 1967). 

Acetochlor is translocated from roots to vegetative shoots, but the effect is irrelevant 

as acetochlor is only phytotoxic to emerging seedlings (Shaner 2014). This type of movement 

can also be referred to as acropetally translocated or xylem-translocation with accumulation 

occurring in vegetative regions of the plant (Jhala et al. 2015; Shaner 2014).   

1.4.4 Mode of Action  

Acetochlor is a very long-chain fatty acid elongases (VLCFAE) inhibitor (WSSA Group 

15); it is classified as a cell growth disruptor and inhibitor. It targets and inhibits VLCFA 

elongases that catalyze the addition of a carboxyl group to a fatty acid chain in the endoplasmic 

reticulum (Shaner 2014; Sikkema 2021). The application of VLCFAE inhibitors results in 

reduced uptake of acetate, a reduction in fatty acid desaturation, a large increase in 18:1 oleic 

acid content, inhibition of oleate incorporation, and inhibition of cuticular wax formation (Böger 

1997; Wu et al. 1999). Incorporation of the salt or ester of oleic acid, oleate, has been reported to 

be the most sensitive to the chloroacetamide herbicides (Böger 1997). Though the specific site of 

action of fatty acid elongation for acetochlor is unknown, evidence suggests that the specific 

target site has to do with 18:1 oleic acid (Böger 1997; Wu et al. 1999).   
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1.4.5 Selectivity and Symptomology 

Acetochlor provides control of many small-seeded annual grasses and some annual 

broadleaf weeds in corn, soybean, cotton, and sunflower crops (Bedmar et al. 2017; Jablonkai 

and Hatzios 1991; Jhala et al. 2015; Weisshaar and Böger 1987). The basis of selectivity with 

acetochlor is a result of increased herbicide metabolism in the crop. Conjugation of acetochlor-

based herbicides can occur enzymatically via glutathione S-transferases or non-

enzymatically (Jablonkai and Hatzios 1991). Glutathione or homoglutathione conjugates are 

produced in corn and soybean, respectively which is the basis for crop safety in the 

aforementioned crops (Jablonkai and Hatzios 1991; Shaner 2014).  

The primary symptom of soil-applied herbicides like acetochlor is a lack of grass and 

broadleaf weed emergence (Jhala et al. 2015; Shaner 2014). A failure of emergence represents 

control of those respective weeds. Grass weeds that do emerge may appear twisted and 

deformed, with leaves that are tightly wound in the whorl, unable to unravel properly, and may 

leaf out underground (Jhala et al. 2015; Shaner 2014). Broadleaf weeds may have crinkled or 

cupped leaves that resemble draw stringing, especially under cool conditions (Jhala et al. 2015; 

Shaner 2014).   

1.4.6 Tolerance  

There is a wide margin of crop safety in corn and soybean with acetochlor. Research on 

the safety of acetochlor has been conducted in many crops (Cahoon et al. 2015; Ferebee et al. 

2019; Jhala et al. 2015; Jursik et al. 2015). Fogleman et al. (2019) reported that the EC 

formulation of acetochlor caused significantly more damage to rice than the CS formulation. 

At two weeks after treatment, CS-treated rice plants exhibited 22% injury while the EC-treated 
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plants exhibited 48% injury (Fogleman et al. 2018). Vasilakoglou et al. (2001) found that there 

was no difference in oat root growth between the two formulations of acetochlor. It was reported 

that injury was greater on sand-textured soils and soils with low organic matter (Vasilakoglou et 

al. 2001). Acetochlor can cause injury to sunflower, especially under irrigated conditions. Injury 

at the 4-leaf stage and shortly before sunflower row closure was up to 23 and 10% in 

nonirrigated conditions, and 30 and 15% in irrigated conditions, respectively (Jursik et al. 2015). 

Of the 11 pre-emergent herbicides used for weed control in sunflower, acetochlor was 

consistently the second or third most injurious and sunflower had the longest recovery period, 

however no yield reductions were detected with its use (Jursik et al. 2015). In cotton, when 

applied alone, CS acetochlor caused no more than 5% injury (Cahoon et al. 2015). In soybean, 

injury was always less than 10%, even when three consecutive applications of acetochlor were 

made throughout the season at PRE, early POST, and late POST timings (Jhala et al. 2015). 

Contrary to the little injury observed in soybean and cotton, pumpkins have very little tolerance 

to acetochlor (Ferebee et al. 2019). In Virginia, US, two years of trials found pumpkin 

exhibited up to 53% injury 14 days after planting (DAP) and 26% injury 28 DAP (Ferebee et al. 

2019). In only one of three locations the CS formulation of acetochlor caused reduced injury 

compared to the EC formulated product (Ferebee et al. 2019).  

The effect of acetochlor timing on crop injury is crop-dependent; applications in rice 

are more injurious when applied PRE, whereas timing has no impact on soybean injury 

(Fogleman et al. 2019; Jhala et al. 2015).  

Tolerance of acetochlor is crop-dependent; however, it can also be cultivar- or hybrid-

sensitive (Allemann and Mphundi 2010; Metzger et al. 2019; Sweeney and Jones 2014). As 
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expected, increasing rates of acetochlor caused increased injury; however, regardless of the rate, 

21 different corn hybrids showed varying levels of injury (Allemann and Mphundi 2010).   

Safeners can increase crop tolerance, thus explaining why many commercially available 

formulations of acetochlor include a safener. Bernards et al. (2006) showed that dichlormid 

and furilazole reduce crop injury in inbred corn lines, which are often more sensitive than corn 

hybrids. Dichlormid and furilazole reduced injury by 48 and 50%, respectively, and reduced the 

number of injured plants from 27 to 5 and 2, respectively (Bernards et al. 2006). As the 

application rates of acetochlor increases, the effectiveness of the safeners decreases. Ekler et al. 

(1991) reported that dichlormid did not improve crop tolerance when acetochlor was applied at 

2.0 kg ha-1 (high rate); however, the safeners BAS-145138 and DKA-24 did improve crop 

tolerance at the high use rate of acetochlor.   

1.4.7 Weed Control Efficacy 

Acetochlor provides control of some small-seeded annual grass and broadleaf weeds. 

Weed control with acetochlor is influenced by soil moisture, soil characteristics, herbicide rate, 

and environmental conditions (Dhareesank et al. 2006; Nagy 2008; Vasilakoglou et al. 2001).   

Soil moisture is one of, if not the most important, determinant of weed control efficacy 

with soil-applied herbicides (Nagy 2008; Walker 1970). Herbicide solubility, movement, and 

degradation are affected by soil moisture and temperature (Jursik et al. 2020). Rainfall after the 

application of soil-applied herbicides is necessary to remove the herbicide from its suspension 

or emulsion and into the soil solution, to distribute the herbicide in the soil surface layers, and to 

make the herbicide readily available to its target species (Walker 1970). Nagy (2008) reported 

that the ability of acetochlor to control barnyard grass was reduced when less than 14 mm of 
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rainfall was received within 14 days of the PRE application. Pethoxamid, a soil-applied Group 

15 herbicide, demonstrated lower phytotoxic activity as soil moisture decreased (Dhareesank et 

al. 2005, 2006). In soils with high cation exchange capacities, S-metolachlor and 

pethoxamid failed to control common lambsquarters under low rainfall conditions (Jursik et al. 

2020). Jursik et al. (2013) also documented improved control of common lambsquarters, annual 

mercury (Mercurialis annua L.), and hairy nightshade in irrigated sunflower compared to when 

little precipitation fell early in the growing season.  

Soil-applied herbicides can bind to soil organic matter and clay content, rendering them 

unavailable for uptake resulting in reduced weed control efficacy (Ferri et al. 2006; Wang et al. 

1999; Weber and Peter 1982). The rate of acetochlor needed to reduce root length of oat in sand 

and a silty clay loam soil was 0.11 and 0.30 μg g-1 for the EC formulation of acetochlor and 0.12 

and 0.26 μg g-1 for the CS formulation of acetochlor, respectively (Vasilakoglou et al. 2001). 

Comparable results were reported when the soil organic matter levels were increased. Jursik et 

al. (2020) reported more injury from acetochlor and related herbicides on sandy soils than clay 

soils. Conversely, weed control efficacy is greater in soils with lower organic matter and clay 

content due to reduced binding and increased availability.  

Herbicide rate can also influence efficacy. Nagy (2008) found more consistent weed 

control when acetochlor was applied at 2000 g ai ha-1, compared to 1600 g ai ha-1. 

Acetochlor provides control of some small-seeded annual grass and broadleaf weed 

species (Cahoon et al 2015; Mueller and Steckel 2011). Acetochlor applied at 1740 g ai ha-1 

controlled broadleaf signalgrass (Urochloa platyphylla (Munro ex C. Wright) R. D. Webster) 

95% 14 DAA and up to 75% 45 DAA in corn (Mueller and Steckel 2011). Among five Group 15 
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herbicides, acetochlor and flufenacet reduced oat root growth the most, demonstrating that 

acetochlor is effective at targeting seedling roots (Vasilakoglou et al. 2001). Both the EC and CS 

formulations of acetochlor provided similar root reduction. Acetochlor provided >95% control 

of barnyard grass, redroot pigweed, and hairy nightshade in sunflower at canopy closure (Jursik 

et al. 2013). Acetochlor provided significantly better control of common lambsquarters 

and annual mercury (Mercurialis annua L.), than did metolachlor or pethoxamid (Jursik et al. 

2013). In cotton field trials, acetochlor was found to be a better base herbicide than 

pendimethalin; acetochlor increased control by 33% whereas pendimethalin increased control by 

only 21% at the two to three leaf stage (Cahoon et al. 2015). Pendimethalin and 

acetochlor provided similar control of large crabgrass (Digitaria sanguinalis (L.) Scop.) and 

goosegrass (Eleusine indica (L.) Gaertn.), but not Palmer amaranth. At six to seven leaf cotton, 

CS acetochlor provided 90% control of Palmer amaranth while pendimethalin alone provided 

only 81% control (Cahoon et al. 2015).   

The co-application of herbicides results in an increase in the spectrum of weeds 

controlled (Cahoon et al. 2015; Grichar et al. 2015; Jhala et al. 2015). Cahoon et al. (2015) noted 

that Palmer amaranth control was improved when diuron or fomesafen was co-applied with 

acetochlor. The addition of acetochlor to mesotrione PRE improved control of morningglory 

(Ipomoea spp.) and giant foxtail 17 and 64%, respectively, over mesotrione applied alone (Armel 

et al. 2003). In cotton, flumioxazin or fluridone PP followed by acetochlor + diuron PRE 

improved the control of both Palmer amaranth and annual grasses. Acetochlor added to 

pendimethalin PRE increased control of Palmer amaranth by 57% compared to pendimethalin 

applied alone at 1106 g ai ha-1 (Grichar et al. 2015). However, Grichar et al. (2015) also noted 
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that the control of Texas millet (Urochloa texana (Buckley) R. Webster) decreased when 

acetochlor was added to the tank, demonstrating that recommendations need to be weed specific.  

1.4.7.1 Waterhemp Control 

Studies conducted throughout the US have shown that acetochlor can be effective for the 

control of multiple-herbicide-resistant (MHR) waterhemp. Acetochlor (1680 g ai ha-1 and 3370 g 

ai ha-1) applied PRE controlled waterhemp 80% at 60 DAP; however, sequential applications of 

acetochlor PRE followed by early or late POST were required for 90% control at 100 DAP (Jhala 

et al. 2015). Likewise, Perkins et al. (2020) found that acetochlor reduced waterhemp density; 

there were 205 plants m-2 in the control compared to only 16 plants m-2 where acetochlor was 

applied, which was 7 to 14 times lower than all other treatments evaluated (Perkins et al. 

2020). Jones and Owen (2021) reported that in MHR waterhemp populations, acetochlor and S-

metolachlor provided the most consistent and efficacious level of control. Acetochlor at 2700 g 

ai ha-1 provided the best control of MHR waterhemp of all VLCFAE-inhibiting herbicides; 

however, control was only 75% 28 DAA (Strom et al. 2019).  

1.4.8 Toxicological and Environmental Impacts  

Much of the discussion surrounding acetochlor, and pesticides in general, is their 

toxicological impact to humans, animals, and the environment. Pesticides in Canada undergo a 

rigorous and strict review process by the PMRA prior to registration to ensure products harmful 

to humans, animals, or the environment are not commercialized.  

The first toxicological consideration is human health and safety. Research conducted on 

applicator safety from acetochlor exposure concluded that regardless of an open- or closed-cab 

application, no negative health effects would be expected (Gustin et al. 2005). Urine samples 
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were collected to measure 2-ethyl-6-methylaniline, the major metabolite of acetochlor; open-cab 

applicators had a median concentration of 49.1 ppb on the day of application while closed-cab 

applicators had a median concentration of only 16.5 ppb, below the level for an adverse health 

effect (Gustin et al. 2005). Contrasting conclusions were brought forward by Lerro et al. (2015) 

who found that applicators exposed to relatively high amounts of acetochlor showed an increased 

risk of developing colorectal cancer, while low or moderate use of acetochlor could increase the 

risk of lung, melanoma, and pancreatic cancers. However, many confounding factors such as 

physical activity, diet, smoking, and alcohol consumption may play a part in the development of 

cancer that were unaccounted for in the study (Lerro et al. 2015). Additionally, the authors stated 

that no definite conclusions could be made due to the short amount of time between exposure 

and cancer development and the small sample size (Lerro et al. 2015). Acetochlor has many 

toxicological similarities with its isomer, alachlor (Green et al. 2000). Rats and mice are 

common subjects used to evaluate carcinogenicity and were used in studies conducted by Green 

et al. (2000). They found that due to dissimilar metabolism pathways between mice and rats, the 

production of acetochlor sulphoxide does not occur in mice explaining why acetochlor can cause 

nasal tumors in rats, but not in mice, though the tumors in rats are non-life threatening (Green et 

al. 2000). No traces of acetochlor sulphoxide were detected on any of the 33 human nasal cells 

demonstrating that humans are not at-risk of nasal tumors (Green et al. 2000). Other studies have 

noted thrombosis and malformed hearts in zebrafish (Liu et al. 2017a) and accelerated 

metamorphosis of frog tadpoles in the presence of the thyroid hormone, 3,5,3’- triiodothyronine 

triiodothyronine (Cheek et al. 1999; Crump et al. 2002).  
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Acetochlor has been evaluated for its environmental impact including soil half-life, 

persistence, and mobility via leaching, runoff, and volatility. Chloroacetanilide herbicides are 

moderately to highly soluble in water, mobile in soil, and moderately persistent in the 

environment (Bedmar et al. 2017; Oliveira et al. 2013). As a requirement of its registration with 

the EPA, the presence of acetochlor in the hydrologic system was very closely monitored 

(Kolpin et al. 1996). Detection of acetochlor occurred in 29, 17, and 0% of the 42 rain samples, 

104 stream samples, and 38 groundwater samples, respectively (Kolpin et al. 1996). Detection in 

stream water is directly correlated with usage (Meyer and Scribner 2009). Though acetochlor 

was frequently detected in water samples, it is not found as frequently as metolachlor, a 

registered chloroacetanilide herbicide (Meyer and Scribner 2009; Scribner et al. 2006). The soil 

half-life of a pesticide is an important characteristic that will influence its residual activity, a 

critical component of soil-applied herbicides, but will also dictate its persistence and potential 

impact on the environment (Jursik et al. 2013; Oliveira et al. 2013). Weather conditions and soil 

characteristics influence herbicide persistence in the soil (Shaner 2014). Jursik et al. (2013) 

found the half-life of acetochlor to be 12.1 days, lower than that of S-metolachlor or pethoxamid. 

In field studies, Oliveira et al. (2013) reported that acetochlor had a half-life in surface soil of no 

less than 2.9 days and no more than 12.6 days. These findings are consistent with the results 

from Mueller et al. (1999), Mill et al. (2001), and Dictor et al. (2008) who all reported that 

acetochlor had a half-life of less than 20 days. They also reported very little leaching of 

acetochlor in the watershed (Oliveira et al. 2013). Acetochlor can provide residual weed control 

for up to 8-12 weeks - a desirable attribute for full-season weed control, but not long enough for 

recropping restrictions with rotational crops in succeeding years (Shaner 2014). Though the half-
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life of acetochlor is lower than that of many other soil-applied herbicides, its water solubility of 

233 ppm allows it to be easily dissolved in soil water (Hartzler n.d.). Microbes are responsible 

for the degradation of acetochlor (Shaner 2014). Overall, these findings show that though 

acetochlor is moderately persistent in the environment, it is no more persistent or hazardous than 

other registered herbicides in the same chemical family.  

1.4.9 Resistance    

Herbicide resistance is an important consideration that affects the long-term utility of a 

herbicide. Fourteen weeds have evolved resistance to the Group 15 herbicides including 3 dicots 

and 11 monocots, though they are characterized as a low-risk Group to develop resistance (Heap 

2022). In 2016, a Group 15 resistant population of waterhemp was identified in Illinois, 

US (Heap 2022; Jha 2020). The population is resistant to the Group 15 herbicides acetochlor, 

dimethenamid, pyroxasulfone, and S-metolachlor as a result of the repeated use of these products 

in corn-soybean rotations to control waterhemp (Heap 2022; Jha 2020).  

 Multiple-Herbicide-Resistant Waterhemp  

1.5.1 Overview  

Waterhemp is a dioecious, summer annual, broadleaf weed (Costea et al. 2005; Sarangi et 

al. 2005; Nordby et al. 2007; Waselkov et al. 2020). Waterhemp’s season-long emergence 

pattern, rapid growth rate, high fecundity, and resistance to multiple herbicide modes of action 

makes it an extremely challenging weed to control (Buhler et al. 2001; Hartzler et al. 1999; 

Hartzler et al. 2004; Hay et al. 2018; Heap 2022; Meyer et al. 2015; Uscanga-Mortera et al. 

2007). Waterhemp encompasses two species: tall waterhemp (Amaranthus tuberculatus (Moq.) 

Sauer) and common waterhemp (Amaranthus rudis Sauer) which are different varieties of the 
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same species (Steckel 2007). Though tall and common waterhemp were used in the past, this 

review will use the term waterhemp to describe Amaranthus tuberculatus.  

1.5.2 History & Geographic Presence  

Waterhemp is native to the floodplains and riverbanks of the Mississippi River, from 

Nebraska to Texas on the west and from Indiana to Ohio on the east side (Sauer 1957; Steckel 

2007; Waselkov and Olsen 2014). Despite its presence through most of the 1900s, it did not 

become a significant agricultural problem until the last quarter of the century (Hartzler 

2019b; Hartzler et al. 2004; Uscanga-Mortera et al. 2007). Throughout the 1980s, a shift towards 

conservation tillage practices and increased herbicide reliance favoured the success of 

waterhemp (Hartzler 2019b; Waselkov and Olsen 2014). Since the 1990s, the widespread 

popularity and use of HR crops has limited herbicide diversity in many fields resulting in high 

selection pressure for the evolution of HR waterhemp (Legleiter and Bradley 2008; Waselkov et 

al. 2020).  

Pollen and seed dispersal have allowed for the geographic spread of waterhemp from its 

native area in the midwest US, where it remained until the early 1980s (Liu et al. 2012; Steckel 

2007). As of 2022, MHR waterhemp has been identified in 2 countries, Canada and the US, and 

waterhemp resistant to the acetolactate synthase inhibitors was confirmed in Israel in 2019 (Heap 

2022). Missouri was the first US state to confirm GR waterhemp, but as of 2017, 19 states in the 

US had confirmed the presence of GR waterhemp (Sarangi et al. 2015, 2017) which does not 

include populations resistant to other modes of action. Sauer (1957) suggested artificial 

disturbance, from the clearing and cultivation of watersheds as well as sediment movement to be 

partially responsible for the movement of waterhemp from its native area.  
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Herbarium records document the native presence of Amaranthus tuberculatus but not 

Amanrathus rudis in Ontario (Costea et al. 2004). Much of the waterhemp currently present 

within Ontario is thought to have arrived from the US (Costea et al. 2004). The first confirmation 

of waterhemp was in Lambton County in 2002, though in 1992, specimens from Burnaby, 

British Columbia from non-agricultural lands were reported (Costea et al. 2004). Waterhemp can 

now be found in 15 Ontario counties including Essex, Lambton, Chatham-Kent, Middlesex, 

Huron, Bruce, Elgin, Norfolk, Brant, Wellington, Hamilton, Haldimand, Northumberland, Leeds 

and Grenville, and Stormont, Dundas and Glengarry.  

1.5.3 Resistance Profile  

Weeds that are resistant to multiple herbicide modes of action pose greater challenges in 

respect to control strategies. Currently, waterhemp has evolved resistance to seven different 

herbicide groups exists; up to six-way resistance has been reported in one field (Heap 2022; 

Shergill et al. 2018). These groups include the acetolactate synthase-inhibitors (WSSA Group 2), 

synthetic auxins (WSSA Group 4), photosystem II-inhibitors (WSSA Group 5), 5-

enolpyruvylshikimate-3-phosphate synthase-inhibitors (WSSA Group 9), protoporphyrinogen 

oxidase-inhibitors (WSSA Group 14), very long chain fatty acid elongases-inhibitors (WSSA 

Group 15), and the 4-hydroxyphenylpyruvate dioxygenase-inhibitors (WSSA Group 

27) (Anderson et al. 1996; Figueiredo et al. 2017; Legleiter and Bradley 2009a; Patzoldt and 

Tranel 2007; Shergill et al. 2018).  

More weed species have evolved resistance to the acetolactate synthase (ALS) (WSSA 

Group 2) inhibiting herbicides than any other herbicide group (Heap 2022). Resistance in 

waterhemp was first identified in the 1990s (Patzoldt and Tranel 2007). ALS inhibiting 
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herbicides stop the production of branched chain amino acids valine, leucine, and isoleucine 

which decreases the production of proteins, slows cell division, and ultimately results in plant 

death (Zhou et al. 2007). Patzoldt and Tranel (2007) identified three different forms of target site 

resistance that confer resistance to waterhemp; the most common is an amino acid substitution of 

tryptophan to leucine at position 574. Though the resistance ratios of non-target site mechanisms 

are often low, resistance to waterhemp via enhanced metabolism has also been confirmed (Guo 

et al. 2015).  

In 2009, the first occurence of poor waterhemp control with 2,4-D, a synthetic auxin 

herbicide (WSSA Group 4), was reported in Nebraska (Bernards et al. 2012; Crespo et al. 2017). 

Since the first reporting, 2,4-D resistant populations have been subsequently identified in Illinois 

and Missouri (Shergill et al. 2018). In susceptible plants, the application of 2,4-D rapidly 

degrades transcription factors that repress gene expression leading to enhanced gene expression 

and uncontrolled growth (Peterson et al. 2016). Figueiredo et al. (2017) reported no differences 

in the amount of 2,4-D absorbed or translocated between susceptible and resistant waterhemp 

populations; however; they did find that resistant plants reached 50% metabolism five times 

faster than susceptible plants. The mechanism behind 2,4-D resistance is enhanced metabolism, 

which is mediated by cytochrome P450 enzymes (Figueiredo et al. 2017).  

Triazine-resistant waterhemp (WSSA Group 5) was first identified in 1990 in the 

counties of Fillmore and Phelps in southern Nebraska, US (Anderson et al. 1996). In susceptible 

plants, triazine binds to the D1 protein, displacing plastoquinone and stopping electron flow in 

the electron transport chain leading to the accumulation of free radicals that cause cell 

death (Foes et al. 1998; O’Brien et al. 2018). Two different mechanisms of resistance confer 
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resistance in waterhemp to the triazine herbicides (Bell et al. 2013; Vennapusa et al. 2018). An 

altered target site confers resistance to both atrazine and metribuzin, while non-target 

site enhanced metabolism confers resistance to atrazine alone (Bell et al. 2013; Hartzler 

2019a; Pearce 2019). Altered target site resistance is maternally inherited through seed which 

limited its spread (Anderson et al. 1996). The difference in the chemical structure between 

metribuzin and atrazine leaves atrazine susceptible to enhanced metabolism via glutathione S-

transferases while metribuzin is not degraded (Bell et al. 2013; Hartzler 2019a; Vennapusa et al. 

2018). In target-site mediated plants, an amino acid substitution, caused by a mutation in 

the psbA gene, replaces a serine with a glycine at position 264 and confers resistance (Foes et al. 

1998; Patzoldt et al. 2003; Vennapusa et al. 2018).  

Glyphosate-resistant (WSSA Group 9) waterhemp was first identified in 2005 in Platte 

County, Missouri (Heap 2022; Legleiter and Bradley 2009b). Since 2005, Group 9-resistant 

waterhemp has been found in 19 US states stretching from North Carolina west to Texas and 

north to North Dakota (Heap 2022). Glyphosate acts as an inhibitor of aromatic amino acid 

synthesis by inhibiting the action of the 5-enolpyryvylshikimate-3-phosphate synthase (EPSPS) 

enzyme (Orcaray et al. 2009; Steinrucken and Amrhein 1980). Susceptible plants accumulate 

large amounts of shikimate when EPSPS is inhibited. In waterhemp, overexpression of the 

EPSPS gene is responsible for resistance (Dillon et al. 2017). EPSPS gene copy number 

increases in resistant plants, correlating to a decrease in shikimate accumulation and plant 

survival (Dillon et al. 2017; Kreiner et al. 2019). A second mechanism of glyphosate resistance 

in waterhemp is an altered target site; a proline to serine amino acid substitution at position 106 

of EPSPS enazyme. 
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Resistance to the protoporphyrinogen oxidase (PPO) inhibitors (WSSA Group 14) was 

first reported in 2001 in a Kansas soybean field treated with acifluorfen, a diphenylether 

herbicide (Shoup et al. 2003). PPO inhibitors act by preventing the action of the PPO enzyme 

which converts protoporphyrinogen IX to protoporphyrin IX thus preventing the formation of 

heme and chlorophyll leading to the formation of singlet oxygen which destroys cell membranes 

(Salas et al. 2016). Resistant populations in Illinois, Kansas, Missouri and Ontario all share the 

same mechanism of resistance; a glycine deletion at position 210 which reduces the efficiency 

of PPO (Lee et al. 2008; Wuerffel et al. 2015).   

Recently, populations of waterhemp in Illinois, US have been confirmed to be resistant to 

the WSSA Group 15 herbicides (Heap 2022; Strom et al. 2020). Group 15 herbicides including 

acetochlor, dimethenamid, pyroxasulfone and S-metolachlor are common PRE residual 

herbicides used in many row crops (Jones and Owen 2021; Strom et al. 2020). The Group 15 

herbicides inhibit elongation of fatty acids with greater than 18 carbons, referred to as very 

long chain fatty acids (Strom et al. 2020). Resistance is conferred through enhanced 

metabolism and occurs in very few weed species compared to other herbicide groups (Strom et 

al. 2020). Strom et al. (2020) found that resistant populations metabolized more S-metolachlor 

and had a higher proportion of glutathione conjugates than the susceptible waterhemp 

population.   

In 2009, waterhemp biotypes resistant to 4-hydroxyphenylpyruvate dioxygenase (HPPD) 

inhibitors were identified in Iowa and Illinois (Heap 2022). HPPD is an essential enzyme that 

catalyzes the reaction of 4-hydroxymethylpyruvate to homogentisate to produce plastoquinone 

and tocopherols (Hausman et al. 2011). A resistant Nebraska population had to be treated with 
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mesotrione at thirteen times the label rate to provide 50% control (Oliveira et al. 2017). The 

mechanism of resistance to the HPPD inhibitors has been characterized as enhanced metabolism 

by cytochrome P450 monooxygenases (Kohlhase et al. 2018).  

1.5.3.1 Multiple-Herbicide-Resistant (MHR) Waterhemp  

Resistance to multiple herbicide modes of action is of great concern as single populations 

evolve resistance to multiple groups. In 1996, the first documented case of MHR waterhemp 

resistance to Group 2 and 5 herbicides was found in a field in Illinois (Heap 2022). Five years 

later in 2001, two-way resistance to Group 2 and 14 herbicides was documented in Kansas (Heap 

2022). Shortly thereafter in 2002, three-way resistance in Illinois to Groups 2, 5, and 14 

14 herbicides were reported, and since then, resistance has continued to spread, both 

geographically and to an increased number of herbicide groups (Heap 2022). In 2014, grower 

complaints from a Missouri field led to the confirmation of six-way MHR waterhemp to Groups 

2, 4, 5, 9, 15, and 27 (Shergill et al. 2018). Multiple cases of five-way resistance have been 

documented but none of which include 2,4-D resistance (Heap 2022).  

1.5.3.2 MHR Waterhemp in Ontario  

MHR waterhemp exists in Ontario though not currently to the extent that is found in the 

US. The first case of MHR waterhemp in Canada was documented in Ontario in 2002, with a 

population that evolved resistance to Groups 2 and 5; glyphosate resistance did not appear until 

2014 in a Lambton County field (Hedges et al. 2018a; Schryver et al. 2017c).  Schryver et al. 

(2017c) confirmed three-way resistance to Groups 2, 5, and 9 from seed collected in 2014. Four-

way resistance to Groups 2, 5, 9, and 14 herbicides was first confirmed from seed collected in 



 

 

66 

 

2016 and 2017 (Benoit et al. 2019); 2022 marked the first confirmation of Group 27 resistant 

waterhemp and 5-way resistance in Ontario.  

1.5.4 Identifying and Distinguishing Features  

Waterhemp is one of 70 species that belong to the genus Amaranthaceae (Costea et al. 

2005). It is one of ten dioecious species belonging to the subgenus Acnida, differentiating it from 

other common Amaranthus species such as redroot pigweed, green pigweed (Amaranthus 

powellii S. Wats.), smooth pigweed (Amaranthus hybridus L.), and prostrate pigweed 

(Amaranthus blitoides S. Wats.) which are all monoecious species found in Ontario (Costea et al. 

2005; Hager et al. 2002; Horak and Loughin 2000; Trucco and Tranel 2011; Sauer 1957).   

As Ahrens et al. (1981) and many others have stated, identification of waterhemp can 

be difficult, especially early in the growing season, given that many of the Amaranthus species 

have similar morphological characteristics (Nordby et al. 2007; Trucco et al. 2006). The 

cotyledons of waterhemp are egg-shaped, shorter and less linear than those of other Amaranthus 

species. To the contrary, the first leaves are long and lanceolate, unlike the more rounded leaves 

of other Amaranthus species (Nordby et al. 2007). Seedlings often appear glossy and are 

completely hairless. Waterhemp grows in an upright, erect position and has no hairs on its stem 

(Costea et al. 2005; Nordby et al. 2007). Waterhemp typically grows up to 2 m in height but can 

reach up to 4 m in ideal conditions. It is the only dioecious Amaranthus species found in Canada; 

male and female flowers are on separate plants (Costea et al. 2005; Nordby et al. 2007). Male 

flowers produce pollen for reproduction, while female seedheads, which are branched and not as 

compact as other Amaranthus species, produce small round seeds that will range from reddish to 

dark black in colour (Nordby et al. 2007). The seeds are approximately 1 mm in diameter 
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(Costea et al. 2005). Though similar, it is crucial that these species are not misidentified 

because waterhemp is more challenging and competitive than some closely-related Amaranthus 

species.  

1.5.5 Optimal Growing Conditions  

Sauer (1957) described the environments where waterhemp was first discovered as being 

sandy and muddy soils along the edges of ponds, lakes and streams. However, as waterhemp has 

shifted to dominating agricultural landscapes, it has been found to grow in a wide range of 

environments. It has been documented as far south as Texas where conditions are very arid 

to the humid regions of Maine (Costea et al. 2005; Nordby et al. 2007; Sarangi et al. 2016) and 

does best in soils with a pH of 4.5 to 8 (Costea et al. 2005). Waterhemp thrives in poorly drained 

soils that are conducive to season long emergence; however, in environments where soil 

moisture is limited, waterhemp can still be problematic (Nordby et al. 2007; Sarangi et al. 2016). 

Sarangi et al. (2016) reported a 68% reduction in biomass when waterhemp was subjected to 

high water stress; however, the plants were still able to produce an average of 4,469 seeds per 

plant, showing that even under water stress, waterhemp can grow and produce seed.  

1.5.6 Germination, Emergence & Vegetative Growth   

Waterhemp is a fast-growing C4 summer annual broadleaf weed that has a unique 

germination and emergence pattern in comparison with other annual broadleaf weeds (Costea et 

al. 2005; Horak and Loughin 2000; Nordby et al. 2007; Sarangi et al. 2015; Steckel et al. 2003). 

Hartzler et al. (1999) reported that over a three-year study, 25% of waterhemp seed emerged 

which resulted in an average of 480 plants m-2 year. Buhler and Hartzler (2001) showed that 

cumulative emergence of waterhemp over four years was 15% with most seed (5%) emerging the 
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first year after burial. Waterhemp emerged approximately 15 days later than velvetleaf, woolly 

cupgrass (Eriochloa villosa (Thunb.)  Kunth), and giant foxtail but had a longer germination and 

emergence pattern (Hartzler et al. 1999). Similarly, Sellers et al. (2003), reported that of six 

Amaranthus species, waterhemp was consistently the last to begin emerging. At minimum, 

waterhemp was still emerging 16, 37 and 23 days after all other species had ceased germination 

in 1996, 1997, and 1998, respectively (Hartzler et al. 1999). Emergence in Iowa was shown to 

begin in late May and continue through until early August, whereas in Ontario, emergence spans 

from the beginning of June to August (Costea et al. 2005; Hartzler et al. 1999). Vyn et al. (2007) 

and Schryver et al (2017c) reported that in Ontario, waterhemp was still emergeing in September 

and October. 

High growth rates give waterhemp a competitive advantage over many other agricultural 

weeds (Horak and Loughin 2000; Nordby et al. 2007). Waterhemp had a maximum relative 

growth rate of 0.30 g g-1 day-1 , which was just slightly below that of Palmer amaranth (Horak and 

Loughin 2000). Of the four Amaranthus species analyzed, the same pattern was observed for all 

growth measurements including leaf area, height, and net assimilation where waterhemp had the 

greatest values following Palmer amaranth (Horak and Loughin 2000).  

Waterhemp growth is influenced by temperature, light, and water availability (Leon et al. 

2004; Sarangi et al. 2015; Steckel et al. 2003, 2004). When waterhemp was grown under 40 and 

68% shade there was no effect on relative growth rate or dry matter accumulations if plants 

emerged in May; however, when plants emerged in June, maximum dry matter accumulation 

decreased from 22 g g-1 day-1  in the no shade treatment to 3 g g-1 day-1 in the 68% shade treatment. 

Emergence date and shade had no effect on final plant height and all plants produced viable seed 
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(Steckel et al. 2003). In contrast, waterhemp subjected to severe water stress did not survive 

more than 30 days; there was a 68% reduction in aboveground biomass when waterhemp was 

grown in a high water-stressed environment (Sarangi et al. 2015). Temperature influences 

waterhemp germination. In the greenhouse, waterhemp germination was highest at temperatures 

of 25-35°C. No germination occurred at 10-15°C and germination decreased rapidly at 

temperatures above 35°C (Guo and Al-Khatib 2003). Similarly, waterhemp growth was optimal 

at temperatures between 25-35°C (Guo and Al-Khatib 2003). Overall, waterhemp’s high growth 

rates coupled with its resiliency and full season germination pattern allow it to succeed in many 

environments.  

1.5.7 Reproduction & Seed Dispersal  

Rapid evolution of herbicide resistance has been attributed to the dioecious nature of 

waterhemp, which forces outcrossing between separate male and female plants, resulting in huge 

genetic diversity (Bell and Tranel 2010; Montgomery et al. 2019; Sarangi et al. 2017). 

Waterhemp is a wind-pollinated species, with most of the pollen grains moving less than 25 m 

and pollinating nearby plants (Liu et al. 2012). However, pollen from male plants can travel as 

far as 800 m, and remain viable for up to 120 hours, though seed production is negatively 

impacted and flowering is delayed under these conditions (Liu et al. 2012; Sarangi et al. 2017). 

When pollen containing genes for herbicide resistance pollinates female plants, the problem of 

herbicide resistance is exponentiated (Bell and Tranel 2010; Liu et al. 2012; Montgomery et al. 

2019). Studies by Bell and Tranel (2010) reported that it took 12 days for seed to mature after 

pollination (day 0); ovules were evident 3 days after pollination as thin, light tan, translucent 
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discs. Waterhemp seed from female plants exposed to cold and warm conditions at flowering had 

a germination rate of 33 and 79%, respectively (Bell and Tranel 2010).   

Mature waterhemp seed is ovate, smooth, glossy, 1 mm in diameter, and dark red-brown-

black when mature (Government of Canada 2017). Seed production occurs throughout August in 

Iowa (Wu and Owen 2015). Waterhemp can produce prolific amounts of seed which aids its 

dominance in agricultural landscapes. Sellers et al. (2003) reported that waterhemp produced just 

under 289,000 seeds plant-1 when all surrounding plant competition was removed. This was the 

second most of six Amaranthus species, just shy of redroot pigweed with 291,000 seeds plant-

1,  even though waterhemp biomass was the second lowest of the six species (Sellers et al. 

2003). Steckel et al. (2003) reported that a single plant can produce up to one million seeds while 

Hartzler et al. (2004) reported 4.8 million seeds were produced from a single plant; seed 

production is influenced by shading, water stress, and time of emergence (Costea et al. 2005; 

Sarangi et al. 2017; Steckel et al. 2003). Dispersal of waterhemp seed occurs primarily via 

gravity and so most seeds drop near the mother plant; however, wind, water, machinery, 

and manure are all contributing causes to the spread of waterhemp seed (Costea et al. 

2005; Schwartz et al. 2016).  

Not only does waterhemp produce large numbers of seed, but its seed also remains 

viable in the seedbank for multiple years. Its persistence in the weed seedbank is aided by high 

initial seed viability (Korres et al. 2018; Leon et al. 2004). Over five locations in the US, 

viability of waterhemp seed never fell below 88% (Korres et al. 2018). In addition to high initial 

viability, the viability of waterhemp seed remains high up until 4 years later (Buhler and Hartzler 

1999). Burnside et al. (1996) reported seed germination of 3% after 17 years of burial. Damage 
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and seed loss were greater when seeds remained unburied compared to seeds that were buried 15 

cm; however, burying seeds leaves them susceptible to soil pathogens (Korres et al. 2018; 

Steckel et al. 2007). Given the shift towards minimum-till and no-till practices, small annual 

broadleaf weed seeds like waterhemp are concentrated near the soil surface which can impact 

viability (Clements et al. 1996; Govindasamy et al. 2020; Korres et al. 2018; Steckel et al. 

2007). Overall, high fecundity, high viability, and persistence of waterhemp seed contributes to 

its persistence in agricultural landscapes.  

1.5.8 In-Crop Competitiveness  

The resistance profile of waterhemp, coupled with its rapid growth rate and high 

fecundity make it an extremely competitive weed in multiple crops. Hager et al. (2002) reported 

that if not removed prior to four weeks after soybean unifoliate leaves have expanded, 

waterhemp will reduce soybean yield. Waterhemp that persisted 10 weeks after soybean 

unifoliate leaf expansion reduced yield by 43% (Hager et al. 2002). Similar yield losses in 

soybean have been reported by Steckel and Sprague (2004) and Bensch et al. (2003), though 

yield losses of up to 56% were reported by Bensch et al. (2003) in ideal conditions. At low 

waterhemp densities, soybean shoot biomass and number of soybean pods are reduced in 

waterhemp populations resistant to 2,4-D, atrazine, glyphosate, and PPO inhibitors compared to 

populations that exhibit only 2-way herbicide resistance (Butts et al. 2018). This difference 

between MHR populations is not evident at the R1 soybean developmental stage or at higher 

waterhemp densities. In Ontario, soybean yield losses of up to 73% have been observed due to 

waterhemp interference (Vyn et al. 2006). Control of GR waterhemp can be achieved by using 

the preformulated mixture of pyroxasulfone and flumioxazin in Ontario soybean (Hedges et al. 
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2018b), however, two pass programs are often necessary to provide season long control of MHR 

populations (Schryver et al. 2017b; Soltani et al. 2020a; Vyn et al. 2007).  

Waterhemp interference caused corn yield losses from 11 to 74%, depending on density, 

weather conditions, resistance profile, and relative time of crop and weed emergence (Steckel 

and Sprague 2004). Corn yield loss is influenced by waterhemp density; when fewer than 82 

plants m-2 were present, yield losses were consistently below 10%. At high waterhemp 

densities, a 36% reduction in corn grain yield was incurred if waterhemp was not controlled 

before it reached 15 cm in height (Cordes et al. 2004). Waterhemp that emerges after the V6 corn 

growth stage has minimal impact on corn yield (Steckel and Sprague 2004). In HR Ontario 

waterhemp populations, mesotrione + bromoxynil applied POST controlled waterhemp 90% in 

high density environments (Willemse et al. 2021b). In another study, where a 22% yield loss was 

noted between the weedy and weed-free control, mesotrione + atrazine POST or S-

metolachlor/mesotrione/bicyclopyrone/atrazine PRE provided the best control 8 weeks after 

application (Benoit et al. 2018). Waterhemp is a challenging weed to control that when left 

uncontrolled can cause significant corn yield loss and a concomitant decrease in net returns, in 

addition, there is waterhemp seed return to the weed seedbank causing increased weed 

management challenges in following years.  
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 Hypotheses and Objectives  

1.6.1 Hypotheses  

1) Waterhemp will continue to spread within Ontario. 

2) Waterhemp will evolve resistance to new herbicide modes of action.  

3)  Azuki beans (Vigna angularis) will be more sensitive to Group 15 herbicides applied 

preplant incorporated than Phaseolus vulgaris market classes of dry beans  

4) PP and PRE applications of acetochlor will provide greatest control of MHR waterhemp.    

5) The addition of a broadleaf herbicide to acetochlor will improve control of MHR 

waterhemp in corn and soybean.  

6) All Group 15 herbicides will provide acceptable MHR waterhemp control. 

1.6.2 Objectives  

1) To monitor and document the spread of MHR waterhemp in Ontario.  

2) To screen waterhemp biotypes for resistance to Group 4 and 27 herbicides. 

3)   To evaluate the tolerance of azuki, kidney, small red, and white bean to flufenacet, 

acetochlor, and S-metolachlor applied preplant incorporated.   

4)   To evaluate the control of MHR waterhemp with acetochlor applied PP, PRE, and      

POST in corn and soybean.  

5)   To evaluate the control of MHR waterhemp in corn and soybean with acetochlor-

based tankmixes applied preeemrgence.  

6)   To evaluate residual MHR waterhemp control with Group 15 herbicides. 
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Chapter 2: Tolerance of four dry bean market classes to flufenacet, 

acetochlor, and S-metolachlor applied preplant incorporated  

 Abstract 

Common bean and azuki bean are poor competitors with weeds and demonstrate sensitivity 

to herbicides used for weed control in soybean. S-metolachlor, flufenacet, and acetochlor belong 

to the Group 15 herbicides and provide control of multiple annual grass weeds and select small-

seeded broadleaf weeds. The tolerance of four dry mean market classes (azuki, kidney, small red, 

and white bean) was evaluated by way of field trials near Exeter and Ridgetown, ON in 2019, 

2020, and 2021 to 1X established label rates and 2X rates of S-metolachlor (1,600 and 3,200 g ai 

ha-1), and possible 1X and 2X rates of flufenacet (750 and 1,500 g ai ha-1) and acetochlor (1,700 

and 3,400 g ai ha-1) applied preplant incorporated (PPI). Injury was evaluated by symptom, 

density, shoot biomass, height, seed moisture content, and seed yield were recorded. Azuki bean 

was more sensitive to the Group 15 herbicides than other dry bean market classes; the Group 15 

herbicides caused a 12% reduction in azuki bean growth at 2 weeks after emergence; growth 

reduction was ≤2% in the common bean classes. Flufenacet (2X rate) was the most injurious 

treatment causing a 27% reduction in azuki bean yield. This study concludes that kidney, small 

red, and white bean have a sufficient margin of crop safety to flufenacet, acetochlor, and S-

metolachlor applied PPI. Azuki bean was sensitive to flufenacet; additional research is needed to 

investigate azuki bean tolerance to acetochlor and S-metolachlor applied PPI.  

 Introduction 

Dry bean (Phaseolus vulgaris) and azuki bean (Vigna angularis (Willd.) Ohwi & H. 

Ohashi) are important food crops. In 2020 the US was the 4th largest producer of dry bean; the 
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highest dry bean-producing states were North Dakota, Michigan, Minnesota, Nebraska, and 

Idaho (FAO 2021; Lucier and Davis 2020). Though production occurs on smaller hectarages in 

Canada, farm cash receipts from Canadian dry bean production totaled over $315 million (CAD) 

in 2020 (Government of Alberta 2021; Manitoba Agriculture 2021; OMAFRA 2021d). Ontario 

accounts for 38% of Canadian dry bean production, with approximately 63,500 hectares seeded 

to dry bean in Ontario in 2020 (OMAFRA FCT 2020). White (navy) bean accounts for 50% of 

Ontario dry bean production, the remaining hectares are seeded primarily to black, kidney, 

cranberry, and azuki bean market classes (OMAFRA FCT 2020, OMAFRA 2021a, 

OMAFRA 2021b). Dry bean demonstrates sensitivity to weeds, in part, resulting from its small 

stature (Ghamari and Ahmadvand 2012; Sikkema et al. 2007; Soltani et al. 2018b). A meta-

analysis by Soltani et al. (2018b) concluded that 56% yield loss in Ontario dry bean would result 

when weeds are not controlled.  

Although dry bean is sensitive to weed intrusion, there are far fewer herbicide options for 

weed management in Ontario dry beans relative to soybean. EPTC, dimethenamid-P, 

pendimethalin, S-metolachlor, and trifluralin are registered for soil application in Ontario and are 

utilized primarily for annual grass control; clethodim, fluazifop-p-butyl, quizalofop-p-ethyl, and 

sethoxydim are registered POST herbicides for grass weed control. For broadleaf weed control, 

halosulfuron and imazethapyr are the only two herbicides registered for soil application, and 

POST broadleaf herbicides in Ontario are limited to halosulfuron, fomesafen, and bentazon 

(OMAFRA 2021c). Dry beans are sensitive to many herbicides, which prevents the registration 

and use of some herbicides that are used for soybean (Shaner 2014).   
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Flufenacet is an oxyacetamide herbicide that belongs to the Group 15 herbicides (Soltani et 

al. 2005). It is a very long-chain fatty acid synthesis (VLCFA)-inhibitor. Absorption takes place 

through the roots and shoots of emerging weeds, providing control of many annual grass and 

select small-seeded broadleaf weeds (Gajbhiye and Gupta 2001; Johnson et al. 2012; Soltani et 

al. 2005). Flufenacet is registered for the control of green foxtail, yellow foxtail (Setaria pumila 

(Poir.) Roem. & Schult.), giant foxtail, witchgrass (Panicum capillare L.), barnyardgrass, fall 

panicum, proso millet, smooth crabgrass (Digitaria ischaemum (Schreb.) Schreb. ex Muhl.), 

large crabgrass, and yellow nutsedge. In addition, flufenacet is registered for the suppression of 

common lambsquarters, redroot pigweed, and Powell amaranth (Amaranthus powellii S. Wats.) 

(Bayer Crop Science, personal communication, February 25, 2022).  

Acetochlor is a Group 15 chloroacetanilide herbicide that is a VLCFAE-inhibitor (Shaner 

2014). It is commonly used in US corn, soybean, and cotton production but has not been 

registered for use in Canada (Cahoon et al. 2015; Murschell and Farmer 2019). Acetochlor 

provides effective control of broadleaf signalgrass, barnyardgrass, redroot pigweed, hairy 

nightshade, common lambsquarters, and Palmer amaranth (Cahoon et al. 2015; Jursik et al. 2013; 

Mueller and Steckel 2011). It exists as two different standalone formulations which include an 

emulsifiable concentrate (EC) and a capsule suspension (CS) product. The CS product, as used in 

this study, creates a slow-release of acetochlor via the use of a polymer coating which increases 

crop safety in certain crops (Cahoon et al. 2015; Fogleman et al. 2018). Though injury with CS 

acetochlor exceeds 20% in select non-registered, sensitive crops such as pumpkin (Curcurbita 

pepo) and rice (Oryza sativa), injury is lower than when the EC formulation is used (Ferebee et 

al. 2019; Fogleman et al. 2018).  
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S-metolachlor is a registered chloroacetanilide, Group 15 herbicide used for dry bean weed 

control in Canada (Soltani et al. 2018c). It primarily controls annual grasses with activity on 

select small-seeded annual broadleaf weeds (Osborne et al. 1995; Sikkema et al. 2009). Though 

visible dry bean injury has been documented with S-metolachlor; dry bean shoot biomass, height, 

density, seed moisture, and yield are rarely impacted (Sikkema et al. 2009; Soltani et al. 2018c).  

Studies investigating the tolerance of dry bean to flufenacet and acetochlor applied preplant 

incorporated (PPI) have not been conducted to our knowledge. Flufenacet and acetochlor 

primarily have activity on annual grasses with select activity on small-seeded broadleaf weeds. 

Canadian dry bean growers would benefit from additional herbicide options for weed control, 

which may lead to improved weed control, lower yield losses from weeds, and increased net 

returns for producers assuming that there is sufficient dry bean tolerance to these products, and 

registrations are permissible.  

The research objective of this study was to evaluate azuki, kidney, small red, and white bean 

tolerance to PPI applications of three Group 15 herbicides (flufenacet, acetochlor, and S-

metolachlor) at the 1X and 2X rates.   

 Materials and Methods 

2.3.1 Experimental Methods 

From 2019 to 2021, six field trials were conducted (two trials per year) in Ridgetown, ON at 

the University of Guelph Ridgetown Campus and near Exeter, ON at the Huron Research 

Station. Soil characteristics for each site-year are summarized in Table 1. The cumulative rainfall 
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received and the average daily temperature for the 7 and 14 days following herbicide application 

at each site-year is listed in Table 2.  

The experimental design used for the study was a split-plot with four replications. Herbicide 

treatment was the main plot factor and was arranged in a randomized complete block design. A 

nontreated control, flufenacet (750 and 1,500 g ai ha-1), acetochlor (1,700 and 3,400 g ai ha-1), 

and S-metolachlor (1,600 and 3,200 g ai ha-1) was included in each replicate. The rates used for 

S-metolachlor represent the manufacturer’s recommended 1X label rate and 2X rate, while the 

rate structure for flufenacet and acetochlor were determined based on previously identified rate 

ranges. The 2X rates were included to simulate an application overlap in the field. Main plots 

differed slightly in size; plots measured 6 m wide by 8 m long in Ridgetown, ON, with plots 

being slightly longer in Exeter, ON at 6 m wide by 10 m long. Sub-plot factor was dry bean 

market class, which included azuki, kidney, small red, and white bean represented by the 

varieties of ‘Erimo’, ‘Dynasty’, ‘Viper’, and ‘T9905’, respectively. Due to equipment 

limitations, dry bean was seeded in a continuous fashion and was not randomized within each 

main plot. Two rows of each market class were sown 4 cm deep in rows spaced 75 cm apart. 

Azuki, kidney, small red, and white bean were seeded at 230,000, 188,000, 207,000, and 254,000 

seeds ha-1, respectively, in Exeter, and 232,900, 175,500, 232,900, and 232,900 seeds ha-1, 

respectively, in Ridgetown.  

Site preparation began in the fall when sites were moldboard plowed. One pass of spring 

cultivation was conducted prior to herbicide application with an S-tine cultivator with rolling 

basket harrows. The entire experimental area was maintained weed-free with a cover spray of 

pendimethalin (1,000 g ai ha-1) + imazethapyr (37.5 g ai ha-1) applied preemergence (PRE). 
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Fomesafen (240 g ai ha-1) was applied POST when needed in addition to hand hoeing as 

necessary. Herbicides were applied using a CO2-pressurized backpack sprayer that delivered 200 

L ha-1 at 240 kPa with ultra-low drift 120-02 nozzles (ULD 120-02, Hypro, Pentair Ltd., London, 

UK). Within one hour of application, the herbicides were incorporated with a S-tine cultivator 

with rolling basket harrows. Two passes in opposite directions were used to incorporate the 

herbicides. All dry bean market classes emerged at similar times. 

Visible dry bean injury assessments were completed at 1, 2, 4, and 8 weeks after emergence 

(WAE) on a percent scale of 0 to 100 where 0 represented no injury and 100 indicated complete 

plant death. All injury symptoms that were present at a specific site-year were evaluated. Density 

and biomass assessments were completed at 3 WAE by counting and clipping bean plants in 1 m 

of row at the soil line; samples were placed in paper bags, kiln-dried at 60°C for two weeks, and 

the biomass was recorded. Shoot dry weight per plant was determined by taking the weight of 

the biomass in 1 m of row and dividing it by the number of plants. Bean height measurements 

were taken at 6 WAE by averaging the height of 10 arbitrarily selected plants from both rows in 

each plot. Dry beans were straight-cut and threshed with a small-plot combine at harvest 

maturity; seed moisture content and seed yield weight were documented. Seed moisture content 

was adjusted to standard moistures of 13% for azuki bean and 18% for Phaseolus vulgaris 

classes prior to statistical analysis.  

2.3.2 Statistical Analysis 

Data analysis was performed using SAS version 9.4 (SAS Institute Inc., Cary, NC) and the 

PROC GLIMMIX procedure. Fixed effects included herbicide treatment, dry bean market 

class, and the interaction between herbicide treatment and dry bean market class, while 



 

 

80 

 

environment (site-year combination), block nested within the environment, the interaction of dry 

bean market class, herbicide treatment, and environment, and the interaction of herbicide 

treatment by block nested within environment were the random effects. The F-test and Z-test 

were used to assess the significance of the fixed and random effects, respectively. Studentized 

residual plots were analyzed, the Shapiro Wilk test statistic was verified, and a check for 

overdispersion was conducted to satisfy the assumptions of homogeneity and normality using the 

UNIVARIATE procedure. Injury assessments were transformed to normalize data using the 

arcsine square root transformation. Dry bean density, shoot biomass, height, seed moisture, and 

seed yield were analyzed as a percentage of the nontreated control to allow market classes to be 

compared amongst others. Dry bean density, shoot biomass, height, and seed yield were 

transformed using the square root function while seed moisture content used a lognormal 

distribution. All transformed data were back-transformed to the original scale for the 

presentation of results. Comparisons between herbicide treatments were made using a Tukey-

Kramer Grouping test with a significance of p<0.05.   

 Results and Discussion 

Visible dry bean leaf deformation, growth reduction, stand reduction, chlorosis and necrosis, 

delayed emergence, and bleaching were evaluated at 1, 2, 4, and 8 WAE, though for clarity of 

discussion only the prevalent symptoms of leaf deformation, growth reduction, stand reduction, 

and chlorosis and necrosis at 2 WAE are presented. Injury symptoms were only evaluated when 

present; not all symptoms were present at each site-year thus explaining why not all injury 

symptoms were evaluated at all six site-years. Main effects are presented when there was no 

interaction between dry bean market class and herbicide treatment. Where a significant 



 

 

81 

 

interaction was detected, simple effects are presented. No injury was observed from the PRE 

cover spray of pendimethalin (1,000 g ai ha-1) + imazethapyr (37.5 g ai ha-1). Some injury from 

the POST application of fomesafen did occur in Exeter in 2021, however, the timing of 

application allowed for recovery. Additionally, the remaining injury in the nontreated control 

was taken into account when injury assessments were performed. 

2.4.1 Leaf Deformation 

Visible leaf deformation was evaluated at all six site-years, and the main effects are 

presented (Table 3). Leaf deformation included cupped, crinkled, or curled leaves and leaves 

with a shortened midrib. The main effect of dry bean market class was significant at 2 WAE. 

Azuki bean was more sensitive to the Group 15 herbicides than the other dry bean market 

classes. The Group 15 herbicides caused 4% azuki bean leaf deformation but there was no leaf 

deformation in kidney, small red, or white bean at 2 WAE. Leaf deformation decreased with 

time; the Group 15 herbicides caused 10, 4, 1, and 0% azuki bean leaf deformation at 1, 2, 4, and 

8 WAE, respectively (data not presented). At 1 WAE, Group 15 herbicides caused ≤4% injury, 

and ≤1% injury at 2, 4, and 8 WAE in kidney, small red, and white bean. Similarly, Soltani et al. 

(2018c) reported that azuki bean was the most sensitive dry bean market class to other PPI Group 

15 herbicides such as pethoxamid, S-metolachlor, dimethenamid-P, and pyroxasulfone. 

2.4.2 Growth Reduction 

Visible growth reduction was evaluated at all six site-years, and the main effects are 

presented (Table 3). The most sensitive dry bean market class to the Group 15 herbicides was 

azuki bean with a 12% visible growth reduction at 2 WAE. Azuki bean growth reduction 

decreased with time, there was 8 and 3% growth reduction at 4 and 8 WAE, respectively (data 
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not presented). At 2 WAE, Group 15 herbicides caused ≤2% visible growth reduction in kidney, 

small red, and white beans; there was no difference among Phaseolus vulgaris (L.) classes. 

Acetochlor and S-metolachlor at the 1X and 2X rates did not cause any growth reduction; in 

contrast, the 2X rate of flufenacet caused greater dry bean growth reductions relative to the 1X 

rate. Sikkema et al. (2009) reported limited injury with S-metolachlor applied PPI at 2,746 g ai 

ha-1 in kidney, black, cranberry, and white bean; however, the rate was lower than the 2X rate of 

3,200 g ai ha-1 used in this study. Additionally, very little injury with S-metolachlor at 1,600 and 

3,200 g ai ha-1 was reported in pinto and azuki beans, though other studies have indicated that 

azuki bean is more sensitive to S-metolachlor (Li et al. 2016; Soltani et al. 2008b; Soltani et 

al. 2017b).  

2.4.3 Stand Reduction 

Visible stand reduction was evaluated at five site-years. The simple effects are presented 

(Table 4) as an interaction was detected (Table 3). The Group 15 herbicides did not cause stand 

reductions in kidney, small red, or white bean at 2 WAE. Flufenacet (1X rate), acetochlor (1X 

and 2X rate), and S-metolachlor (1X rate) reduced azuki bean stand 1 to 3% at 2 WAE while 

flufenacet (2X rate) and S-metolachlor (2X rate) caused an 18 and 5% stand reduction, 

respectively. At the 1X rate, flufenacet, acetochlor, and S-metolachlor reduced azuki bean stand 

similarly. At the 2X rate, S-metolachlor caused a greater stand reduction than acetochlor; 

flufenacet (2X rate) reduced azuki bean stand by 18% at 2 WAE which was greater than all other 

herbicide treatments evaluated. At 2 WAE, flufenacet (1X rate) caused a greater stand reduction 

in azuki bean than small red bean; stand reduction in kidney and white bean was intermediary 

and similar to the other dry bean market classes. There was a greater stand reduction in azuki 
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bean than kidney, small red, and white bean with flufenacet (2X rate) and S-metolachlor (2X 

rate) at 2 WAE.  

2.4.4 Chlorosis and Necrosis 

Visible chlorosis and necrosis was evaluated at four site-years, and the main effects are 

presented (Table 3). Neither main effect was significant at 2 WAE.  

2.4.5 Density  

Dry bean density was evaluated at all six site-years, and the main effects are presented 

(Table 5). The Group 15 herbicides reduced azuki bean density by 15%; there was no decrease in 

small red and white bean density. There was an increase in kidney bean density. Soltani et al. 

(2018c) showed that of four dry bean classes, kidney density was reduced when treated with 

Group 15 herbicides, contrary to the findings in this study; however different Group 15 

herbicides were used in this study. Herbicide treatment had no impact on plant density.   

2.4.6 Shoot Biomass  

Dry bean shoot biomass m-1 was evaluated at all six site-years, and the main effects are 

presented (Table 5). The Group 15 herbicides reduced azuki and white bean shoot biomass m-1 

by 36 and 8%, respectively. Acetochlor and S-metolachlor (1X and 2X rates) applied PPI did not 

reduce dry bean shoot biomass m-1. Flufenacet applied PPI at the 1X and 2X rate reduced dry 

bean shoot biomass m-1 15 and 29%, respectively. These results corroborate those presented 

by Stewart et al. (2010) where biomass reductions reached 50% in azuki bean treated with 

pyroxasulfone PPI (250 g ai ha-1); however, flufenacet was the herbicide responsible for azuki 

bean reductions in this study as pyroxasulfone was not evaluated. 
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Dry bean shoot biomass plant-1 was evaluated at all six site-years, and the main effects 

are presented (Table 5). The Group 15 herbicides reduced azuki bean shoot biomass plant-1 by 

28%, while kidney, small red, and white bean shoot biomass plant-1 were reduced by 5 to 11%. 

Dry beans treated with flufenacet (2X rate) applied PPI incurred a 29% shoot biomass plant-1 

reduction. Dry beans treated with acetochlor (1X and 2X rate), S-metolachlor (1X and 2X rate), 

and flufenacet (1X rate) had shoot biomass plant-1 that were similar to the nontreated control.  

2.4.7 Plant Height  

Dry bean height was evaluated at all six site-years. The simple effects are presented 

(Table 6) as there was a significant interaction (Table 5). Flufenacet, acetochlor, and S-

metolachlor (1X and 2X rates) did not cause a decrease in kidney, small red, or white bean 

height. Acetochlor and S-metolachlor at the 1X rates did not reduce azuki bean height; flufenacet 

at the 1X rate reduced azuki bean height by 10%. Acetochlor, S-metolachlor, and flufenacet at 

the 2X rates reduced plant height of azuki bean by 12, 16, and 23%, respectively. Similarly, 

Soltani et al. (2018c) concluded that relative to Phaseolus vulgaris market classes, azuki bean 

height was lower when treated with Group 15 herbicides such as pethoxamid, S-metolachlor, 

dimethenamid-P, and pyroxasulfone at 1X and 2X rates. 

2.4.8 Seed Moisture Content  

Higher seed moisture is an indication of a delay in maturity and is frequently associated 

with herbicide injury (Soltani et al. 2008a). Higher seed moisture content may increase 

drying costs and reduce dry bean quality, which may result in decreased net returns to the 

grower. Dry bean seed moisture content was recorded at all six site-years, and the main effects 

are presented (Table 5). Averaged over all herbicide treatments, white bean was the only dry 
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bean market class that demonstrated an increase in seed moisture; moisture was greater by 3%. 

Flufenacet (1X rate), acetochlor (1X and 2X rate), and S-metolachlor (1X and 2X rate) applied 

PPI did not cause delayed maturity, indicated by seed moisture content that were similar to that 

of the nontreated control; in contrast, flufenacet (2X rate) increased seed moisture content by 4 

percentage points relative to the nontreated control.  

2.4.9 Yield  

Dry bean yield was recorded at all six site-years. The simple effects are presented (Table 6) 

as there was a significant interaction (Table 5). Yield was calculated from the harvested area 

only where beans were present, and did not include the 1 m of row from where bean shoot 

biomass was retrieved. Herbicide treatment had no effect on kidney, small red, or white bean 

yield. Flufenacet (1X rate), acetochlor (1X and 2X rate), and S-metolachlor (1X and 2X rate) 

applied PPI did not reduce azuki bean yield; in contrast, flufenacet (2X rate) decreased azuki 

bean yield 27%. Similarly, Soltani et al. (2020b) reported no azuki bean yield reduction from S-

metolachlor at 1,200 g ai ha-1 applied PPI. A numerical drop in yield from 3.0 to 2.8 T ha-1 

occurred when S-metolachlor was applied at 3,200 vs 1,600 g ai ha-1 (Soltani et al. 2018c). Azuki 

bean was more sensitive than kidney, small red, or white bean to flufenacet (2X rate) and S-

metolachlor (2X rate). Kidney bean was most tolerant to acetochlor (2X rate) applied PPI. 

 Conclusion 

In conclusion, kidney, small red, and white bean are tolerant to flufenacet, acetochlor, and S-

metolachlor at both the 1X and 2X rates applied PPI. The Group 15 herbicides caused little to no 

visible symptomology on the Phaseolus vulgaris dry bean market classes and there were 

negligible differences in density, height, and yield. For some parameters, the Group 15 herbicide 
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caused a low-level response in white bean with no decrease in yield. In contrast, azuki bean was 

sensitive to the Group 15 herbicides applied PPI. Generally, azuki bean was more sensitive to 

flufenacet than acetochlor and S-metolachlor, and there was greater azuki bean injury with 

flufenacet at the 2X rate relative to the 1X rate. Visible leaf deformation and growth reduction 

were the most prevalent visible injury symptoms across all dry bean market classes. 

This research concludes that there is a sufficient margin of crop safety to support the 

registration of flufenacet and a capsule suspension formulation of acetochlor applied PPI for 

weed management in Phaseolus vulgaris classes, similar to the current registration of S-

metolachlor. Further studies are needed to conclude if a sufficient margin of crop safety exists in 

azuki bean to support the use of acetochlor in dry bean. In addition, it was concluded that a 

sufficient margin of crop safety does not exist in azuki bean to support the use of flufenacet 

applied PPI.  
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Table 2.1 Year, location, and soil characteristics for six field trials conducted near Ridgetown and Exeter, ON, in 2019, 2020, and 

2021. 

 

 

 

 

Abbreviations: OM, organic matter. 

Soil analysis performed by A&L Canada Laboratories Inc. (2136 Jetstream Road, London, Ontario, Canada, N5V 3P5) from soil cores 

taken to depths of 15 cm. 

 

 

 

 

 

 

 

 

 

Year Location Soil texture Sand Silt Clay OM pH 

      ---------------------------- % -----------------------------                 

2019 Ridgetown Loam 43 42 15 4.2 6.5 

2019 Exeter Clay loam 36 38 26 2.7 7.8 

2020 Ridgetown Loam 47 37 16 5.1 6.3 

2020 Exeter Clay loam 41 35 24 2.4 7.6 

2021 Ridgetown Sandy clay loam 51 28 21 3.9 6.3 

2021 Exeter Clay loam 35 43 22 4.4 8.0 
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Table 2.2 Year, location, cumulative precipitation, and average daily temperature 7 and 14 days after application for six field trials 

conducted near Ridgetown and Exeter, ON, in 2019, 2020, and 2021. 

 

 

 

 

 

 

 

 

Abbreviations: DAA, days after application. 

 

  

  Cumulative precipitation Average daily temperature 

Year Location 7 DAA 14 DAA 7 DAA 14 DAA 

  ------------- mm ------------- ---------------- C ---------------- 

2019 Ridgetown 12.9 19.5 18.5 20.1 

2019 Exeter 20.2 27.6 19.2 21.6 

2020 Ridgetown 0 17.3 17.8 19.8 

2020 Exeter 5.8 37.6 19.1 18.5 

2021 Ridgetown 6.3 23.5 19.6 19.1 

2021 Exeter 10.9 37.3 20.0 17.2 
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Table 2.3 Mean values of main effects for percent visible leaf deformation, growth reduction, stand reduction, and chlorosis and 

necrosis at two weeks after emergence and their interaction for four dry bean market classes treated with flufenacet, acetochlor, and S-

metolachlor applied preplant incorporated from trials conducted near Ridgetown and Exeter, ON, in 2019, 2020, and 2021.  

Abbreviations: WAE, weeks after crop emergence. 
a B, dry bean market class; H, herbicide 

a-d Within main effects, means followed by the same letter (a-d) within a column are not significantly different according to Tukey-

Kramer Grouping at p<0.05.  

* and ** denote significance at p<0.05 and p<0.01, respectively; NS, not significant at p=0.05 

Leaf Deformation and Growth Reduction based on six site-years: Exeter and Ridgetown locations in 2019, 2020, and 2021; Stand 

  Leaf deformation Growth reduction Stand reduction Chlorosis and necrosis 

Main effects Rate 2 WAE 2 WAE 2 WAE 2 WAE 

 g ai ha-1 ----------------------------------------- % Injury ------------------------------------------ 

   

Dry bean market class  ** ** ** NS 

Azuki  4 b 12 b 3 0 

Kidney  0 a 1 a 0 0 

Small Red  0 a 2 a 0 0 

White  0 a 1 a 0 0 

        

Herbicide treatment  NS ** ** NS 

Nontreated control  0  0 a 0 0 

Flufenacet 750 0  2 bc 1 0 

Flufenacet 1,500 1  8 d 2 0 

Acetochlor 1,700 1  1 b 0 0 

Acetochlor 3,400 1  3 bc 0 0 

S-metolachlor 1,600 1  1 bc 0 0 

S-metolachlor 3,200 1  3 c 0 1 

        

Interaction        

B x Ha  NS NS ** NS 
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reduction based on five site-years: Ridgetown location in 2019 and 2020, and Exeter location in 2019, 2020, and 2021; Chlorosis and 

Necrosis based on four site years: Ridgetown location in 2019 and 2020, and Exeter location in 2020 and 2021. 
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Table 2.4 Percent visible stand reduction two weeks after emergence for four dry bean market classes treated with flufenacet, 

acetochlor, and S-metolachlor applied preplant incorporated from five trials conducted near Ridgetown, ON in 2019 and 2020 and 

Exeter, ON, in 2019, 2020 and 2021. 

  Stand reduction  

Herbicide treatment Rate Azuki Kidney Small red White 

 g ai ha-1 --------------------- % Stand reduction ------------------- 

2 WAE      

Nontreated control 

Flufenacet 

Flufenacet 

Acetochlor 

Acetochlor 

S-metolachlor 

S-metolachlor 
 

 

750 

1,500 

1,700 

3,400 

1,600 

3,200 
 

0  

3 bcY 

18 dY 

1 bc 

1 ab 

1 bc 

5 cY 
 

0  

0 ZY 

0 Z 

0  

0  

0  

0 Z 
 

0  

0 Z 

0 Z 

0  

0  

0  

0 Z 
 

0  

1 ZY 

1 Z 

0  

0  

0  

0 Z 
 

Abbreviations: WAE, weeks after crop emergence. 

Means followed by the same letter (a-d) within a column or (Y-Z) within a row are not significantly different according to Tukey-

Kramer Grouping at p<0.05. 
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Table 2.5 Mean values of main effects for density, shoot biomass, height, seed moisture content, and seed yield as a percentage of the 

nontreated control and their interaction for four dry bean market classes treated with flufenacet, acetochlor, and S-metolachlor applied 

preplant incorporated from six trials conducted near Ridgetown and Exeter, ON, in 2019, 2020 and 2021.  

  Percentage of the nontreated control 

Main effects Rate Density Shoot biomass Height Moisture Yield 

   m-1 plant-1     

 g ai ha-1 ------------------------------- % of the nontreated control --------------------------------------- 

Dry bean market class  ** ** ** ** ** ** 

  Azuki  85 c 64 c 72 b 88 102 ab 91 

  Kidney  112 a 105 a 95 a 100 100 a 104 

  Small Red   111 ab 98 ab 89 a 98 101 a 103 

  White  102 b 92 b 90 a 97 103 b 99 

            

Herbicide treatment  NS ** ** ** ** * 

  Nontreated control  100  100  100  100 100  100 

  Flufenacet 750 98  85 bc 85 a 96 102 ab 99 

  Flufenacet 1,500 96  71 c 71 b 90 104 b 92 

  Acetochlor 1,700 109  103 a 95 a 99 101 a 102 

  Acetochlor 3,400 101  86 ab 88 a 97 101 a 98 

  S-metolachlor 1,600 107  100 ab 94 a 99 101 ab 104 

  S-metolachlor 3,200 102  88 ab 86 a 95 101 a 100 

            

Interaction            

  B x Ha  NS NS NS * NS * 

Abbreviations: WAE, weeks after crop emergence. 
a B, dry bean market class; H, herbicide 
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a-c Within main effects, means followed by the same letter (a-c) within a column are not significantly different according to Tukey-

Kramer Grouping at p<0.05.  

* and ** denote significance at p<0.05 and p<0.01, respectively; NS, not significant at p=0.05. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

94 

 

Table 2.6 Height and yield as a percentage of the nontreated control for four dry bean market classes treated with flufenacet, 

acetochlor, and S-metolachlor applied preplant incorporated from six trials conducted near Ridgetown and Exeter, ON, in 2019, 2020 

and 2021. 

 

 

 

 

 

 

 

 

 

 

Abbreviations: WAE, weeks after crop emergence. 

a-d Means followed by the same letter (a-c) within a column or (Y-Z) within a row in each section are not significantly different 

according to Tukey-Kramer Grouping at p<0.05. 

 

  Percentage of the nontreated control 

Herbicide treatment Rate Azuki Kidney Small red White 

 g ai ha-1 ------------------------- % of the Nontreated Control------------------------------ 

Height          

Nontreated control  100  100  100  100  

Flufenacet 750 90 bcY 100 Z 98 Z 96 Z 

Flufenacet 1,500 77 dY 96 Z 94 Z 94 Z 

Acetochlor 1,700 94 abY 103 Z 102 Z 98 ZY 

Acetochlor 3,400 88 bcY 102 Z 99 Z 98 Z 

S-metolachlor 1,600 95 abY 102 Z 98 ZY 100 ZY 

S-metolachlor 3,200 84 cdY 99 Z 100 Z 96 Z 

Yield          

Nontreated control  100  100  100  100  

Flufenacet 750 94 a 102  100  98  

Flufenacet 1,500 73 bY 98 Z 103 Z 95 Z 

Acetochlor 1,700 100 a 104  104  99  

Acetochlor 3,400 91 aY 105 Z 101 Y 97 Y 

S-metolachlor 1,600 101 a 112  101  100  

S-metolachlor 3,200 88 abY 103 Z 106 Z 103 Z 
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Chapter 3: Confirmation of 4-hydroxyphenylpyruvate dioxygenase 

inhibitor-resistant and 5-way multiple-herbicide-resistant 

waterhemp in Ontario, Canada 

 Abstract 

This is the first record of 4-hydroxyphenylpyruvate dioxygenase- (HPPD)-inhibitor resistant 

waterhemp and the first report of 5-way MHR waterhemp in Ontario to Group 2, 5, 9, 14, and 27 

herbicides. Seed was collected across southern and eastern Ontario in 2021 and tested for 

resistance to imazethapyr, atrazine, metribuzin, glyphosate, lactofen, mesotrione, and mesotrione 

+ atrazine representing Group 2, 5, 5, 9, 14, 27, and 27 + 5 herbicides, respectively. There is  5-

way resistant waterhemp in seven Ontario counties. All of the waterhemp populations collected 

in 2021 had 4-way resistance to imazethapyr, atrazine, glyphosate, and mesotrione. 

 Introduction 

Waterhemp is a prolific, dioecious, summer annual, broadleaf weed found throughout much 

of the US corn belt and in the provinces of Quebec, Ontario, and Manitoba in Canada (Costea et 

al. 2005). Waterhemp begins emerging in the spring and continues emerging over the summer 

months and into the fall, allowing late emerging cohorts to escape control by chemical, cultural, 

or mechanical means. Vyn et al. (2007) and Schryver et al. (2017c) in studies completed in 

Ontario, Canada, reported that waterhemp emergence was highest in June and declined over the 

remainder of the growing season with seedlings still emerging in September and October. In the 

US, waterhemp emergence begins in May and continues into the fall (Costea et al. 2005). 

Waterhemp interference in corn and soybean caused up to 74 and 73% yield loss, respectively, 

when no weed control measures were implemented (Steckel and Sprague 2004; Vyn et al. 2007). 
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Female waterhemp plants produce seed after fertilization by pollen from nearby male plants 

(Bell and Tranel 2010). Seed is produced in copious amounts; Hartzler et al. (2004) reported that 

a single waterhemp plant produced 4.8 million seeds. Since waterhemp is a dioecious species, it 

results in greater genetic diversity compared to other weed species, allowing for more rapid 

evolution of herbicide resistance. The first report of herbicide-resistant waterhemp was in 1993; 

biotypes from Illinois and Iowa were resistant to the Group 2, acetolactate synthase (ALS) 

inhibiting herbicides (Heap 2022). Multiple mechanisms confer resistance to the Group 2-

herbicides; the most common, as identified by Patzoldt and Tranel (2007), is target-site 

resistance due to a tryptophan to leucine amino acid substitution at position 574 of the ALS 

enzyme. Other less common amino acid substitutions confer Group 2 resistance in waterhemp 

plus non-target site resistance by enhanced metabolism (Guo et al. 2015). Three years later in 

1996, waterhemp from a field in Illinois field was confirmed to be resistant to the Group 2 and 5 

(photosystem II (PSII) inhibiting) herbicides. Group 5 resistance in waterhemp is due to target-

site resistance from a glycine to serine amino acid substitution at position 264 in the psbA gene 

which confers resistance to the triazine and triazinone chemical families (symmetrical and 

asymmetrical Group 5 herbicides). Additionally, non-target site resistance by enhanced 

metabolism via glutathione-S-transferases confers resistance to symmetrical triazine herbicides 

such as atrazine but not to the asymmetrical triazinones such as metribuzin (Westerveld et al. 

2021). In Ontario, the first report of glyphosate-resistant waterhemp was from seed collected in 

2014 (Schryver et al. 2017c). In Ontario waterhemp populations, target-site resistance due to 

increased gene copy number and an amino acid substitution both confer resistance to glyphosate. 

Waterhemp biotypes from a Lambton county population have up to 29 copies of the EPSPS 
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gene; this gene amplification was found in 70% of resistant individuals (Kreiner et al. 2019). In 

addition, a proline-106-serine amino acid substitution conferred resistance in some biotypes 

(Kreiner et al. 2019). Group 14-resistant waterhemp is due to target-site resistance, a glycine 210 

codon deletion, which resulted in a 53-fold resistance factor in a study by Benoit et al. (2019). 

This mechanism of resistance confers resistance to the Group 14 herbicides applied 

postemergence whereas the the soil-applied Group 14 herbicides are still effective.  

Schryver et al. (2017c) reported 3-way multiple-herbicide-resistant (MHR) waterhemp in 

Ontario; populations were resistant to the Group 2, 5, and 9 herbicides. Benoit et al. (2019) 

published the first incidence of Group 14-resistant waterhemp and 4-way resistance to Group 2, 

5, 9, and 14 herbicides in Ontario. In the US, waterhemp has evolved resistance to the Group 2, 

synthetic auxins (Group 4), Group 5, 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS) 

inhibitors (Group 9), protoporphyrinogen oxidase (PPO) inhibitors (Group 14), very long-chain 

fatty acid elongases (VLCFAE) inhibitors (Group 15), and the 4-hydroxyphenylpyruvate 

dioxygenase (HPPD) inhibitors (Group 27) (Heap 2022). Shergill et al. (2018) reported that one 

Missouri waterhemp population has multiple resistance to the Groups 2, 4, 5, 9, 14, and 27 

herbicides.  

Waterhemp resistance to the Group 27 herbicides has been reported in multiple US states; 

however, Group 27 resistance had not been confirmed in Ontario (Heap 2022). The mechanism 

of Group 27 resistance in waterhemp has not been elucidated; however, it is speculated to be 

enhanced herbicide metabolism by cytochrome P450 monooxygenases (Hausman et al. 2011). 

The objective of this research was to continue to document the spread of MHR waterhemp across 

Ontario and screen Ontario populations for resistance to Group 2, 5, 9, 14, and 27 herbicides. 
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 Seed Collection 

In 2021, waterhemp seed was collected from twelve fields across Ontario. Seed was 

collected in the fall prior to crop harvest, primarily from soybean fields although some seed was 

collected from corn and dry bean fields. Field locations were found via communication with 

growers, agronomists, extension personnel, ag-retailers, and personnel from the herbicide 

manufacturers. Generally, a composite seed sample was collected from 10-20 female plants from 

different areas within the field.  

 Resistance Screening 

Upon collection, seed was threshed and cleaned using various sized sieves and a seed 

cleaner. Seed was then transferred into nylon bags, labeled, and placed into trays with sand. The 

trays containing the bags of waterhemp seed were refrigerated and chilled at 4°C for a minimum 

of 6 weeks; the trays were watered as required. After 6 weeks, seed from each population was 

tested for germination by placing 5 seeds into Berger growing media (potting soil). Once 

germination was deemed sufficient, 10 cm by 10 cm germination trays were half-filled with 

potting soil, waterhemp seed was spread on the soil surface and then covered with 0.5 cm of 

potting soil. When waterhemp reached the 2-leaf stage they were transplanted into 8 cm diameter 

pots, with one waterhemp plant per pot. Plants were watered regularly to ensure sufficient soil 

moisture. When waterhemp reached an average of 10 cm in height, the most uniform plants were 

divided into groups of 12. Seven groups of 12 plants for a total of 84 plants per population were 

used. Two plants of each group of 12 were used as nontreated controls; the remaining 10 plants 

were treated with: imazethapyr (75 g ai ha-1) + nonionic surfactant (Agral 90®, 0.2% v/v), 

atrazine (1000 g ai ha-1) + paraffin-based mineral oil (83%)/surfactant (17%) (Assist, 1% v/v), 
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metribuzin (560 g ai ha-1), glyphosate (900 g ai ha-1), lactofen (110 g ai ha-1) + paraffin based 

mineral oil (83%)/surfactant (17%) (Assist, 1% v/v), mesotrione (100 g ai ha-1) + nonionic 

surfactant (Agral 90®, 0.2% v/v), and mesotrione (100 g ai ha-1) + atrazine (280 g ai ha-1) + 

nonionic surfactant (Agral 90®, 0.2% v/v). All herbicide treatments were applied in an enclosed 

sprayer (Generation III Research Sprayer, DeVries Manufacturing, Hollandale, MN, USA) that 

was calibrated to deliver 200 L ha-1 at 240 kPa. The sprayer was equipped with a single even 

spray 8002 nozzle (TeeJet® Technologies, Springfield, IL, USA). Twenty-four 24 hours after 

spraying, the pots were moved from the spray area and placed in the greenhouse.  

 At 1, 3, and 5 weeks after application (WAA) waterhemp injury was assessed. Plants 

were assigned a value between 0 and 100 (0 - no injury and 100 - complete plant death) as a 

visible estimation of the reduction in waterhemp biomass compared to the nontreated controls. 

At 5 WAA, each plant was rated as dead or alive to give a proportion of resistant plants. Plants 

were scored alive if there was any green, living tissue present.  

 HPPD Resistance 

All of the waterhemp populations that were collected in the fall of 2021 had at least one 

plant that was resistant to mesotrione, demonstrating that Group 27 resistance is widespread 

across southern Ontario. With the exception of one population, the proportion that were Group 

27-resistant ranged from 50 to 100%, indicating that there is a high proportion of waterhemp in 

Ontario that is Group 27-resistant. Mesotrione caused 2 to 15% waterhemp injury at 1 WAA 

which increased to 25 to 50% at 3 WAA. Similarly, Hausman et al. (2011) reported that 

mesotrione (105 g ai ha-1) caused 13 to 24% waterhemp injury at 3 WAA in HPPD-resistant 

waterhemp from Illinois, US. At 5 WAA, mesotrione caused as little as 15% waterhemp injury in 
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HPPD-resistant waterhemp in contrast to 90 to 100% waterhemp injury in susceptible biotypes. 

Resistance to mesotrione was found in seven Ontario counties: Essex, Chatham-Kent, Lambton, 

Elgin, Middlesex, Northumberland, and Stormont/Dundas/Glengarry. This is the first record of 

Group 27-resistant waterhemp in Ontario.  

Waterhemp biotypes from ten of the twelve populations had at least one plant that survived 

the co-application of mesotrione and atrazine. Mesotrione + atrazine-resistant waterhemp is 

present in four Ontario counties: Lambton, Elgin, Northumberland, and 

Stormont/Dundas/Glengarry counties. Hausman et al. (2011) reported that mesotrione + atrazine 

(105 + 560 g ai ha-1) caused 51 to 78% waterhemp injury at 3 WAA. Similarly, in the present 

study, there was greater waterhemp injury when mesotrione was co-applied with atrazine; 

however, some biotypes survived similar to Hausman et al. (2011).  

There were individual plants that were resistant to imazethapyr, atrazine, glyphosate, and 

lactofen representing Groups 2, 5, 9, and 14, respectively in all populations evaluated. One 

population from Northumberland county had 100, 100, 70, 100, 90, and 90% of plants survive 

the applications of imazethapyr, atrazine, metribuzin, glyphosate, lactofen, and mesotrione, 

respectively; this is the first record of 5-way resistance in a waterhemp population in Ontario, 

Canada.  

Waterhemp seed has been collected from 137 populations across Ontario since 2014. Not all 

populations have been screened for resistance to Group 2, 5, 9, 14, and 27 herbicides. Based on 

research completed to date, the percentage of populations with resistance to Group 2, 5, 9, 14, 
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and 27 is 97%, 81%, 91%, 40%, and 8%, respectively. Research is needed to screen all of the 

earlier seed collections for resistance to the Group 27 herbicides. 

This is the first record of HPPD-resistant waterhemp, and the first record of 5-way MHR 

waterhemp in Ontario. HPPD-resistant waterhemp is present in seven Ontario counties. Weed 

management practitioners must combine cultural, mechanical, biological, and chemical 

waterhemp control programs to reduce the over-reliance on any one weed management tactic. 

Due to the season-long emergence pattern of waterhemp, cultivation will not provide complete 

control. Crop rotation with winter cereals and the use of cover crops have shown to be useful in 

reducing waterhemp density and biomass (Davis 2010). Of utmost importance is ensuring that all 

equipment entering the field is clean to prevent the spread of seed from field-to-field and county-

to-county.  

The repeated use of the HPPD-inhibitors in corn and cereals is not recommended. The 

inclusion of multiple herbicide modes of action over time is recommended including the Group 

4, PSII-inhibitors (Group 6), soil-applied Group 14, and Group 15; however, resistance to some 

of these herbicides has already been reported (Heap 2022). The judicious use of these chemicals 

cannot be stressed enough to maintain their effectiveness in current production systems. The co-

application of multiple effective modes of action can also be useful in delaying resistance and 

should be used when possible. The ultimate goal of waterhemp management programs should be 

zero weed seed return to the soil seedbank thereby reducing future weed problems. 
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Table 3.1 Locations and percent waterhemp alive 5 WAA for populations within Ontario treated with imazethapyr (75 g ai ha-1), 

atrazine (1000 g ai ha-1), metribuzin (560 g ai ha-1), glyphosate (900 g ae ha-1), lactofen (110 g ai ha-1), mesotrione (100 g ai ha-1), and 

mesotrione (100 g ai ha-1) + atrazine (280 g ai ha-1).  

 

Location 

Percent plants surviving 5 WAA 

Imazethapyra Atrazineb Metribuzin Glyphosate Lactofenb Mesotrionea 

Mesotrione 

+ atrazinea 

Glengarry 100 40 0 80 80 50 10 

Elgin 100 100 40 100 90 100 60 

Glengarry 100 20 20 10 20 10 20 

Chatham-Kent 80 10 0 70 10 30 0 

Lambton 100 70 0 90 10 80 30 

Essex 100 30 0 90 0 20 0 

Stormont 100 100 50 100 30 90 60 

Northumberland 100 50 0 60 20 90 10 

Northumberland 100 100 70 100 90 90 80 

Elgin 100 70 30 100 0 80 20 

Middlesex 100 90 0 50 70 80 10 

Essex 100 100 0 100 80 80 10 

        

# of populations resistant 100 100 50 100 80 100 80 

Abbreviations: WAA, weeks after application. 
a Non-ionic surfactant, Agral 90®, was added at 0.2% v/v. 
b Paraffin based mineral oil (83%)/surfactant (17%), Assist was added at 1% v/v. 
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Table 3.2 Percent waterhemp injury at 1, 3, and 5 WAA for populations treated with mesotrione (100 g ai ha-1) postemergence. 

 

Location 

% Waterhemp injury 

1 WAA 3 WAA 5 WAA 

Glengarry 5 51 87 

Elgin 4 20 20 

Glengarry 2 57 90 

Chatham-Kent 3 25 50 

Lambton 3 55 94 

Essex 6 25 32 

Stormont 2 30 43 

Northumberland 5 27 15 

Northumberland 12 48 64 

Elgin 7 24 22 

Middlesex 5 65 74 

Essex 7 36 55 
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Map source: https://commons.wikimedia.org/wiki/File:Canada_Southern_Ontario_location_map_2.png 

Figure 3.1 Distribution of 5-way multiple-herbicide-resistant waterhemp to impazethapyr, atrazine, 

glyphosate, lactofen, and mesotrione in Ontario, Canada from seed samples taken in the fall of 2021.  
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Chapter 4: Control of multiple-herbicide-resistant waterhemp 

(Amaranthus tuberculatus) with acetochlor-based tank mixtures in 

Ontario soybean 

 Abstract 

Waterhemp has evolved resistance to Group 2, 5, 9, 14, and 27 herbicides in Ontario, 

Canada, making control of this challenging weed even more difficult. Acetochlor is a Group 15, 

chloroacetanilide herbicide that has activity on many small-seeded annual grass and some small-

seeded annual broadleaf weeds including waterhemp. The objective of this study was to ascertain 

if acetochlor tank mixtures with broadleaf herbicides (dicamba, metribuzin, diflufenican, 

sulfentrazone, or flumioxazin), applied preemergence (PRE), increases multiple-herbicide-

resistant (MHR) waterhemp control in soybean. Five trials were conducted over two years (2021-

2022). The acetochlor tank mixtures caused ≤2% soybean injury, except acetochlor plus 

flumioxazin, which caused 19% soybean injury. Acetochlor applied PRE controlled MHR 

waterhemp 82% at 12 weeks after application (WAA). Dicamba, metribuzin, diflufenican, 

sulfentrazone, or flumioxazin controlled MHR waterhemp 37, 53, 38, 55, and 81%, respectively, 

at 12 WAA. Acetochlor applied in a tank mixture with dicamba, metribuzin, diflufenican, 

sulfentrazone, or flumioxazin provided good to excellent control of MHR waterhemp; control 

ranged from 89 to 97%, but similar to acetochlor applied alone. Acetochlor alone reduced MHR 

waterhemp density and biomass 98 and 93%; acetochlor + flumioxazin reduced waterhemp 

density and biomass by an additional 2 and 7%, respectively. This research concludes that 

acetochlor applied in a tank mixture with flumioxazin was the most efficacious tank mixture 

evaluated for MHR waterhemp control. 
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 Introduction 

Over the last three decades, waterhemp has become an increasingly problematic weed for 

growers in North America. First identified on the banks of the Mississippi River in the US, 

waterhemp has since moved into Canada threatening soybean yields and net returns for 

producers (Costea et al. 2005; Sauer 1957; Steckel 2007). Waterhemp is a genetically diverse 

weed that can grow in a range of soil types and under a range moisture conditions (Costea et al. 

2005). Its success has been attributed to its rapid growth rate, dioecious nature, season-long 

emergence, high fecundity, and the evolution of resistance to multiple modes of action (Horak 

and Loughin 2000; Nordby et al. 2007; Steckel et al. 2003).  

Waterhemp has evolved resistance to the acetolactate synthase (ALS)-, synthetic auxins, 

photosystem II (PSII)-, 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS)-, 

protoporphyrinogen oxidase (PPO)-, very long-chain fatty acid elongases (VLCFAE)-, and 4-

hydroxyphenylpyruvate dioxygenase (HPPD)-inhibiting herbicides, representing Weed Science 

Society of America (WSSA) Herbicide Groups 2, 4, 5, 9, 14, 15, and 27, respectively (Heap 

2022). The first case of multiple-herbicide-resistant (MHR) waterhemp was documented in 1996 

in Illinois where resistance to Groups 2 and 5 was confirmed (Heap 2022). In the US, a Missouri 

waterhemp population has resistance to six herbicide modes of action: Groups 2, 4, 5, 9, 14, and 

27 (Shergill et al. 2018). In Ontario, Canada, 4-way resistance was first recorded in 2017 to 

Groups 2, 5, 9, and 14 (Benoit et al. 2019). In 2022, resistance to the Group 27 herbicides and 5-

way resistant waterhemp populations were confirmed (Heap 2022). The dioecious nature of 

waterhemp, which contributes to wide genetic diversity, is partly responsible for the rapid 

evolution of herbicide resistance in waterhemp. Separate male and female plants must outcross in 
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order to produce viable offspring; this results in greater genetic diversity than monoecious, self-

pollinated weed species (Bell and Tranel 2010). 

High seed production, seed dormancy, and seed viability also contribute to the success of 

waterhemp. In a non-competitive environment, waterhemp can produce up to 4.8 million seeds 

per plant, though this number is reduced dramatically by inter- and intra-species competition, 

environmental stresses, and delayed emergence (Costea et al. 2005; Hartzler et al. 2004; Steckel 

et al. 2003). Viability of waterhemp seed is high and seed can remain viable in the soil up to 17 

years; however, most studies conclude that seed remains viable less than 10 years (Burnside et 

al. 1996; Korres et al. 2018). Regardless, this results in an exponentiation of the problem in 

following years. In addition, waterhemp emergence has been documented to occur from May 

until October in the US and Canada, allowing late-emerging waterhemp to escape control by 

short-residual herbicides, produce seed, and return seed to the seedbank (Costea et al. 2005; 

Hartzler et al. 1999; Schryver et al. 2017a; Vyn et al. 2007). Waterhemp has a rapid growth rate 

of 0.30 g g-1 day-1 (Horak and Loughin 2000) and grows up to 4 m in height allowing it to shade 

out lower stature crops like soybean (Nordby et al. 2007). Waterhemp interference caused 

soybean yield losses of up to 73% and 55% in Ontario and the US, respectively (Bensch et al. 

2003; Steckel and Sprague 2004; Vyn et al. 2007).  

Acetochlor is a Group 15 chloroacetanilide herbicide that inhibits very long-chain fatty acid 

elongases (Braswell et al. 2016). Since its registration in 1994, acetochlor has been widely used 

in US corn, soybean, and cotton production; however, it is not registered for use in Canada 

(Armel et al. 2003; Cahoon et al. 2015). Just over 3.5 million kg of acetochlor was applied to US 

soybean in 2020 (NASS 2021). Acetochlor is primarily absorbed through the elongating 
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coleoptile and epicotyl/hypocotyl of developing grass and broadleaf species, respectively, 

preventing affected seedlings from emerging (Jhala et al. 2015). In the US, acetochlor is 

registered in soybean applied preplant (PP), PRE, and postemergence (POST) (Anonymous 

2018). Jhala et al. (2015) demonstrated that soybean has excellent tolerance to acetochlor; injury 

was <10% even with three sequential applications applied PRE, early postemergence (ePOST), 

and late postemergence (lPOST). Acetochlor primarily provides control of small-seeded 

monocot weeds, though it also has activity on some small-seeded dicot weeds, including 

waterhemp (Jhala et al. 2015; Jursik et al. 2013). Strom et al. (2019) reported that acetochlor 

applied PRE at 2,700 g ai ha-1 controlled MHR waterhemp 75% at 4 WAA. Two sequential 

applications of acetochlor applied PRE followed by ePOST or PRE followed by lPOST are 

required for full-season control of waterhemp (Jhala et al. 2015). Acetochlor is registered in the 

US for control of other common broadleaf weeds found in Ontario including pigweeds 

(Amaranthus spp.), nightshades (Solanum spp.), lambsquarters, and purslane (Portulaca oleracea 

L) in addition to many annual grasses (Anonymous 2018). Weed control research has been 

completed in the US on acetochlor tank mixtures with fomesafen, flumioxazin, mesotrione, or 

pendimethalin (Armel et al. 2003; Cahoon et al. 2015; Grichar et al. 2015); however, MHR 

waterhemp was not evaluated in those studies.   

 The level of MHR waterhemp control provided by acetochlor applied alone is often 

inadequate (Jhala et al. 2015; Strom et al. 2019). In addition, newly documented Group 15-

resistant waterhemp further enhances the need for tank mixtures to reduce selection pressure 

from a single herbicide mode of action. The mechanism of Group 15 resistance in waterhemp is 

enhanced metabolism (Strom et al. 2020). Co-application of acetochlor with broadleaf herbicides 
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could improve MHR waterhemp control, while reducing the selection intensity for the evolution 

of herbicide resistance.  

MHR waterhemp now spans a distance of more than 800 km across southern Ontario; 

waterhemp extends from the Michigan border in the west to the Quebec border in the east. In 

addition, waterhemp has evolved resistance to five herbicide modes action in Ontario: Groups 2, 

5, 9, 14, and 27. It is imperative that more complexity is incorporated in Ontario crop/weed 

management programs to reduce the evolution of herbicide-resistant weeds, protect our valuable 

herbicide resource, and maximize net returns for growers. As MHR waterhemp continues to 

spread geographically through Ontario and resistance to other modes of action builds, 

acetochlor-based tank mixtures could be one tool in a diversified crop/weed management 

program. To the best of our knowledge, no research has been conducted on acetochlor tank 

mixtures for MHR waterhemp control in Ontario. The objective of this research was to evaluate 

acetochlor tank mixtures applied PRE for MHR waterhemp control in Ontario.  

 Materials and Methods 

4.3.1 Experimental Methods 

Two field trials were conducted in 2021 and three in 2022 for a total of five site-years. In 

2021, trial locations were near Cottam, ON (42.149046°N, -82.683986°W) and Newbury, ON 

(42.690833°N, -81.822589°W); in 2022, field locations were near Cottam, Newbury 

(42.727851°N, -81.822578°W), and on Walpole Island, ON (42.561915°N, -82.502111°W) 

(Table 1). All sites were infested with naturally-occurring populations of waterhemp resistant to 

Groups 2, 5, 9, 14, and 27. Soil characteristics for each site are presented in Table 1. 
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The previous crop at each site was corn. Sites were vertical tilled in the fall followed by one 

pass with a tandem disc and field cultivator in the spring. Glyphosate/dicamba-resistant 

(Roundup Ready Xtend® ) soybean cultivars DKB10-20®  and DKB0817® (Bayer Crop Science 

Inc., Suite 100, 3131 114th Avenue S.E., Calgary, Alberta, Canada, T2Z 3X2) were planted in 

2021 and 2022, respectively at a rate of approximately 400,000 seeds ha-1 to a depth of 3.75 cm 

in rows spaced 75 cm apart. Plots measured 8 m long by 2.25 m wide (3 soybean rows). The 

field trials were established as a randomized complete block design (RCBD) with four replicates. 

The trial included 14 herbicide treatments plus a nontreated control and a weed-free control. 

Herbicide active ingredient, rate, trade name, and manufacturer are presented in Table 2. 

Pyroxasulfone/flumioxazin (Fierce EZ®, Valent Canada Inc., 107 Woodlawn Rd West, Guelph, 

Ontario, Canada, N1H 1B4) (160 g ai ha-1) applied PRE followed by glyphosate/dicamba 

(Roundup Xtend®, Bayer Crop Science Inc., Calgary, Alberta, Canada, T2Z 3X2) (1,800 g ae ha-

1) applied POST was used to prevent weeds from being present in the weed-free control; hand 

weeding was completed when required. Herbicide treatments were applied PRE with a CO2-

pressurized backpack sprayer calibrated to deliver 200 L ha-1 at 240 kPa. Four nozzles (ULD120-

02, Hypro, Pentair Ltd., London, UK) spaced 50 cm apart on a 1.5 m boom was used for 

treatment application producing a spray width of 2 m. Year, location, soybean cultivar, planting, 

emergence, and harvest dates, and herbicide application dates are presented in Table 3. 

Visible soybean injury assessments were completed at 2 and 4 weeks after emergence 

(WAE) on a 0 to 100 scale, (0 represents no soybean injury and 100 designates complete plant 

death). Visible MHR waterhemp control as an approximation of the biomass reduction compared 

to the nontreated control was assessed at 4, 8, and 12 weeks after application (WAA) on a 0 to 
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100 scale (0 indicates no control and 100 indicates complete waterhemp control). At 8 WAA, 

density was recorded by counting and hand-harvesting waterhemp plants from two 0.25 m2 

quadrats from each plot. The waterhemp plants were clipped at the soil surface, placed into paper 

bags, kiln dried for two weeks, and weighed using an analytical balance to determine dry shoot 

biomass. Two soybean rows were harvested with a small-plot research combine at harvest 

maturity; seed moisture content (%) and weight were recorded. Soybean seed yield was adjusted 

to 13.5% moisture prior to statistical analysis. 

4.3.2 Statistical Analysis 

Statistical analysis was performed as a RCBD in SAS 9.4 (SAS Institute Inc., Cary, NC) 

using the PROC GLIMMIX procedure. The fixed effect was herbicide treatment, and the random 

effects were environment (site-year), replicate within environment, and treatment by 

environment. All environments were combined and analyzed together. The PROC 

UNIVARIATE procedure was used to ensure that variances were normal and homogenous. The 

Shapiro-Wilk test statistic, linear studentized residuals, and a test for over dispersion were 

analyzed to ensure the assumptions of normality (residuals are random, independent, normally 

distributed, have a mean of zero, and homogenous) were met. The nontreated control and weed-

free control were omitted from the dataset for analysis of waterhemp control and soybean injury; 

the weed-free control was not included for analysis of waterhemp density and biomass. Soybean 

injury utilized an arcsine square root distribution while density and biomass used a lognormal 

distribution. Visible control and yield residuals fit a normal distribution. Injury, density, and 

biomass data were back transformed from their appropriate distributions for presentation of 

results.  
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Colby’s equation (Equation 1) was used to determine the expected level of soybean 

injury and MHR waterhemp control by replicate for the treatments involving a tank mixture with 

acetochlor from the observed injury and control values for each herbicide applied alone. 

Expected = (A + B) – [(A * B) / 100] [1] 

Where: 

   A = value of first herbicide in tank mixture applied alone 

   B = value of second herbicide in tank mixture applied alone 

 A modified version of the Colby’s equation (Equation 2) was used to calculate the 

expected values for waterhemp density and biomass by replicate for the acetochlor tank mixtures 

using the observed density and biomass values for herbicides applied alone and the density and 

biomass from the nontreated control. 

Expected = (A*B)/W [2] 

Where: 

   A = value of first herbicide in tank mixture applied alone 

   B = value of second herbicide in tank mixture applied alone 

   W = value of nontreated control  

 A two-tailed t-test in SAS was then used to compare the expected values to the observed 

values for the acetochlor tank mixtures. Significance values of p<0.05 were used to determine 
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the relationship; where applicable, p<0.01 levels are also shown. If the observed value was 

greater than the expected value, the relationship was characterized as synergistic; when the 

observed value was similar to the expected value the relationship was termed additive, and when 

the observed value was less than the expected value, the relationship was deemed antagonistic. 

 Results and Discussion 

In 2021 at the Cottam site, there was 31.3 and 49.4 mm of rain in the 7 and 14 days that 

followed herbicide application, respectively. In 2021 at the Newbury site, there was 0 and 31.6 

mm of rain in the 7 and 14 days that followed herbicide application, respectively. In 2022 at the 

Cottam site, 15.7 and 27.7 mm of rain fell within the 7 and 14 days after application, 

respectively. At the Newbury site in 2022, 30.7 and 45.7 mm of rain fell within 7 and 14 days 

following application, respectively. Weather data for the Walpole Island site in 2022 was 

retrieved from the neighboring town of Wallaceburg since there was problems with the on-site 

weather station. At Walpole Island in 2022, 0.2 and 7.3 mm of rainfall fell within 7 and 14 days 

after application, respectively.  

4.4.1 Multiple-Herbicide-Resistant Waterhemp Visible Control 

Acetochlor controlled MHR waterhemp 89, 88, and 82% at 4, 8, and 12 WAA, respectively 

(Table 4). Hay et al. (2018) reported 68% waterhemp control at 4 WAA with encapsulated 

acetochlor (1,220 g ai ha-1). Dicamba, metribuzin, diflufenican, and sulfentrazone controlled 

MHR waterhemp similarly at 58 to 67%, 42 to 61%, and 37 to 55%, at 4, 8, and 12 WAA, 

respectively; flumioxazin provided 86, 86, and 81% waterhemp control at 4, 8, and 12 WAA, 

respectively. Schryver et al. (2017a) reported 48% waterhemp control with metribuzin (420 g ai 

ha-1) applied PRE at 4 WAA which is similar to the current study. At 4, 8, and 12 WAA the tank 
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mixtures of acetochlor + dicamba, metribuzin, diflufenican, sulfentrazone or flumioxazin 

controlled MHR similarly at 91 to 98%, 89 to 99%, and 89 to 97%, respectively; all interactions 

were additive. The industry standards S-metolachlor/metribuzin, pyroxasulfone/sulfentrazone, 

and pyroxasulfone/flumioxazin controlled MHR waterhemp 66 to 78%, 77 to 84%, and 90 to 

95%, respectively. All of the acetochlor tank mixtures and industry standards provided similar 

MHR waterhemp control with the exception that acetochlor + sulfentrazone, acetochlor + 

flumioxazin, and pyroxasulfone/flumioxazin provided greater MHR waterhemp control than S-

metolachlor/metribuzin at 12 WAA. Similarly, Han et al. (2002) reported good control of several 

annual weeds with acetochlor + flumioxazin; lambsquarters, redroot pigweed, large crabgrass, 

barnyardgrass, and black nightshade (Solanum nigrum L.) were controlled 89% with acetochlor 

+ flumioxazin (800 + 50 g ai ha-1) at 2 WAE.  

Acetochlor controlled MHR waterhemp 88% at 8 WAA which was greater than dicamba, 

metribuzin, diflufenican, and sulfentrazone but similar to flumioxazin (Table 4). Similarly, Jhala 

et al. (2015) reported 80% waterhemp control 8 weeks after planting with acetochlor applied 

PRE at either 1,680 or 3,370 g ai ha-1; in the current study, 88% control was achieved with a rate 

of 1,700 g ai ha-1. In another study, acetochlor (1,260 g ai ha-1) provided 84% control of Palmer 

amaranth, a close relative to waterhemp, in 2-3 leaf cotton, 3 WAA (Cahoon et al. 2015). Similar 

to 4 WAA, at 8 WAA there were no differences in MHR waterhemp control among acetochlor 

tank mixtures and industry standards. Hedges et al. (2018a) reported 87, 91, and 95% waterhemp 

control with S-metolachlor/metribuzin, pyroxasulfone/sulfentrazone, and 

pyroxasulfone/flumioxazin, respectively, at 8 WAA.  
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MHR waterhemp control with acetochlor fell slightly to 82% at 12 WAA; control with 

dicamba, metribuzin, diflufenican, sulfentrazone, and flumioxazin ranged from 37 to 81%. MHR 

waterhemp control with dicamba, metribuzin, diflufenican, and sulfentrazone was lower than 

with acetochlor. Schryver et al. (2017c) reported 76, 58, and 77% control of glyphosate-resistant 

waterhemp with metribuzin (1,120 g ai ha-1), sulfentrazone (210 g ai ha-1), and flumioxazin (108 

g ai ha-1), respectively. The results of this study found 53, 55, and 81% control with metribuzin, 

sulfentrazone, and flumioxazin, respectively; though the rates of metribuzin and sulfentrazone 

used in the study by Schryver et al. (2017c) were 2.7 and 1.5X greater, which partially explains 

the higher control in that study. Adding acetochlor to dicamba, metribuzin, diflufenican, 

sulfentrazone, and flumioxazin increased waterhemp control by 52, 37, 51, 37, and 16%, 

respectively, at 12 WAA. Control with the acetochlor-based tank mixtures was ≥89%; acetochlor 

+ flumioxazin controlled waterhemp 97%, which exceeded control with S-

metolachlor/metribuzin (66%). All relationships were additive based on the observed and 

expected values obtained from Colby’s equation. The industry standards 

pyroxasulfone/sulfentrazone and pyroxasulfone/flumioxazin controlled MHR waterhemp 77 and 

91%, respectively, which was similar to the acetochlor tank mixtures evaluated. Schryver et al. 

(2017a) reported 75 and 92% control of glyphosate-resistant waterhemp with 

pyroxasulfone/sulfentrazone (300 g ai ha-1) and pyroxasulfone/flumioxazin (240 g ai ha-1) 

applied PRE, which closely parallels the results of this study. 

4.4.2 Multiple-Herbicide-Resistant Waterhemp Density and Biomass 

The waterhemp density in the nontreated control was 882 plants m-2 at 8 WAA. 

Acetochlor reduced the density of MHR waterhemp by 98%; Han et al. (2006), reported that 
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acetochlor (1,500 g ai ha-1) reduced the density of grass and broadleaf weeds by 72% and 

Hausman et al. (2013) found that acetochlor (1,680 g ai ha-1) reduced waterhemp density by 88% 

averaged over two years. The application of dicamba or diflufenican alone did not reduce 

waterhemp density relative to the nontreated control. Meyer et al. (2016) reported that dicamba 

(560 g ae ha-1) reduced waterhemp density 19% compared to 50% in the current study. 

Sulfentrazone and flumioxazin reduced waterhemp density by 94 and 98%, respectively, which 

was greater than a study by Schryver et al. (2017c) where sulfentrazone (210 g ha-1) and 

flumioxazin (108 g ai ha-1) reduced waterhemp density 67 and 77%, respectively. The tank 

mixtures of acetochlor + dicamba, metribuzin, diflufenican, sulfentrazone, or flumioxazin 

reduced waterhemp density by 98 to 100%. The addition of acetochlor reduced waterhemp 

density relative to the broadleaf herbicides applied alone; conversely, only the tank mix of 

acetochlor + flumioxazin reduced waterhemp density over acetochlor applied alone. Based on 

Colby’s equation, there was an antagonistic relationship when acetochlor was co-applied with 

metribuzin, sulfentrazone, or flumioxazin; however, the numeric decrease in density was 99 to 

100%. S-metolachlor/metribuzin, pyroxasulfone/sulfentrazone, and pyroxasulfone/flumioxazin 

reduced waterhemp density by 95, 99, and 100%, respectively. Previous research has found that 

waterhemp density reductions relative to the nontreated control from the application of S-

metolachlor/metribuzin, pyroxasulfone/sulfentrazone, and pyroxasulfone/flumioxazin at the 

same rates as evaluated in this study ranged from 84 to 98%, 87 to 99%, and 96 to 99%, 

respectively (Hedges et al. 2018a; Hedges et al. 2018b; Schryver et al. 2017b; Schryver et al. 

2017c). 
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All treatments evaluated, except dicamba and diflufenican, reduced waterhemp shoot 

biomass. Acetochlor reduced shoot biomass by 93%. Shoot biomass reductions were greatest 

from the tank mixture of acetochlor + flumioxazin, which reduced biomass by >99%, though 

there were no differences amongst acetochlor tank mixtures. The addition of acetochlor to 

dicamba, metribuzin, diflufenican, sulfentrazone, or flumioxazin reduced biomass by an 

additional 41, 29, 51, 25, and 10%, respectively, though only the tank mixture of acetochlor + 

flumioxazin was statistically significant. There was a synergistic interaction for the treatments of 

acetochlor + dicamba and acetochlor + diflufenican, though these tank mixes did not reduce 

shoot biomass relative to acetochlor applied alone. The industry standards, S-

metolachlor/metribuzin, pyroxasulfone/sulfentrazone, and pyroxasulfone/flumioxazin reduced 

shoot biomass of waterhemp relative to the nontreated control by 85, 87, and 97%, respectively, 

which was similar to acetochlor applied alone. This aligns closely with results presented by 

Hedges et al. (2018a) where the same premixtures reduced waterhemp biomass 93, 93, and 96%, 

respectively. 

4.4.3 Soybean Injury and Yield 

 Acetochlor applied PRE caused 4% soybean injury at 2 WAE (Table 5). Flumioxazin 

caused 3% soybean injury; dicamba, metribuzin, diflufenican, and sulfentrazone did not cause 

any soybean injury. The tank mixtures of acetochlor + dicamba, metribuzin, diflufenican or 

sulfentrazone caused similar soybean injury of 4 to 7%; acetochlor + flumioxazin caused 19% 

soybean injury at 2 WAE which was similar to acetochlor + diflufenican. Soybean injury 

included stunting and cupped and puckered leaves with a shortened midrib. Han et al. (2002) did 

not observe any soybean injury with the tank mixture of acetochlor + flumioxazin (800 + 50 g ai 
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ha-1) applied PRE; however, the rates used in the current study were more than double. There 

was an antagonistic interaction in terms of soybean injury with all tank mixtures except 

acetochlor + flumioxazin. The co-application of acetochlor + flumioxazin caused 19% soybean 

injury which was greater than the expected injury of 11% based on Colby’s equation, thus 

demonstrating a synergistic increase in injury. In contrast to results from this study, Jhala et al. 

(2015) reported that acetochlor applied alone (1,680 g ai ha-1) and when co-applied with 

flumioxazin (1,680 + 110 g ai ha-1) caused <10% soybean injury. However, the soils in the 

current study had a much greater percentage of sand and significantly lower proportion of clay 

than the soils in the study by Jhala et al. (2015) which can influence herbicide adsorption to the 

soil and subsequent uptake by soybean (Weber and Peter 1982). S-metolachlor/metribuzin, 

pyroxasulfone/sulfentrazone, and pyroxasulfone/flumioxazin caused 1, 0, and 3% injury, 

respectively. 

Generally, soybean injury decreased from 2 to 4 WAE (Table 5). Acetochlor alone 

caused 1% injury which was greater than the weed-free and nontreated control, but similar to all 

other treatments except acetochlor + flumioxazin. Acetochlor + flumioxazin was more injurious 

than any other treatment; there was 11% injury at 4 WAE. Dicamba, metribuzin, diflufenican, 

sulfentrazone, flumioxazin, acetochlor + metribuzin, and acetochlor + sulfentrazone, caused ≤1% 

soybean injury. The co-application of acetochlor + flumioxazin at 4 WAE casued a synergistic 

increase in soybean injury while there was an antagonistic decrease in soybean injury with all 

other tank mixtures containing acetochlor. Soybean injury was ≤1% in S-metolachlor/metribuzin, 

pyroxasulfone/sulfentrazone, and pyroxasulfone/flumioxazin treated plots, slightly lower than 

the findings of Hedges et al. (2018a) and Mahoney et al. (2014). 
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Interference from MHR waterhemp reduced soybean yield by 32% (Table 5). In previous 

studies conducted in Ontario, soybean yield losses as a result of waterhemp interference were 34-

56% (Hedges et al. 2018a; Hedges et al. 2018b; Schryver 2017b; Schryver et al. 2017c). The 

yields from all herbicide treatments were similar to the yield of the weed-free control. Reduced 

waterhemp interference with acetochlor alone increased yield by 0.92 t ha-1 compared to the 

nontreated control. Flumioxazin and acetochlor + flumioxazin resulted in the highest numeric 

yields, 2.95 and 2.91 t ha-1, respectively, which was greater than dicamba and similar to all other 

treatments. Jhala et al. (2015) found that there was no difference in yield between acetochlor 

applied alone (1,680 g ai ha-1) or as a tank mixture with flumioxazin, consistent with the findings 

of this study. 

 Conclusion  

The co-application of acetochlor with dicamba, metribuzin, diflufenican, sulfentrazone, or 

flumioxazin controlled MHR waterhemp ≥89% at 12 WAA, reduced waterhemp density ≥98%, 

decreased waterhemp shoot biomass ≥95%, and resulted in soybean yield that was similar to the 

weed-free control. Acetochlor + flumioxazin caused 11% soybean injury at 4 WAE; injury from 

the other tank mixtures was ≤2%. Waterhemp interference caused a 32% soybean yield loss.  

 This study concludes that the co-application of acetochlor with dicamba, metribuzin, 

diflufenican, sulfentrazone, or flumioxazin results in excellent season-long control of MHR 

waterhemp and results in soybean yield similar to the weed-free control. There is potential for 

soybean injury when acetochlor is co-applied with flumioxazin. Acetochlor provides effective 

control of small-seeded annual grass and some small-seeded annual broadleaf weeds including 

waterhemp; the co-application of acetochlor with a broadleaf herbicide will increase the 
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spectrum of weeds controlled and may provide more consistent control across a range of weed 

densities, soil types, and weather conditions. Herbicide tank mixtures are recommended to 

decrease the pressure applied to single modes of action to delay herbicide resistance. As 

waterhemp continues to evolve multiple resistance, it is crucial that growers have responsible 

management strategies that mitigate the risk of further evolution of herbicide resistance. Other 

non-chemical methods of weed control including crop rotation, planting of cover crops, and 

tillage should be used in combination with herbicides to ensure lasting efficacy of these products.  
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Table 4.1 Year, location, and soil characteristics for five field trials conducted in southwestern Ontario, Canada in 2021 and 2022. 

Abbreviations: OM, organic matter; CEC, cation exchange capacity. 
a Soil analysis performed by A&L Canada Laboratories Inc. (2136 Jetstream Road, London, Ontario, Canada, N5V 3P5) from soil 

cores taken from 0-15 cm.   

 

 

 

 

 

 

 

 

 

  

Year Location Soil texture Sand Silt Clay OM pH CEC 

   %   

2021 Cottam Sandy loam 62 23 15 2.3 5.9 7.7 

2021 Newbury Loamy sand 79 14 6 2.8 6.5 7.9 

2022 Cottam Sandy loam 55 27 17 2.2 5.7 9.1 

2022 Newbury Loamy sand 84 11 4 2.5 6.7 11.6 

2022 Walpole Island Sandy loam 65 24 11 2.1 7.1 14.9 
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Table 4.2 Herbicide active ingredient, rate, trade name, and manufacturer of products used to investigate acetochlor-based tank 

mixtures in soybean for multiple-herbicide-resistant waterhemp control for five trials completed in southwestern Ontario, Canada in 

2021 and 2022. 

Herbicide Treatment Rate Trade Name Manufacturer 

 g ai ha-1   

Acetochlor 1,700 Warrant® Bayer Crop Science 

Dicamba 600 Xtendimax® Bayer Crop Science  

Metribuzin 413 Sencor® 75DF Bayer Crop Science 

Diflufenican 90 Brodal® Bayer Crop Science 

Sulfentrazone 140 Authority® FMC Canada  

Flumioxazin 107 Valtera™ EZ Valent Canada 

S-metolachlor/metribuzin 1,943 Boundary® LQD Syngenta Canada 

Pyroxasulfone/sulfentrazone 300 Authority® Supreme FMC Canada 

Pyroxasulfone/flumioxazin 240 Fierce® EZ Valent Canada 

a Bayer Crop Science Inc., Suite 100, 3131 114th Avenue S.E., Calgary, Alberta, Canada, T2Z 3X2; FMC Canada, 6755 Mississauga 

Road Suite 204 Mississauga, Ontario, Canada, L5N 7Y2; Syngenta Canada Inc., 140 Research Lane, Guelph, Ontario, Canada, N1G 

4Z3; Valent Canada Inc., 107 Woodlawn Rd West, Guelph, Ontario, Canada, N1H 1B4 
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Table 4.3 Year, location, cultivar, planting, application, emergence, and soybean harvest dates for five field trials conducted in 

southwestern Ontario, Canada in 2021 and 2022. 

Year Location Soybean Cultivar Planting Date Application Date Emergence Date Harvest Date 

2021 Cottam DKB10-20 May 18 May 21 May 24 Sept 20 

2021 Newbury DKB10-20 May 11 May 14 May 20 Nov 23 

2022 Cottam DKB0817 A5 May 17 May 18 May 27 Sept 22 

2022 Newbury DKB0817 A5 May 12 May 13 May 21 Sept 22 

2022 Walpole Island DKB0817 A5 June 21 June 23 June 26 Oct 6 
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Table 4.4 Multiple-herbicide-resistant waterhemp control at 4, 8, and 12 weeks after application, density and biomass at 8 WAA after 

PRE application of soybean herbicides and acetochlor-based tank mixtures for five field trials conducted in southwestern Ontario, 

Canada in 2021 and 2022. 

Abbreviations: WAA, weeks after application 
a Means followed by the same letter (a-c) within a column are not significantly different according to Tukey-Kramer at p<0.05.  
b Values in parentheses represent expected values from Colby’s Equation. 
c  * and ** denote significance at p<0.05 and p<0.01, respectively, between observed and expected values based on a two-tailed t-test. 

 

 

Treatment Rate Visible waterhemp control (%) Density Biomass 

 g ai ha-1 4 WAA 8 WAA 12 WAA plants m-2 g m-2 

Weed-free control  100  100  100  0  0  

Nontreated Control  0  0  0  882 h 127.2 e  

Acetochlor 1,700 89 ab 88 a 82 ab 17 bcd 8.8 b 

Dicamba 600 59 d 42 c 37 d 445 gh 54.9 de 

Metribuzin 413 67 bcd 60 bc 53 cd 147 efg 41.8 cd 

Diflufenican 90 58 d 44 c 38 d 378 fgh 67.6 de 

Sulfentrazone 140 64 cd 61 bc 55 cd 56 def 38.2 cd 

Flumioxazin 107 86 abc 86 a 81 ab 19 bcd 12.2 b 

Acetochlor + dicamba 1,700 + 600 94 (94) a 93 (92) a 89 (87) ab 16 (12) abc 2.6 (6.6) * ab 

Acetochlor + metribuzin 1,700 + 413 92 (92) a 93 (94) a 90 (89) ab 11 (4) ** abc 4.6 (7.5) ab 

Acetochlor +  diflufenican 1,700 + 90 93 (92) a 89 (92) a 89 (87) ab 13 (10) abc 2.0 (7.9) * ab 

Acetochlor + sulfentrazone 1,700 + 140 91 (94) ab 91 (95) a 92 (91) a 11 (2) * abc 6.1 (6.3) ab 

Acetochlor + flumioxazin 1,700 + 107 98 (95) a 99 (98) a 97 (95) a 3 (1) * a 0.2 (5.4) a 

S-metolachlor/metribuzin 1,943 78 abcd 76 ab 66 bc 41 cde 18.5 bc 

Pyroxasulfone/sulfentrazone 300 81 abcd 84 a 77 abc 11 abc 16.0 b 

Pyroxasulfone/flumioxazin 240 90 ab 95 a 91 a 4 ab 4.1 ab 
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Table 4.5 Mean percent injury of soybean 2 and 4 weeks after crop emergence and soybean yield for five field trials evaluating 

control of multiple-herbicide-resistant waterhemp with soybean herbicides and acetochlor-based tank mixtures applied PRE in 

southwestern Ontario, Canada in 2021 and 2022. 

Treatment Rate  Visible Injury (%)  Yield 

t ha-1  g ai ha-1 2 WAE 4 WAE 

Weed-free control  0 a 0.0 a 2.81 ab 

Nontreated Control  0 a 0.0 a 1.90 c 

Acetochlor 1,700 4 bc 1.0 bc 2.82 ab 

Dicamba 600 0 ab 0.0 abc 2.36 bc 

Metribuzin 413 0 ab 0.1 abc 2.48 ab 

Diflufenican 90 1 abc 0.3 bc 2.59 ab 

Sulfentrazone 140 0 ab 0.1 abc 2.49 ab 

Flumioxazin 107 3 bc 1.0 bc 2.95 a 

Acetochlor + dicamba 1,700 + 600 4 (7) ** bc 1.3 (2) ** c 2.88 ab 

Acetochlor + metribuzin 1,700 + 413 5 (7) ** bc 1.0 (2) ** bc 2.71 ab 

Acetochlor + diflufenican 1,700 + 90 7 (9) ** cd 1.5 (2) ** c 2.74 ab 

Acetochlor + sulfentrazone 1,700 + 140 5 (7) ** bc 0.5 (2) **  bc 2.83 ab 

Acetochlor + flumioxazin 1,700 + 107 19 (11) ** d 10.6 (3) ** d 2.91 a 

S-metolachlor/metribuzin 1,943 1 abc 0.3 bc 2.54 ab 

Pyroxasulfone/sulfentrazone 300 0 ab 0.0 abc 2.85 ab 

Pyroxasulfone/flumioxazin 240 3 bc 0.9 bc 2.74  ab 

Abbreviations: WAE, weeks after crop emergence. 
 a Means followed by the same letter (a-c) within a column are not significantly different according to Tukey-Kramer Grouping at 

p<0.05. 
b Values in parentheses represent expected values from Colby’s Equation. 
c  * and ** denote significance at p<0.05 and p<0.01, respectively, between observed and expected values based on a two-tailed t-test.  
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Chapter 5: Control of multiple-herbicide-resistant waterhemp 

(Amaranthus tuberculatus) with acetochlor-based tank mixtures in 

Ontario corn 

 Abstract 

Waterhemp is a summer annual broadleaf weed with high fecundity, short seed longevity in 

the soil, and wide genetic diversity. Populations have evolved resistance to five herbicide modes 

of action (Groups 2, 5, 9, 14, and 27) which are present across southern Ontario; this has 

increased the challenge of controlling this competitive species in corn, the most important grain 

crop produced worldwide, and the highest value agronomic crop in Ontario. Acetochlor is a 

Group 15 soil-applied residual herbicide that has activity on many small-seeded annual grass and 

some small-seeded annual broadleaf weeds. The objective of this study was to ascertain whether 

tank mixtures of acetochlor with flumetsulam, dicamba, atrazine, isoxaflutole/diflufenican, or 

mesotrione + atrazine applied preemergence would increase the control of multiple-herbicide-

resistant (MHR) waterhemp in corn. Three field trials were conducted in 2022. No corn injury 

was observed. Acetochlor applied alone controlled MHR waterhemp 95% 12 weeks after 

application (WAA). All tank mixtures controlled MHR waterhemp similarly at ≥95% 12 WAA; 

there were no differences among tank mixtures. Flumetsulam, dicamba, and atrazine alone 

provided lower MHR waterhemp control than all other herbicide treatments and did not reduce 

density or biomass. Acetochlor alone reduced waterhemp density and biomass 98%, while the 

acetochlor tank mixtures reduced density similarly at 99 to 100%. This study concludes that the 

acetochlor tank mixtures evaluated provide excellent waterhemp control; however, control was 

not greater than acetochlor alone. Herbicides tank mixtures should be used as a best management 

practice to mitigate the evolution of herbicide resistance.   
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 Introduction 

Since 2002, Ontario growers have been dealing with herbicide-resistant waterhemp, which is 

a summer annual broadleaf weed (Costea et al. 2005; Heap 2022; Nordby et al. 2007) and a 

member of the Amaranthus family. It is difficult to distinguish from other species in the same 

family. In contrast to green pigweed and redroot pigweed, waterhemp stems and leaves are 

completely hairless. Oftentimes its leaves are glossier than those of other Amaranthus species 

(Costea et al. 2005; Nordby et al. 2007). Waterhemp seed heads are more slender than the bushy 

appearance of redroot, smooth, and green pigweed inflorescences (Costea et al. 2005; Nordby et 

al. 2007; Trucco et al. 2006). Similar to Palmer amaranth, waterhemp is a dioecious species; 

male and female reproductive organs are found on separate plants that cross pollinate, the female 

plant develops small reddish to black seeds (Costea et al. 2005; Sarangi et al. 2017). Waterhemp 

seed is nearly indistinguishable from others in the Amaranthus family. Copious amounts of tiny, 

round black seeds are produced from all Amaranthus species; in one study a single redroot 

pigweed plant produced 291,000 seeds, while waterhemp produced 289,000 seeds (Sellers et al. 

2003). Hartzler et al. (2004) reported that a single plant produced 4.8 million seeds 

demonstrating the high fecundity of waterhemp.   

 Growers in Ontario and the US are plagued by MHR waterhemp populations. The first 

record of herbicide-resistant waterhemp in Ontario dates back to 2002 when resistance to WSSA 

Group 2 acetolactate synthase (ALS) inhibitors and WSSA Group 5 photosystem II (PSII) 

inhibitors was confirmed (Heap 2022). The first report of glyphosate-resistant waterhemp in 

Ontario was made by Schryver et al. (2017c) from seed collected in 2014. Since then, 5-way 

resistant waterhemp populations have been confirmed in seven Ontario counties; another eleven 
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counties have 2, 3, or 4-way resistance (Symington et al. 2022). 5-way resistant waterhemp 

populations are resistant to the Group 2, 5, 5-enolpyruvateshikimate-3-phosohate synthase 

(EPSPS) inhibitors (WSSA Group 9), protoporphyrinogen oxidase (PPO) inhibitors (WSSA 

Group 14), and 4-hydroxyphenylpyruvate dioxygenase (HPPD) inhibitors (WSSA Group 27) 

(Symington 2022). Waterhemp is a widespread problem in the US; it has been confirmed in all 

but nine states (GROW, n.d.; USDA 2014). Since 1993 American growers have been dealing 

with Group 2-resistant waterhemp and the problem has become greater (Heap 2022). In 2014, the 

first documented case of 6-way MHR waterhemp was confirmed in Missouri, US. In the US, 

waterhemp has evolved resistance to Groups 2, 4, 5, 9, 14, 15, and 27 herbicides (Heap 2022; 

Shergill et al. 2018; Strom et al. 2020). Multiple resistance drastically reduces the number of 

effective herbicides that can be used to control waterhemp in corn; this is very problematic due 

to potential corn yield loss from waterhemp interference. 

 High waterhemp densities cause greater crop yield losses; however, even low waterhemp 

densities can reduce yield (Cordes et al. 2004). Corn yield losses were <10% when waterhemp 

was present at <82 plants m-2 ; in contrast, yield losses as high as 74% have been reported 

(Cordes et al. 2004; Steckel and Sprague 2004).  

 Worldwide, corn grain production exceeds rice and wheat (StatsCan 2015). Corn’s 

importance extends beyond food production; it is widely used in livestock feed and industrial 

products. In 2021, 1.1 billion tonnes of corn were produced globally. The US was the number 

one corn producer globally with 348 million tonnes (USDA 2021d) and an average yield that is 

double the global average of 5.3 tonnes ha-1 (USDA 2022). While the US produces the bulk of 

the world’s corn, it is still an important crop for the Canadian economy and for Ontario 
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specifically. In 2021, just under 13 million tonnes of corn was produced in Canada, 62% of 

which was produced in Ontario (StatsCan 2015; USDA 2022). The majority of the remainder of 

Canadian corn is produced from Ontario’s neighboring provinces to the east and west, Quebec 

and Manitoba, respectively (StatsCan 2015). The average corn yield in Canada is slightly less 

than US yields at 9.1 tonnes ha-1 (USDA 2022).  

Corn yield can be greatly impacted by the presence of weeds. A meta-analysis conducted 

by Soltani et al. (2016) concluded that there would be an average corn yield loss of 50% in North 

America if producers did not implement any weed management tactics. Ontario growers are 

encouraged to keep their corn fields free of weeds from corn emergence through to V6 to 

minimize yield losses from weed interference (OMAFRA 2009). This timing correlates with 

much of the research conducted on the critical period for weed control in corn which varies from 

emergence to V14 (Hall et al. 1992; Page et al. 2012) and depends on factors such as relative 

time of weed and crop emergence, weed species composition, weed density, soil characteristics, 

tillage practices, nutrient availability, environmental conditions, and planting date (Hall et al. 

1992; Knezevic et al. 2002; Van Acker et al. 1993). Through effective management of weeds 

corn yield losses due to weed interference can be minimized.  

 The use of effective waterhemp herbicides, such as the WSSA Group 15 herbicides, can 

result in reduced weed interference, higher corn yields, and fewer weed seeds returned to the soil 

weed seedbank (Gressel and Segel 1990; Gianessi and Reigner 2007). Acetochlor is a 

chloroacetanilide herbicide that can be applied preplant (PP), preplant incorporated (PPI), 

preemergence (PRE), or early postemergence (ePOST) relative to the corn crop to control non-

emerged small-seeded annual grass and some small-seeded annual broadleaf weeds (Anonymous 
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2012; Anonymous 2018; Shaner 2014). Approved for use in the US in 1994 (de Guzman et al. 

2005) it is now widely used for weed management in corn, cotton, and soybean (Armel et al. 

2003; Cahoon et al. 2015; Jhala et al. 2015). Acetochlor is a very long-chain fatty acid elongases 

inhibitor that is absorbed by the shoots of emerging weed seedlings (Shaner 2014). Research has 

concluded that there is a sufficient margin of crop safety for the use of acetochlor in corn. Janak 

and Grichar (2016) found that even when acetochlor was applied at the 2X rate, corn injury did 

not exceed 3%. Additionally, acetochlor is an effective waterhemp herbicide. Jhala et al. (2015) 

reported that acetochlor (1,680 g ai ha-1) applied PRE controlled MHR waterhemp 80% 60 days 

after planting. Though acetochlor can be applied ePOST relative to the crop, it has little activity 

on emerged weeds which need to be controlled with another weed management tactic. The 

tolerance of corn to acetochlor POST allows for later applications that provide residual control of 

waterhemp that emerges throughout the growing season. 

 Acetochlor has activity on waterhemp; however, it is recommended that it is applied in a 

tank mixture with another effective broadleaf herbicide to improve control and reduce selection 

intensity for the evolution of herbicide-resistant biotypes. To the best of our knowledge, no 

research has been conducted on the efficacy of acetochlor tank mixtures PRE for MHR 

waterhemp control in corn in Ontario. The objective of this study was to evaluate MHR 

waterhemp control with acetochlor-based tank mixtures applied PRE in corn. 

 Materials and Methods  

5.3.1 Experimental Methods 

Three field trials were conducted in 2022 near Cottam, ON (42.149046°N, -82.683986°W), 

Newbury, ON (42.727962°N, -81.822588°W), and on Walpole Island, ON (42.561915°N, -
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82.502111°W). At each site, there were naturally-occurring populations of waterhemp that were 

5-way resistant to the WSSA Groups 2, 5, 9, 14, and 27 herbicides. Soil characteristics for each 

site are presented in Table 1. 

The previous crop at each site was soybean. Seedbed preparation consisted of vertical tillage 

in the fall followed by cultivation in the spring. Glyphosate/glufosinate-resistant corn hybrid 

DKC46-82RIB (Bayer Crop Science Inc., Suite 100, 3131 114th Avenue S.E., Calgary, Alberta, 

Canada, T2Z 3X2) was seeded at a rate of approximately 83,000 seeds ha-1 to a depth of 4.0 cm 

in rows spaced 75 cm apart. Plot measurements were 2.25 m wide (3 corn rows) by 8 m long. 

Glyphosate (Roundup WeatherMAX®, Bayer Crop Science Inc., Suite 100 3131 114th Avenue 

S.E., Calgary, Alberta, Canada, T2Z 3X2) (450 g ai ha-1) was applied POST to the entire 

experimental area to control glyphosate-susceptible waterhemp and all other weed species. The 

trials were established as a randomized complete block design (RCBD) with four blocks. Each 

trial evaluated 15 herbicide treatments plus a nontreated control and a weed-free control. 

Herbicide active ingredient, rate, trade name, and manufacturer are presented in Table 2. The 

weed-free control was maintained weed-free with S-

metolachlor/atrazine/mesotrione/bicyclopyrone (Acuron®, Syngenta Canada, 140 Research Ln,  

Guelph, Ontario, Canada, N1G 4Z3) (2,026 g ai ha-1) applied PRE followed by glufosinate 

(Liberty® 200 SN, BASF Canada, 5025 Creekbank Rd, Mississauga, Ontario, Canada, L4W 5R2) 

(500 g ai ha-1) applied POST; hand weeding was completed when required. Herbicide treatments 

were applied PRE with a CO2-pressurized backpack sprayer calibrated to deliver 200 L ha-1 at 

240 kPa. A spray width of 2 m was produced from a 1.5 m boom equipped with four ultra-low 

drift nozzles (ULD 120-02, Hypro, Pentair Ltd., London, UK) spaced 50 cm apart. Corn hybrid, 
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and corn planting, herbicide application, corn emergence, and corn harvest dates are presented in 

Table 3. 

Visible corn injury assessments were completed at two and four weeks after emergence 

(WAE) on a percent scale; 0 represented no corn injury and 100 designated complete corn death. 

Visible MHR waterhemp control as an estimation of the biomass reduction relative to the 

nontreated control was assessed at 4, 8, and 12 weeks after application (WAA) on a percent 

scale; 0 indicated no control and 100 indicated complete waterhemp control. At 8 WAA, 

waterhemp density was determined by counting and hand-harvesting plants from two arbitrarily 

placed 0.25 m2 quadrats within each plot. Waterhemp plants were clipped at the soil surface, 

placed into paper bags, and kiln dried to a consistent moisture. Samples were weighed using an 

analytical balance and the dry shoot biomass was recorded. At harvest maturity, two corn rows 

were combined with a small-plot combine; seed moisture content (%) and weight were recorded. 

Corn grain yield was adjusted to 15.5% moisture prior to statistical analysis. 

5.3.2 Statistical Analysis 

Statistical analysis was performed as a RCBD using PROC GLIMMIX in SAS 9.4 (SAS 

Institute Inc., Cary, NC). Herbicide treatment was the fixed effect; random effects included the 

environment (site-by-year), replicate within environment, and the treatment by environment. All 

environments were pooled together for analysis. Variances were verified to be normal and 

homogenous with the use of the PROC UNIVARIATE procedure. The Shapiro-Wilk test statistic 

and linear studentized residuals were analyzed to ensure the assumptions of normality, that 

residuals are random, independent, normally distributed, have a mean of zero, and homogenous 

were met. The nontreated control and weed-free control were omitted from the dataset for 
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analysis of waterhemp control and corn injury; the weed-free control was not included for 

analysis of waterhemp density and biomass. Corn injury utilized an arcsine square root 

distribution while density and biomass fit a lognormal distribution. Visible waterhemp control 

and corn yield used a normal distribution. All data that were transformed or analyzed with non-

Gaussian distributions were back transformed for presentation of results.  

In order to determine the expected level of corn injury, and the expected level of MHR 

waterhemp control, Colby’s equation (Equation 1) was used. Expected values were computed by 

replicate for the treatments involving a tank mixture with acetochlor from the observed control or 

injury values for each herbicide applied alone. 

Expected = (A + B) – [(A * B) / 100] [1] 

Where: 

   A = value of first herbicide in tank mixture applied alone 

   B = value of second herbicide in tank mixture applied alone  

 A modification to the above Colby’s equation was made (Equation 2) to calculate the 

expected values for waterhemp density and biomass by replicate. This was completed for the 

tank mixtures containing acetochlor by using the observed density and biomass values for 

herbicides applied alone and the density and biomass from the nontreated control. 

Expected = (A*B)/W [2] 

Where: 
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   A = value of first herbicide in tank mixture applied alone 

   B = value of second herbicide in tank mixture applied alone 

   W = value of nontreated control  

 After expected values were calculated, a two-tailed t-test was run in SAS to compare the 

expected values to the observed values for the acetochlor based tank mixtures. A significance 

level of α=0.05 was used to determine the nature of the relationship. The relationship was 

synergistic if the observed value was greater than the expected value, additive when the two 

values were similar, and antagonistic when the observed value was less than the expected value. 

 Results and Discussion 

5.4.1 Corn Injury 

The herbicide treatments evaluated caused <1% corn injury at 2 and 4 WAE (data not 

presented). These results are similar to a study conducted by Janak and Grichar (2016) who 

reported that acetochlor (5,165 g ai ha-1) caused <3% corn injury.   

5.4.2 Multiple-Herbicide-Resistant Waterhemp Visible Control 

Acetochlor (2,950 g ai ha-1) controlled MHR waterhemp 99% at 4 WAA (Table 4). Strom et 

al. (2019) reported only 75% control of waterhemp at 4 WAA with acetochlor applied at 2,700 g 

ai ha-1. In the study by Strom et al. (2019) the encapsulated formulation of acetochlor was used; 

in contrast, the emulsifiable concentrate was used in the current study. Hausman et al. (2013) 

found that the emulsifiable concentrate formulation of acetochlor at 1,680 and 3,360 g ai ha-1 

provided 85 and 94% control of waterhemp, respectively at 4 WAA. Flumetsulam (50 g ai ha-1), 
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dicamba (600 g ai ha-1), and atrazine (1,490 g ai ha-1) controlled waterhemp similarly at 76, 77, 

and 72%, respectively. This low level of control with flumetsulam and atrazine is expected since 

there were Group 2 and 5-resistant biotypes at all trial locations. Meyer et al. (2016) reported that 

dicamba PRE provided poor waterhemp control and suggested that this was due to rainfall which 

reduced the length of residual waterhemp control with dicamba. Isoxaflutole/diflufenican (191 g 

ai ha-1), mesotrione + atrazine (140 + 1,490 g ai ha-1), all acetochlor tank mixtures, 

isoxaflutole/thiencarbazone-methyl + atrazine (104 + 800 g ai ha-1), isoxaflutole/diflufenican + 

atrazine (191 + 800 g ai ha-1), dimethenamid-p/saflufenacil (735 g ai ha-1), and S-

metolachlor/atrazine/mesotrione/bicyclopyrone (2,026 g ai ha-1) controlled waterhemp similarly 

98-100%; control was similar to acetochlor applied alone but greater than flumetsulam, dicamba, 

or atrazine applied alone. All acetochlor tank mixture interactions were additive. Willemse et al. 

(2021a) similarly reported 99% control of waterhemp 4 WAA with mesotrione + atrazine and S-

metolachlor/atrazine/mesotrione/bicyclopyrone PRE which are similar to the control in the 

current study. 

Acetochlor controlled MHR waterhemp 96% which was similar to all herbicide treatments 

except flumetsulam, dicamba, and atrazine which provided between 47 to 55% control 8 WAA 

(Table 4). At 60 days after treatment, or 8.5 weeks, Hausman et al. (2013) reported that 

acetochlor (3,360 g ai ha-1) controlled waterhemp 87% which is slightly lower than the findings 

from this study. All acetochlor based tank mixtures were additive and controlled waterhemp 95 

to 99% which was similar to acetochlor, isoxaflutole/diflufenican, mesotrione + atrazine, 

isoxaflutole/thiencarbazone-methyl + atrazine, isoxaflutole/diflufenican + atrazine, 

dimethenamid-p/saflufenacil, and S-metolachlor/atrazine/mesotrione/bicyclopyrone. Armel et al. 
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(2003) showed that acetochlor + mesotrione (1,800 + 160 g ai ha-1) PRE controlled smooth 

pigweed, a relative of waterhemp, 95 to 99% at 8 WAA which is similar to the control with 

mesotrione + atrazine or acetochlor + mesotrione + atrazine in the current study. Steckel et al. 

(2002) showed that acetochlor/atrazine provided 91% waterhemp control at 8 WAA which is 

similar to the control (95%) with acetochlor + atrazine in this study. Isoxaflutole/diflufenican, 

isoxaflutole/thiencarbazone-methyl + atrazine, and saflufenacil/dimethenamid-p provided greater 

control than dicamba alone while mesotrione + atrazine provided greater control than dicamba 

and atrazine alone. Acetochlor, all acetochlor-based tank mixtures, isoxaflutole/diflufenican+ 

atrazine, and S-metolachlor/atrazine/mesotrione/bicyclopyrone provided greater control than 

dicamba, atrazine, and flumetsulam applied alone. 

Dicamba, atrazine, and flumetsulam, controlled waterhemp 46, 51, and 52%, respectively at 

12 WAA (Table 4). Acetochlor controlled MHR waterhemp 95% and all acetochlor tank 

mixtures provided 95 to 99% control; all acetochlor tank mixtures were additive. 

Isoxaflutole/thiencarbazone-methyl + atrazine (104 + 800 g ai ha-1), isoxaflutole/diflufenican + 

atrazine (191 + 800 g ai ha-1), dimethenamid-p/saflufenacil (735 g ai ha-1), and S-

metolachlor/atrazine/mesotrione/bicyclopyrone (2,026 g ai ha-1) controlled waterhemp similarly 

at 89 to 97%. 

5.4.3 Multiple-Herbicide-Resistant Waterhemp Density and Biomass 

At 8 WAA there was 645 plants m-2 in the nontreated control (Table 5). Acetochlor reduced 

MHR waterhemp density 98%. Similarly, Hausman et al. (2013) reported that acetochlor (3,360 

g ai ha-1) reduced waterhemp density 96%. Flumetsulam, dicamba, and atrazine did not reduce 

waterhemp density relative to the nontreated control. Similarly, Meyer et al. (2016) reported that 
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dicamba (560 g ae ha-1) would reduce waterhemp densities only 19% relative to the nontreated 

control. Isoxaflutole/diflufenican and mesotrione + atrazine reduced waterhemp density 96 and 

94%, respectively. All acetochlor tank mixtures reduced MHR waterhemp density 99 to 100%. 

The tank mixtures of acetochlor with flumetsulam, dicamba, or atrazine were additive. Based on 

the Colby’s equation, one waterhemp plant was expected in the tank mixtures of acetochlor + 

isoxaflutole/diflufenican and acetochlor + mesotrione + atrazine, however, 3 and 6 plants were 

observed in each treatment, respectively, demonstrating an antagonistic interaction. 

Isoxaflutole/thiencarbazone-methyl + atrazine, isoxaflutole/diflufenican + atrazine, 

dimethenamid-p/saflufenacil and S-metolachlor/atrazine/mesotrione/bicyclopyrone reduced 

waterhemp density 97 to 99%. Willemse et al. (2021a) reported that S-

metolachlor/atrazine/mesotrione/bicyclopyrone reduced waterhemp density 100%.  

There was 67.6 g m-2 of waterhemp biomass in the nontreated control at 8 WAA (Table 

5). Acetochlor reduced waterhemp biomass 98%, which was similar to all other herbicide 

treatments evaluated except flumetsulam, dicamba, or atrazine which reduced waterhemp 

biomass 53, 64, and 52%, respectively. Isoxaflutole/diflufenican reduced waterhemp biomass 

relative to the nontreated control and the reduction in biomass was similar to all other treatments. 

All acetochlor tank mixtures reduced waterhemp biomass 97 to 100%; all interactions were 

additive. Isoxaflutole/thiencarbazone-methyl + atrazine, isoxaflutole/diflufenican + atrazine, 

dimethenamid-p/saflufenacil and S-metolachlor/atrazine/mesotrione/bicyclopyrone reduced 

waterhemp biomass 97 to 100%. 

5.4.4 Corn Yield 

There was no difference in corn yield in this study.  
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 Conclusion 

Acetochlor tank mixtures with flumetsulam, dicamba, atrazine, isoxaflutole/diflufenican, or 

mesotrione + atrazine controlled MHR waterhemp ≥95% at 4, 8, and 12 WAA and reduced 

density and biomass ≥99 and ≥97%, respectively; however, these values were similar to 

acetochlor applied alone. At 8 WAA, flumetsulam, dicamba, and atrazine controlled waterhemp 

47 to 55%, reduced density 43 to 70%, and reduced biomass 52 to 64%. At 8 WAA, 

isoxaflutole/thiencarbazone-methyl + atrazine, isoxaflutole/diflufenican + atrazine, 

dimethenamid-p/saflufenacil and S-metolachlor/atrazine/mesotrione/bicyclopyrone controlled 

waterhemp 91 to 96%, reduced density 97 to 99%, and reduced biomass 96 to 99%. This study 

shows that when waterhemp is controlled through the critical weed-free period of corn, the crop 

can effectively outcompete late-emerging waterhemp. This was evident as no corn yield 

differences were present at harvest. Although acetochlor based tank mixtures did not improve 

waterhemp control, and did not reduce waterhemp density and biomass relative to acetochlor, 

these tank mixtures will reduce the selection intensity for the evolution of further herbicide-

resistant waterhemp biotypes in Ontario fields. Delaying herbicide resistance should be an 

important consideration when developing best management practices for waterhemp control 

programs in Ontario corn production.  
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Table 5.1 Location and soil characteristics for three field trials conducted in southwestern Ontario, Canada in 2022. 

 

 

Abbreviations: OM, organic matter; CEC, cation exchange capacity. 
a Soil analysis performed by A&L Canada Laboratories Inc. (2136 Jetstream Road, London, Ontario, Canada, N5V 3P5) from soil 

cores taken from 0-15 cm.   

 

 

 

 

 

 

 

 

 

 

 

Location Soil texture Sand Silt Clay OM pH CEC 

  ------------------------------%--------------------------------  meq 100 g-1 

Cottam Sandy loam 55 27 17 2.2 5.7 9.1 

Newbury Loamy sand 84 11 4 2.5 6.7 11.6 

Walpole Island Sandy loam 69 21 10 1.8 6.4 16.8 
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Table 5.2 Herbicide active ingredient, rate, trade name, and manufacturer of products used to investigate acetochlor-based tank 

mixtures in corn for multiple-herbicide-resistant waterhemp control from three trials completed in southwestern Ontario, Canada in 

2022. 

Bayer Crop Science Inc., Suite 100, 3131 114th Avenue S.E., Calgary, Alberta, Canada, T2Z 3X2; Corteva Agriscience, Suite 2450, 

215-2nd Street SW, Calgary, Alberta, Canada, T2P 1M4; Syngenta Canada Inc., 140 Research Lane, Guelph, Ontario, Canada, N1G 

4Z3; BASF, 5025 Creekbank Road, Mississauga, Ontario, Canada, L4W 5R2 
aAtrazine was applied at 1,490 g ai ha-1 for all treatments besides the co-application of isoxaflutole/thiencarbazone-methyl + atrazine 

and isoxaflutole/diflufenican + atrazine 

 

Herbicide active ingredient Rate Trade name Manufacturer 

 g ai ha-1   

Acetochlor 2,950 Harness® Bayer Crop Science 

Flumetsulam 50 Broadstrike™ RC Corteva Agriscience 

Dicamba 600 Xtendimax® Bayer Crop Science  

Atrazinea 1,490 or 800 Aatrex® Syngenta Canada 

Isoxaflutole/diflufenican 112/79  Bayer Crop Science 

Mesotrione 140 Callisto® Syngenta Canada  

Isoxaflutole/thiencarbazone-methyl 74/30 Corvus™ Bayer Crop Science 

Dimethenamid-p/saflufenacil 660/75 Integrity® BASF 

S-metolachlor/atrazine/mesotrione/bicyclopyrone 1,259/588/140/35 Acuron® Syngenta Canada 
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Table 5.3 Location, hybrid, planting, application, emergence, and corn harvest dates for three field trials conducted in southwestern 

Ontario, Canada in 2022. 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

Location Corn hybrid Planting date Application date Emergence date Harvest date 

Cottam DKC46-82RIB May 17 May 18 May 25 October 20 

Newbury DKC46-82RIB May 12 May 13 May 20 October 24 

Walpole Island DKC46-82RIB June 21 June 23 June 26 November 9 
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Table 5.4 Multiple-herbicide-resistant waterhemp control at 4, 8, and 12 weeks after acetochlor-based tank mixtures applied 

preemergence from three field trials conducted in southwestern Ontario, Canada in 2022. 

Abbreviations: WAA, weeks after application 
a Means followed by the same letter (a-c) within a column are not significantly different according to Tukey-Kramer at p<0.05. 
b Values in parentheses represent expected values from Colby’s Equation. 

  

 

  

Treatment Rate Visible waterhemp control (%) 

 g ai ha-1 4 WAA 8 WAA 12 WAA 

Weed-free control  100  100  100  

Nontreated control  0  0  0  

Acetochlor 2,950 99 a 96 a 95 a 

Flumetsulam 50 76 b 55 bcd 52 b 

Dicamba 600 77 b 47 d 46 b 

Atrazine 1,490 72 b 54 cd 51 b 

Isoxaflutole/diflufenican 191 98 a 90 abc 92 a 

Mesotrione + atrazine 140 + 1,490 99 a 92 ab 89 a 

Acetochlor + flumetsulam 2,950 + 50 99 (100) a 97 (97) a 96 (96) a 

Acetochlor + dicamba 2,950 + 600 99 (100) a 98 (98) a 96 (97) a 

Acetochlor + atrazine 2,950 + 1,490 99 (100) a 95 (97) a 95 (96) a 

Acetochlor + isoxaflutole/diflufenican 2,950 + 191 100 (100) a 99 (99) a 99 (99) a 

Acetochlor + mesotrione + atrazine 2,950 + 140 + 1,490 100 (100) a 98 (99) a 98 (98) a 

Isoxaflutole/thiencarbazone-methyl + atrazine 104 + 800 98 a 91 abc 89 a 

Isoxaflutole/diflufenican + atrazine 191 + 800 98 a 96 a 96 a 

Dimethenamid-p/saflufenacil 735 99 a 90 abc 97 a 

S-metolachlor/atrazine/mesotrione/bicyclopyrone 2,026 99 a 96 a 96 a 
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Table 5.5 Multiple-herbicide-resistant waterhemp density and biomass at 8 WAA and corn yield from three field trials evaluating 

acetochlor-based tank mixtures applied preemergence in southwestern Ontario, Canada in 2022. 

a Means followed by the same letter (a-c) within a column are not significantly different according to Tukey-Kramer at p<0.05.  
b Values in parentheses represent expected values from Colby’s Equation. 
c  * and ** denote significance at p<0.05 and p<0.01, respectively, between observed and expected values based on a two-tailed t-test. 

 

Treatment Rate Density Biomass Yield 

 g ai ha-1 plants m-2 g m-2 t ha-1 

Weed-free control  0  0  9.90 a 

Nontreated control  645 d 67.6 c 8.55 a 

Acetochlor 2,950 12 a 1.2 a 10.01 a 

Flumetsulam 50 231 cd 31.8 bc 8.68 a 

Dicamba 600 191 bcd 24.2 bc 8.69 a 

Atrazine 1,490 367 d 32.6 bc 8.92 a 

Isoxaflutole/diflufenican 191 27 ab 6.3 ab 9.44 a 

Mesotrione + atrazine 140 + 1,490 37 abc 2.5 a 9.84 a 

Acetochlor + flumetsulam 2,950 + 50 4 (6) a 0.6 (1.2) a 9.56 a 

Acetochlor + dicamba 2,950 + 600 4 (4) a 0.7 (0.7) a 8.82 a 

Acetochlor + atrazine 2,950 + 1,490 7 (9) a 1.9 (1.0) a 9.94 a 

Acetochlor + isoxaflutole/diflufenican 2,950 + 191 3 (1) * a 0.2 (0.2) a 9.46 a 

Acetochlor + mesotrione + atrazine 2,950 + 140 + 1,490 6 (1) * a 1.1 (0.1) a 9.82 a 

Isoxaflutole/thiencarbazone-methyl + atrazine 104 + 800 19 ab 2.6 a 9.43 a 

Isoxaflutole/diflufenican + atrazine 191 + 800 9 a 1.0 a 9.43 a 

Dimethenamid-p/saflufenacil  735 6 a 0.9 a 9.46 a 

S-metolachlor/atrazine/mesotrione/bicyclopyrone 2,026 6 a 0.6 a 9.37 a 
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Chapter 6: Impact of acetochlor rate and application timing on 

multiple-herbicide-resistant waterhemp control in corn and soybean 

 Abstract 

Documented 6-way (Groups 2, 4, 5, 9, 14, and 27) and 5-way (Groups 2, 5, 9, 14, and 27) 

multiple-herbicide-resistant (MHR) waterhemp have been confirmed in the US and Canada, 

respectively causing corn and soybean yield losses of >70% in some studies. The objective of 

this study was to determine the effect of acetochlor application timing and rate on non-emerged 

MHR waterhemp control in corn and soybean. Acetochlor is not yet registered in Canada, but it 

could become a useful component of an integrated MHR waterhemp control program. Two 

studies, one in corn and one in soybean, were conducted in southwestern Ontario, Canada from 

2020 to 2022. Various rates of acetochlor were applied preplant (PP), preemergence (PRE) and 

postemergence (POST) to non-emerged waterhemp. In corn, acetochlor [Emulsifiable 

Concentrate (EC)] applied at 1,225, 2,100 and 2,950 g ai ha-1 controlled MHR waterhemp 81, 85, 

and 90%, respectively, at 8 weeks after the POST application (WAC). Acetochlor EC applied 

PRE or POST provided better control than when applied PP at 4, 8, and 12 WAC. In soybean, 

acetochlor [Capsule suspension (CS)] applied at 1,050, 1,375, and 1,700 g ai ha-1 controlled 

MHR waterhemp 63, 70, and 74%, respectively, at 8 WAC. The timing of acetochlor CS 

application did not affect MHR waterhemp control. Acetochlor applied at the low, medium, and 

high rate reduced waterhemp density by 87, 89, and 92% in corn, and by 82, 84, and 87% in 

soybean, respectively. The high rate of acetochlor provides acceptable control of MHR 

waterhemp in corn; control in soybean was inadequate. 
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 Introduction 

Waterhemp is a summer annual, broadleaf weed found throughout North America; it can 

cause substantial yield losses in corn and soybean (Costea et al. 2005; Nordby et al. 2007). 

Waterhemp needs to be managed with a diversified integrated control program. One component 

of a waterhemp control program is the judicious use of efficacious herbicides applied at the 

optimal rate and application timing (Sarangi et al. 2017).    

 Waterhemp is one of the most competitive species in the Amaranthaceae family that 

includes redroot pigweed and Palmer amaranth (Sellers et al. 2003). Waterhemp is a fast 

growing, aggressive, C4 species that can grow up to 4 m in height in warm, moist conditions 

(Costea et al. 2005; Nordby et al. 2007). In conventional tilled fields in Ontario, Schryver et al. 

(2017a) documented that waterhemp begins emerging in May and continues to emerge until late 

October; emergence is highest during the month of June (Vyn et al. 2006). Waterhemp seed 

production occurs via outcrossing among male plants that produce pollen, and female plants that 

produce small, round, reddish to black seeds (Bell and Tranel 2010; Government of Canada 

2017). Pollen travels predominantly by wind and pollinates female plants that are nearby; this 

cross pollination allows for wide genetic diversity among genotypes (Bell and Tranel 2010; Liu 

et al. 2012). Waterhemp has high fecundity; a single plant has been reported to produce up to 4.8 

million seeds, demonstrating how rapidly waterhemp can become the predominant weed species 

after it invades a new area (Hartzler et al. 2004). 

The wide genetic diversity in waterhemp has resulted in the evolution of resistance to 

numerous herbicide modes of action. The first herbicide-resistant population of waterhemp was 

identified in Iowa and Illinois in 1993; both populations were resistant to the acetolactate 
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synthase (ALS) inhibiting herbicides (WSSA Group 2). In the years since, waterhemp has 

evolved resistance to seven modes of action in the US. Currently, waterhemp biotypes have 

evolved resistance to the ALS-inhibitors, synthetic auxins (WSSA Group 4), photosystem II 

(PSII)-inhibitors (WSSA Group 5), 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS)-

inhibitors (WSSA Group 9), protoporphyrinogen oxidase (PPO)-inhibitors (WSSA Group 14), 

very long-chain fatty acid elongases (VLCFAE)-inhibitors (WSSA Group 15), and the 4-

hydroxyphenylpyruvate dioxygenase (HPPD)-inhibitors (WSSA Group 27) (Heap 2022). One 

population in Missouri, US has evolved resistance to WSSA Groups 2, 4, 5, 9, 14, and 27 

referred to as multiple-herbicide-resistant (MHR) waterhemp (Shergill et al. 2018). The problem 

of MHR waterhemp is not limited to the US. In Ontario, Canada, 5-way resistance to the Groups 

2, 5, 9, 14, and 27 herbicides has been confirmed in seven counties, with 2, 3, and 4-way 

resistance to a combination of the aforementioned herbicide Groups in 11 other counties (Heap 

2022; Symington et al. 2022).  

Acetochlor is a soil-applied, residual, chloroacetanilide herbicide that belongs to WSSA 

Group 15 herbicides (Shaner 2014). It is a VLCFAE-inhibitor that prevents the addition of a 

carboxyl group to a fatty acid in the endoplastic reticulum, characterizing it as a cell growth 

disruptor (Shaner 2014). The 18:1 oleic acid is the hypothesized target site of acetochlor (Böger 

1997; Wu et al. 1999). Registered by the United States Environmental Protection Agency (EPA) 

in 1994, acetochlor is widely used in US corn, soybean, and cotton production applied preplant 

(PP), preplant incorporated (PPI), preemergence (PRE), or early postemergence (ePOST) 

(Anonymous 2020; Anonymous 2020a; Cahoon et al. 2015; Murschell and Farmer 2019). In 

2018 US corn and soybean production, acetochlor was the 3rd and 6th most used herbicide with 
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17.2 and 2.3 million kilograms, respectively (NASS 2019). Acetochlor provides control of many 

non-emerged small-seeded annual grass and select small-seeded broadleaf weeds; it has reduced 

activity on emerged weeds (Anonymous 2020; Anonymous 2020a; Jhala et al. 2015). The weed 

control efficacy of acetochlor is influenced by application rate and timing. Jhala et al. (2015) 

found that waterhemp control with acetochlor was greater when applied PRE as opposed to two 

weeks before planting; a higher herbicide rate did not increase control. Nagy (2008) investigated 

acetochlor applied at 1,600 and 2,000 g ai ha-1 for the control of barnyardgrass and concluded 

that control was more consistent when applied at the high rate. Another study that evaluated 

application timing of Group 15 herbicides found 98% control of giant foxtail when herbicides 

were applied PRE; control declined to 96, 90, and 85% when applications were made PPI, 30 

days before planting, and 60 days before planting, respectively (Parker et al. 2005). Furthermore, 

the formulation of acetochlor used can influence crop safety and weed control efficacy. 

Fogleman et al. (2018) observed 48% injury to rice at 2 WAA from the EC formulation; in 

contrast, while injury from the CS formulation was only 22%. The CS formulation is a polymer 

coated product that slowly releases acetochlor over time which provides longer residual weed 

control and improved crop safety (Cahoon et al. 2015; Fogleman et al. 2018; Li et al. 2008; Rao 

2000). However, other studies have found little to no differences between acetochlor 

formulations (Ferebee et al. 2019; Jursik et al. 2015). 

Corn and soybean are two of the most important crops grown in the US and Ontario, 

Canada. The US produced 32% of the global corn crop (USDA 2022), greater than any other 

country, in 2020, with a value of just over $61 billion (USD) (USDA 2021b). Canada is the 11th 

largest producer of corn (USDA 2022) with Ontario producing 62% of the country’s corn crop 
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(StatsCan 2015). In 2019, over 850,000 ha of grain corn was harvested in Ontario which made it 

the highest value row-crop crop in the province with a total value of over $1.8 billion (CAD) 

(OMAFRA 2021). In 2020, over $46 billion worth of soybean was produced in the US on 33 

million hectares of land (USDA 2021a; USDA 2021e). In Ontario, just under 1.3 million 

hectares of soybean were grown in 2020, accounting for 61% of Canadian production (Soy 

Canada 2021b). Corn and soybean are very sensitive to weed interference and yields can be 

reduced substantially when they are not controlled (Soltani et al. 2016, 2017a, 2019a; Steckel 

and Sprague 2004; Vyn et al. 2007). When no control tactics are implemented, waterhemp 

interference can cause corn and soybean yield losses of up to 74 and 73%, respectively (Steckel 

and Sprague 2004; Vyn et al. 2007). 

 Given the rapid geographical spread of MHR waterhemp in the US and Ontario, Canada, 

it is crucial that effective means of control are developed. The impact of acetochlor rate and 

application timing on waterhemp control has not been investigated in Ontario. The objective of 

this study was to determine the effect of acetochlor application timing and rate on MHR 

waterhemp control. 

 Materials and Methods  

6.3.1 Experimental Methods 

Eight corn and soybean field trials were conducted during three years from 2020 to 2022. In 

2020, trials were conducted near Cottam, ON (42.149046°N, -82.683986°W), on Walpole Island, 

ON (42.561915°N, -82.502111°W), and near Port Crewe, ON (42.192390ºN, -82.215453ºW). In 

2021, trials were conducted near Cottam and Newbury, ON (42.690833°N, -81.822589°W). In 

2022, trials were performed near Cottam, Newbury (42.727962°N, -81.822588°W), and on 
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Walpole Island. All trial sites were naturally infested with MHR waterhemp resistant to the 

Group 2, 5, 9, 14, and 27 herbicides. Soil characteristics are presented in Table 1 for each site-

year. 

Seedbed preparation began in the fall with vertical tillage and was completed in the spring 

with a tandem disc and cultivator. Corn was planted at approximately 83,000 seeds ha-1 in rows 

spaced 75 cm apart to a depth of approximately 4 cm. Corn hybrids DKC42-60RIB®, DKC39-

97RIB®, and DKC46-82RIB® (Bayer Crop Science Canada Inc., 160 Quarry Boulevard SE, 

Calgary, Alberta, Canada, T2C 3G3) were planted at each site in 2020, 2021, and 2022, 

respectively; all corn hybrids were glyphosate-resistant. Enlist E3™ soybean cultivars resistant to 

glyphosate, glufosinate, and 2,4-D choline were planted in the soybean trials. The soybean 

cultivar B161ME™ was planted in 2020, and B061FE™ (Brevant, Corteva Agriscience Canada, 

Calgary, Alberta, Canada, T2P 1M4) was planted in 2021 and 2022. Soybean was planted 

approximately 3.75 cm deep in 75 cm-spaced rows at a density of approximately 400,000 seeds 

ha-1. Each plot measured 8 m long and 2.25 m wide (3 rows wide). Each trial was established as 

a three by four factorial with four replicates. Three levels of application timing were evaluated: 

preplant (PP), 14 days after the PP application (preemergence, PRE) and 14 days after the PRE 

application (postemergence, POST). Four rates of acetochlor were evaluated. Rates in corn 

included a nontreated control, 1,225, 2,100, and 2,950 g ai ha-1 of acetochlor (Anonymous 

2020a; Harness®, EC, Bayer Crop Science, St. Louis, Missouri). In soybean, the four rates of 

acetochlor (Anonymous 2020b; Warrant®, CS, Bayer Crop Science, St. Louis, Missouri) 

evaluated were a nontreated control, 1,050, 1,375, and 1,700 g ai ha-1. Emerged waterhemp at the 

time of treatment application was controlled with glufosinate (Liberty® 200 SN, BASF Canada, 
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Mississauga, ON) applied at 500 g ai ha-1. All herbicide treatments were applied with a CO2-

pressurized backpack sprayer calibrated to deliver 200 L ha-1 of spray solution at a pressure of 

240 kPa. A four-nozzle boom equipped with ultra-low-drift nozzles (ULD 120-02, Hypro, 

Pentair Ltd., London, UK) spaced 50 cm apart was used for herbicide application producing a 2 

m spray width. 

Assessments of visible corn and soybean injury were performed on a percent scale (0 – no 

crop injury, 100 – complete plant death). Visible crop injury in the PP and PRE-treated plots was 

assessed two weeks after the PRE application. Crop injury in the POST-treated plots was 

evaluated two weeks after the POST application. Visible MHR waterhemp control was evaluated 

on a percent scale as an estimate of the MHR biomass reduction relative to the nontreated control 

in each replicate (0 – no control, 100 – complete control). Control was first assessed two weeks 

after the PP, PRE, and POST applications, respectively, with subsequent assessments at 4, 8, and 

12 weeks after the POST application (WAC). At 8 WAC, MHR waterhemp density and biomass 

were determined. A 0.25 m2 quadrat was arbitrarily placed between the two center crop rows at 

two different locations within each plot and the number of waterhemp within each quadrat were 

summed to calculate waterhemp density. Then all waterhemp plants within each quadrat were cut 

at the soil surface, placed into paper bags, and dried to a constant moisture at which time 

biomass was weighed. At harvest maturity, two corn rows, or two soybean rows, were combined 

with a small-plot research combine; weight and moisture were recorded. Prior to data analysis, 

all yields were adjusted to 15.5% standard moisture for corn, and 13.5% standard moisture for 

soybean. At both sites in 2021, waterhemp was not removed prior to the PRE treatment 
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applications, so only the assessments of crop injury were included in the statistical analysis; all 

waterhemp data from this treatment was removed prior to analysis.  

6.3.2 Statistical Analysis 

Corn and soybean study analyses were conducted separately. Crop injury and yield, 

waterhemp control, density, and shoot biomass data were analyzed using a generalized linear 

mixed model variance analysis in SAS v. 9.4 (SAS Institute Inc., Cary, NC). Acetochlor 

application timing, acetochlor rate, and their interaction were identified as the fixed effects. The 

random effects included the environment (site-year), block within the environment, and the 

interaction of environment on application timing and rate. The significance of fixed effects was 

determined with an F-test, while the Z-test evaluated the significance of random effects. A 

minimum statistical significance level of α=0.05 was used. All data were pooled for analysis. 

The Shapiro-Wilk test statistic and studentized residual plots were used to confirm that 

assumptions were met of normality, that the residuals were random, independent, homogenous, 

have a mean of zero, and were normally distributed. The nontreated control was not included for 

analysis of crop injury or waterhemp control. Corn and soybean yield and MHR waterhemp 

control data did not require a transformation to normalize data. Corn and soybean injury data was 

transformed using the arcsine square root transformation. Waterhemp density and shoot biomass 

followed a lognormal distribution. The lognormal and arcsine square root transformations were 

both back-transformed for the presentation of results.  
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 Results and Discussion 

6.4.1 Corn study (Acetochlor EC formulation)   

At 2 WAA, acetochlor caused <1% corn injury (data not presented). In contrast, Armel et 

al. (2003) reported that acetochlor plus mesotrione caused 10-20% corn injury when excessive 

rainfall fell within 7 days of application, though injury in that study was likely due to mesotrione. 

Acetochlor EC has the safener furilazole in the formulation thus reducing corn injury in stressed 

environments and may have contributed to minimal corn injury observed. 

No significant interactions between acetochlor application timing and rate were detected 

for control of non-emerged MHR waterhemp at 2, 4, 8, and 12 WAC so the main effects are 

presented (Table 2). At 2 WAA, there was no effect of acetochlor application timing or rate on 

MHR waterhemp control. At 4, 8, and 12 WAC, acetochlor applied PP, PRE or POST controlled 

MHR waterhemp 78 to 87%, 87 to 91%, and 90 to 93%, respectively. Acetochlor applied PRE or 

POST controlled MHR greater than acetochlor applied PP; acetochlor PRE and POST provided 

similar waterhemp control (Table 2). Parker et al. (2005) evaluated weed control efficacy with 

various WSSA Group 15 herbicides including metolachlor, S-metolachlor, flufenacet plus 

metribuzin, and three formulations of acetochlor applied at 60 and 30 days before planting, PPI, 

and PRE; the Group 15 herbicides applied PRE provided highest weed control. At 4 WAA, 

acetochlor applied at 1,225, 2,100 and 2,950 g ai ha-1 controlled MHR waterhemp 87, 91, and 

93%, respectively; the medium and high rates provided greater control of waterhemp than the 

low rate. At 8 WAA, the high rate of acetochlor provided better waterhemp control than the 

medium or low rate; control was 5 and 9% greater than the medium and low rates, respectively. 

At 12 WAA, acetochlor at the low, medium, and high rate controlled MHR waterhemp 80, 85, 
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and 89%, respectively; the high rate provided better control than the low rate while the medium 

rate provided intermediate control and was similar to both (Table 2). Nagy (2008) also found 

more consistent and higher weed control when acetochlor was applied at the high rate of 2,000 g 

ai ha-1 compared to the lower rate of 1,600 g ai ha-1. It was also reported that the high rate of 

acetochlor was less reliant on an activating rainfall to provide acceptable control (Nagy 2008).  

There was no interaction between acetochlor application timing and rate for MHR 

waterhemp density and biomass so the main effects are presented (Table 2). Acetochlor applied 

PP, PRE, or POST had waterhemp densities of 76, 59, and 36 plants m-2, respectively; there were 

fewer waterhemp with acetochlor applied POST than PRE or PP. The POST application of 

acetochlor also reduced waterhemp biomass greater than the PRE or PP treatments. As the 

acetochlor application timing was delayed there was improved MHR control later in the growing 

season. Relative to the control, the three rates of acetochlor reduced waterhemp density 87 to 

92% and biomass 90 to 94%; there was no difference among the three acetochlor rates evaluated 

(Table 2). 

The interaction of acetochlor application timing and herbicide rate was not significant for 

corn yield, so the main effects are presented (Table 2). There was no effect of acetochlor 

application timing on corn yield. Reduced MHR waterhemp interference with acetochlor applied 

at 1,225, 2,100 and 2,950 g ai ha-1 resulted in an increase in corn yield of 15, 16, and 20%, 

respectively; there was no difference in corn yield among the three rates of acetochlor. Janak and 

Grichar (2016) observed a numerical but non-significant increase in corn yield from the 

application of acetochlor; however, the rate applied was 2X the label rate (3,800 g ai ha-1).  
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6.4.2 Soybean study (Acetochlor CS formulation) 

Acetochlor caused less than <2% soybean injury regardless of timing or rate (data not 

presented). The results from this study are in agreeance with Jhala et al. (2015), who reported 

<10% soybean injury when acetochlor was applied at 3,370 g ai ha-1 and with three sequential 

applications at 1,680 g ai ha-1 each. A microencapsulated formulation of acetochlor was used in 

this study which results in a slow release of the herbicide thus improving crop safety, hence 

explaining why very little injury was observed in soybean. 

There was no interaction between acetochlor application timing and rate on MHR 

waterhemp control at 2, 4, 8, and 12 WAA so the main effects are presented (Table 3). There was 

no effect of acetochlor application timing on MHR waterhemp control at 2, 4, 8, and 12 WAA. 

There was no effect of acetochlor rate on MHR waterhemp control at 2 and 12 WAA. However, 

at 4 and 8 WAA, acetochlor at the high rate provided greater control than the low rate; the 

medium rate provided intermediate control and was similar to both the low and high rates. 

Acetochlor applied at 1,050, 1,375, and 1,700 g ai ha-1 controlled waterhemp 63 to 76%, 70 to 

83%, and 74 to 85% at 4 and 8 WAA, respectively (Table 3).   

There was no interaction between acetochlor application timing and rate on MHR 

waterhemp density or biomass so the main effects are presented (Table 3). There was no effect of 

acetochlor application timing on waterhemp density. Acetochlor applied at 1,050, 1,375, and 

1,700 g ai ha-1 reduced MHR waterhemp density 82, 84, and 87%, respectively, relative to where 

no acetochlor was applied; all rates reduced waterhemp density similarly. Acetochlor applied 

PRE or POST resulted in lower waterhemp shoot biomass than when applied PP (Table 3). 

Parker et al. (2005) found that biomass reductions were slightly higher when acetochlor was 
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applied PRE compared to PP but differences were non-significant. Acetochlor applied at 1,050, 

1,375, and 1,700 g ai ha-1 reduced MHR waterhemp biomass 66, 72, and 79%, respectively; there 

was no differences in waterhemp biomass reduction among the three rates evaluated.  

MHR waterhemp control was consistently lower in the soybean study than the corn study 

even though the studies were carried out at the same locations and sprayed on the same dates. 

The authors provide two possible reasons for these differences: a) the EC formulation was used 

in corn studies while the CS was used in soybean; it is possible that the slow release of the CS 

product resulted in lower waterhemp control, and b) the acetochlor application rate was lower in 

the soybean study compared to the corn study. The acetochlor rates used in these studies are 

consistent with the US labelled rates.  

The interaction of acetochlor application timing and herbicide rate was not significant for 

soybean yield, so the main effects are presented (Table 3). Jhala et al. (2015), reported that 

reduced weed interference with acetochlor applied PP and PRE resulted in higher soybean yield 

relative to the nontreated control. In one year, soybean yield was higher with acetochlor applied 

PRE than PP, however this was not observed at the other site (Jhala et al. 2015). In the current 

study, reduced MHR waterhemp interference with acetochlor applied at 1,050, 1,375, and 1,700 

g ai ha-1 resulted in an increase in soybean yield of 13, 25, and 17%, respectively; there was no 

difference in soybean yield among the three rates of acetochlor. The low rate of acetochlor 

resulted in soybean yield that was similar to the nontreated control (Table 3). Jhala et al. (2015) 

also reported that in soybean at one of two locations, reduced weed interference with acetochlor 

applied at 3,370 g ai ha-1 resulted in higher soybean yield than acetochlor applied at 1,680 g ai 

ha-1.    
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This research demonstrates that acetochlor applied in corn provides control of MHR 

waterhemp. POST applications generally provided slightly better control of non-emerged 

waterhemp in corn. Acetochlor alone will not control emerged waterhemp or other weeds that 

have emerged; therefore, another herbicide would be necessary to control emerged weeds present 

at the time of the POST application. Additionally, this research demonstrated that acetochlor 

applied in soybean for MHR waterhemp control needs to be used in combination with additional 

weed management tactics.  

 Conclusion 

No significant interaction occurred between acetochlor application timing and rate in either 

the corn or soybean studies. In the corn study, acetochlor applied PRE or POST provided better 

non-emerged MHR waterhemp control, though only the POST application resulted in a greater 

reduction in MHR waterhemp density and biomass. There was improved MHR waterhemp 

control in corn and soybean as the rate of acetochlor was increased at 4 and 8 WAA. In both the 

corn and soybean studies, all rates of acetochlor reduced waterhemp density and shoot biomass 

relative to the nontreated plots, but there were no differences detected among rates. In corn and 

soybean, the use of acetochlor resulted in higher crop yield than the nontreated control. Overall, 

application timing did have an effect on waterhemp control in corn but not in soybean. Though 

application rate did influence waterhemp control in both studies, control in soybean was 

generally inadequate regardless of rate or timing. Studies are needed to determine whether the 

application of acetochlor POST with a different class of chemistry applied PRE that provides 

control of MHR waterhemp could be an effective weed management program for reducing the 

spread of waterhemp and limiting its ability to evolve further herbicide resistance. 
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Table 6.1 Year, location and soil characteristics for eight field trials conducted in southwestern Ontario, Canada in 2020, 2021 and 

2022. 

Abbreviations: OM, organic matter; CEC, cation exchange capacity. 
a Soil analysis performed by A&L Canada Laboratories Inc. (2136 Jetstream Road, London, Ontario, Canada, N5V 3P5) from 15 cm 

deep soil cores. 

 

 

 

 

 

 

 

 

Year Location Soil texture Sand Silt Clay OM pH CEC 

   ----------------------------- % --------------------------------   

2020 Cottam Sandy loam 70 19 11 2.6 5.9 7.5 

2020 Walpole Island Sandy loam 76 15 9 2.5 7.8 12.7 

2020 Port Crewe Clay loam 24 37 39 3.8 6.6 15.5 

2021 Cottam Sandy loam 62 23 15 2.3 5.9 7.7 

2021 Newbury Loamy sand 79 14 6 2.8 6.5 7.9 

2022 Cottam Sandy loam 55 27 17 2.2 5.7 9.1 

2022 Newbury Loamy sand 84 11 4 2.5 6.7 11.6 

2022 Walpole Island Sandy loam 65 24 11 2.1 7.1 14.9 
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Table 6.2 Main effects and interaction for multiple-herbicide-resistant (MHR) waterhemp control 2, 4, 8, and 12 weeks after 

application, density and biomass of MHR waterhemp, and corn yield as affected by acetochlor (EC formulation) application timing 

and rate across eight field trials conducted in southwestern Ontario, Canada in 2020, 2021, and 2022. 

 

 

 

 

 

 

 

 

 

 

 

Abbreviations: PP, preplant; PRE, preemergence; POST, postemergence; SE, standard error of the mean. 

a-c Within each main effect, means followed by the same letter (a-c) within a column are not significantly different according to 

Tukey-Kramer Grouping at p<0.05. 

* and ** denote significance at p<0.05 and 0.01, respectively; NS, not significant at p<0.05. 

 

 MHR waterhemp control in corn      

Main effects 2 WAA 4 WAA 8 WAA 12 WAA Density Biomass Yield 

 ---------------------------- % ----------------------------- plants m-2 g m-2 t ha-1 

Application timing NS ** ** ** ** ** NS 

PP 87 87 b 79 b 78 

87 

b 

a 

76 b 61 b 8.6 

8.6 

9.0 

0 

PRE 98 91 a 87 a 59 b 30 b 

POST 82 93 a 90 a 90 

2 

a 36 a 19 a 

SE 2 2  2  10  6  

              

Herbicide rate 

g ai ha-1 

NS ** ** ** ** ** ** 

None 0 0  0  0  301 b 226 b 7.7 b 

1,225 86 87 b 81 b 80 b 39 a 24 a 8.9 a 

2,100 90 91 a 85 b 85 ab 33 a 18 a 8.9 a 

2,950 92 93 a 90 a 89 a 25 a 13 a 9.3 a 

SE 2 2  2  2  10  6  0 

              

Timing x rate NS NS  NS  NS  NS NS NS 
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Table 6.3 Main effects and interaction for multiple-herbicide-resistant (MHR) waterhemp control 2, 4, 8, and 12 weeks after 

application, density and biomass of MHR waterhemp, and soybean yield as affected by application timing and rate of the capsule 

suspension formulation of acetochlor from eight field trials conducted in southwestern Ontario, Canada in 2020, 2021, and 2022. 

 

 

 

 

 

 

 

 

 

 

 

Abbreviations: PP, preplant; PRE, preemergence; POST, postemergence; SE, standard error of the mean; NS, not significant. 

a-b Within each main effect, means followed by the same letter (a-b) within a column are not significantly different according to 

Tukey-Kramer Grouping at p<0.05. 

* and ** denote significance at p<0.05 and 0.01, respectively; NS, not significant at p<0.05.    

 MHR waterhemp control in soybean      

Main effects 2 WAA 4 WAA 8 WAA 12 WAA Density Biomass Yield 

 ---------------------------- % ----------------------------- plants m-2 g m-2 t ha-1 

Application timing NS NS NS NS NS ** NS 

PP 81 80 

85 

80 

66 

73 

68 

62 

66 

61 

2 

128 

98 

130 

408 b 2.1 

2.0 

2.2 

0 

PRE 93 196 a 

POST 76 231 a 

SE 2 2  2 17  8  

              

Herbicide rate 

g ai ha-1 

NS * * NS ** ** ** 

None 0 0  0  0  487 b 724 b 1.8 b 

1,050 79 76 b 63 b 57 

65 

67 

89 a 244 a 2.1 ab 

1,375 85 83 ab 70 ab 78 a 202 a 2.3 a 

1,700 87 85 a 74 a 62 a 152 a 2.2 a 

SE 2 2  2  2  17  8  0 

              

Timing x rate NS NS  NS  NS  NS NS NS 
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Chapter 7: Residual waterhemp (Amaranthus tuberculatus) control 

with Group 15 herbicides 

 Abstract 

Waterhemp has evolved resistance to seven herbicide modes of action in the US and five 

in Canada, which limits weed control options for producers. The objective of this research was to 

quantify the amount and duration of residual control of multiple-herbicide-resistant (MHR) 

waterhemp with various Group 15 herbicides applied preemergence in a non-crop area, 

including: acetochlor, dimethenamid-p, flufenacet, pyroxasulfone, and S-metolachlor. Four field 

trials were conducted over a two-year period (2021, 2022) in southwestern Ontario, Canada. At 

four weeks after application (WAA) 91% of waterhemp had emerged in the nontreated control. 

Numerical control of waterhemp with all Group 15 herbicides, with the exception of 

pyroxasulfone, was greatest at 4 WAA; control declined beyond 4 WAA. Flufenacet provided 

the lowest waterhemp control; dimethenamid-p and S-metolachlor provided intermediate control, 

and acetochlor and pyroxasulfone provided the highest control. Waterhemp control with 

pyroxasulfone peaked at 6 WAA with 99% and declined to 77% at 12 WAA. Flufenacet at 500 

to 750 g ha-1 is predicted to reduce waterhemp emergence by 50% for 42 to 44 days after 

application (DAA). Dimethenamid-p, S-metolachlor, and acetochlor (both formulations and three 

rates) are predicted to reduce waterhemp emergence by 80% for 36, 43, and 33 to 51 DAA, 

respectively; in contrast pyroxasulfone is predicted to reduce waterhemp emergence by 80% for 

82 DAA. This study concludes that of the Group 15 herbicides evaluated, flufenacet provides the 

lowest and shortest residual control of waterhemp and pyroxasulfone provides the highest and 

longest residual control of waterhemp.  
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 Introduction 

Waterhemp (Amaranthus tuberculatus (Moq.) J.D. Sauer) is becoming an increasingly 

challenging weed to control as it continues to evolve resistance to more herbicide modes of 

action. The extended emergence pattern and rapid growth rate contribute to its competitiveness. 

Although the presence of waterhemp in the US dates back to the early 1900s, its significance as 

an agricultural weed was not realized until almost a century later (Hartzler 2019). Originally 

waterhemp was primarily found in floodplains and marshes, however, waterhemp biotypes have 

adapted to much drier and hotter conditions allowing it to spread rapidly throughout North 

America (Costea et al. 2005).  

 Waterhemp can rapidly evolve resistance to many different herbicide modes of action due 

to its high fecundity and wide genetic diversity. Waterhemp is a dioecious species; in order to 

produce viable offspring separate plants must cross-pollinate which results in great genetic 

diversity among offspring (Bell and Tranel 2011; Montgomery et al. 2019). Since the first report 

in 1993 of waterhemp resistance to acetolactate synthase (ALS)-inhibiting herbicides (WSSA 

Group 2), waterhemp has evolved resistance to six additional modes of action including the 

synthetic auxins (Group 4), photosystem II (PSII)- (Group 5), 5-enolpyruvylshikimate-3-

phosphate synthase (EPSPS)- (Group 9), protoporphyrinogen oxidase (PPO)- (Group 14), very 

long-chain fatty acid elongases (VLCFAE)- (Group 15), and 4-hydroxyphenylpyruvate 

dioxygenase (HPPD)- (Group 27) inhibiting herbicides (Heap 2021). In the US and Ontario, 

Canada, 6- and 5-way herbicide-resistant waterhemp has been reported, respectively (Heap 2021; 

Shergill et al. 2018; Symington et al. 2022). Despite the presence of multiple-herbicide-resistant 
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(MHR) biotypes, when used properly, effective herbicides are still a critically important 

component of a diversified, integrated waterhemp management program.  

Waterhemp has many characteristics that contribute to its success as a weed. It is a 

competitive weed that can drastically reduce crop yield. In studies completed in the US and 

Ontario, Canada, waterhemp interference reduced soybean and corn yields up to 73 and 74%, 

respectively when no control measures were implemented (Steckel and Sprague 2004; Vyn et al. 

2007). Waterhemp has a season-long emergence pattern unlike many other annual broadleaf 

weeds (Jhala et al. 2020). In Canada and the US, waterhemp begins emerging in May and 

continues to emerge into the fall (Costea et al. 2005). Vyn et al. (2006) and Schryver et al. (2017) 

documented that in Ontario, waterhemp began emerging after seedbed preparation in 

conventionally tilled fields and continued to emerge throughout the summer months. Vyn et al. 

(2006) noted that peak waterhemp emergence occurred in mid-June with some emerging through 

October (Schryver et al. 2017). Hartzler et al. (1999) reported that waterhemp continued to 

germinate and emerge later into the growing season than velvetleaf (Abutilon theophrasti 

Medik.), woolly cupgrass (Eriochloa villosa (Thunb.) Kunth), and giant foxtail 

(Setaria faberi Herrm.). Leon and Owen (2006) reported that in no-till systems, the majority of 

waterhemp emerged during the latter part of June whereas in tilled systems, most waterhemp 

emerged in May and early June; emergence declined substantially over the remainder of the 

growing season. Franca (2015) found that 90% of cumulative waterhemp emergence occurred by 

the end of June regardless of tillage treatment; soil temperature followed by soil moisture were 

the greatest indicators of waterhemp emergence. Waterhemp germinates and develops between 
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25 to 35°C (Guo and Al-Khatib 2003). Waterhemp is also resilient and can thrive in water-

stressed and shaded environments (Sarangi et al. 2016; Steckel et al. 2003).  

 Waterhemp produces copious amounts of seed which exponentiates the weed problem in 

succeeding years. When not subjected to competition, a single waterhemp plant can produce up 

to 4.8 million seeds (Hartzler et al. 2004). Waterhemp seed production is highly influenced by 

surrounding plant competition and time of emergence. Steckel et al. (2003) reported that even 

late emerging waterhemp and plants subjected to up to 68% shade can produce an abundance of 

seed. Late flushes of waterhemp are often uncontrolled allowing these plants to contribute viable 

seeds to the soil weed seed bank. 

 With the evolution of MHR waterhemp, the development of two-pass weed control 

programs consisting of an effective soil-applied residual herbicide followed by a postemergence 

herbicide (Beckie 2011; Gonzini et al. 1999; Mahoney et al. 2014; Wuerffel et al. 2015). 

Mahoney et al. (2014) reported ≥99% control of pigweed (Amaranthus spp.), a close relative of 

waterhemp, with various soil-applied residual herbicides applied preemergence (PRE). Meyer et 

al. (2015) found that a PRE application of dicamba + acetochlor (1,120 + 2,307 g ae/ai ha-1) was 

effective at controlling MHR waterhemp; it provided >90% control at 6 to 7 weeks after 

application, which was similar to PRE followed by early postemergence (ePOST) herbicide 

programs. A study conducted by Harder et al. (2012) demonstrated the importance of PRE 

herbicides for controlling waterhemp. With the exception of the postemergence (POST) 

application of mesotrione + crop oil concentrate + diammonium sulfate (110 g ai ha-1 + 1% v/v + 

9.5 kg ha-1) in 2002, control with a POST herbicide did not exceed 72%, while control with PRE 

herbicides was >84%; in 2003, control with PRE herbicides ranged from 90 to 95% while POST 
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herbicides controlled waterhemp 0 to 68% with one herbicide providing 87% control. These 

results corroborate those of many others that PRE residual herbicides provide greater waterhemp 

control than POST alone herbicide programs (Johnson et al. 2012; Taylor-Lovell et al. 2002; 

Legleiter et al. 2009). Legleiter et al. (2009) found that PRE only and POST only herbicides 

reduced waterhemp seed production 61 to 94% and 21 to 71%, respectively.  

 The Group 15 herbicides include eight chemical families (Böger et al. 2000; Shaner et al. 

2003). Herbicides from four chemical families were evaluated in the current study: the 

chloroacetamide, chloroacetanilide, isoxazoline, and oxyacetamide chemical families, which 

represent the most frequently used Group 15 herbicides for Ontario row crop production. Some 

of the most common active ingredients that belong to the Group 15 herbicides are acetochlor, 

dimethenamid-p, flufenacet, S-metolachlor, and pyroxasulfone (Böger et al. 2000; Shaner et al. 

2003). Group 15 herbicides inhibit very long-chain fatty acid elongases (VLCFAE) (Tanetani et 

al. 2009; Trenkamp et al. 2004). Very long-chain fatty acids are important components of cell 

membranes and are important for lipids, cell division, polar auxin transport, cuticular wax 

development, and regulation of cell morphology. Following absorption of Group 15 herbicides 

most susceptible seedlings to fail to emerge; those that do emerge appear distorted (Shaner 2014; 

Tanetani et al. 2009). The Group 15 soil-residual herbicides are used primarily for small-seeded 

annual grass control; however, they do have some activity on some small-seeded broadleaf 

weeds including waterhemp (Weisshaar and Böger 1987). Acetochlor is registered in the US for 

control of eleven monocotyledonous and nine dicotyledonous weeds (Anonymous 2021, 2021a). 

With the increasing prevalence of MHR waterhemp in Ontario, it is crucial that growers 

have access to weed control programs that provide full-season control to minimize weed seed 
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return to the soil and maximize farm profitability. The use of Group 15 herbicides is one 

component of a waterhemp control strategy. Although some studies have been conducted on 

waterhemp control with soil-applied residual herbicides (Jhala et al. 2015; Steckel et al. 2002; 

Strom et al. 2019), the research presented in this study focuses on MHR waterhemp control with 

several Group 15 herbicides. The objective of this research was to quantify the level and length 

of MHR waterhemp control provided by several Group 15 herbicides applied PRE in Ontario. 

 Materials and Methods 

7.3.1 Experimental Methods 

Four site-years of data were collected between 2021 and 2022 from commercial fields 

with naturally occurring MHR waterhemp. Waterhemp seed was collected from each site and 

screened in the greenhouse for herbicide resistance; all sites contained 5-way biotypes with 

resistance to the Groups 2, 5, 9, 14, and 27 herbicides. Field trials were conducted near Cottam, 

ON (42.149046°N, -82.683986°W) in 2021 and 2022 and near Newbury, ON (42.690833°N, -

81.822589°W) in 2021 and 2022. Soil characteristics for each site are presented in Table 1. The 

sites were vertically tilled in the fall followed by a pass with a tandem disc and another pass of a 

field cultivator in the spring. 

Trials were set up as a randomized complete block design (RCBD) with four replications. 

All trials were carried out with no crop planted to quantify waterhemp emergence and control in 

the absence of crop competition. The treatments included six Group 15 herbicides and 12 

treatments: i) an emulsifiable concentrate (EC) formulation of acetochlor (Harness®, Bayer Crop 

Science, St. Louis, Missouri) applied at 1,225, 2,100, and 2,950 g ai ha-1, ii) a capsule suspension 

formulation of acetochlor (Warrant®, Bayer Crop Science, St. Louis, Missouri) applied at 1,050, 
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1,375, and 1,700 g ai ha-1, iii) dimethenamid-p (Frontier® Max, BASF Canada, Mississauga, ON) 

applied at 693 g ai ha-1, iv) flufenacet (Define SC®, Bayer Crop Science, Calgary, AB) applied at 

500 and 750 g ai ha-1, v) S-metolachlor (Dual II Magnum®, Syngenta Canada, Guelph, ON) 

applied at 1,600 g ai ha-1, and vi) pyroxasulfone (Zidua® SC, BASF Canada, Mississauga, ON) 

applied at 246.5 g ai ha-1. A nontreated control was included in each replicate. Plots were 8 m 

long and 2 m wide with a 2 m alleyway between each replicate. Each plot was split into a front 

and back half to conduct two separate assessments within the same plot. Each half measured 4 m 

long and 2 m wide. In the front half of each plot, three randomly placed, permanent 0.25 m2 

quadrats were established prior to herbicide application to measure waterhemp emergence. All 

quadrats were placed in the center 1 m of each plot to avoid lower rates at plot edges. All 

quadrats remained in place for the duration of the trial. All herbicide treatments were applied 

prior to waterhemp emergence with the use of a CO2-pressurized backpack sprayer that was 

calibrated to deliver 200 L ha-1at 240 kPa. The boom consisted of 4 ultra-low drift (ULD 120-02, 

Hypro, Pentair Ltd., London, UK) nozzles that were spaced 50 cm apart producing a spray width 

of 2 m. Table 2 lists the application date for each site-year. 

Waterhemp control and emergence assessments commenced 2 WAA and were performed 

at biweekly intervals with the final assessment at 12 WAA. Visible waterhemp control ratings 

were assessed from the back half of each plot by assigning a value of 0 to 100 that represented 

the estimated waterhemp biomass reduction relative to the nontreated control in each replicate; 0 

represented no MHR waterhemp control and 100 indicated complete waterhemp control. At each 

assessment timing, the number of waterhemp that had emerged in the prior 14 days within each 

quadrat in the front half of the plot was recorded; after counting all emerged waterhemp was 
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controlled with an application of glufosinate (Liberty® 200 SN, BASF Canada, Mississauga, ON) 

at 500 g ai ha-1 that was applied perpendicular to the plot length across the front 4 m of each 

replicate. 

7.3.2 Statistical Analysis 

All data analyses were conducted in SAS v. 9.4 (SAS Institute Inc., Cary, NC). Control 

data were analyzed using the linear mixed model variance analysis, PROC GLIMMIX. Herbicide 

treatment was considered the fixed effect while environment (site-year), replicate within 

environment, and treatment by environment were random effects. Data across all environments 

were pooled for analysis. The assumption that residuals were random, independent of treatment 

and design effects, have a mean of zero, homogenous, and normally distributed was confirmed 

by plotting the studentized residuals and referencing the Shapiro-Wilk test statistic.  

 Waterhemp emergence data were regressed against time in days using PROC NLIN. Two 

different equations were evaluated and compared for each treatment. Where waterhemp 

emergence over the course of the study followed a negative linear relationship, Equation 1 was 

used. 

Y = (m*x) + b [1] 

Where: 

y = response parameter 

m = slope 
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b = y intercept 

 Where waterhemp emergence followed a descending dose-response curve, then Equation 

2 was used. 

Y = c + (d – c) / (1 + e (b * (log(x) – log(I)))) [2] 

Where: 

y = response parameter 

c = upper asymptote 

d = lower asymptote 

b = slope about I 

I = days eliciting a response equidistant between C and D 

Where p values were significant at p<0.05 for a sum of squares reduction test for each 

treatment, sites were separated. Predicted parameter values from the non-linear regression were 

used to compute the number of days that each treatment provided a 50, 80, and 95% reduction in 

waterhemp emergence relative to the non-treated control. Where values were non-computable, 

they were deemed to be non-estimable, represented by NE in the table. Where values were able 

to be computed but they fell outside of the assessment range evaluated, 0-84 days, they were 

expressed as NA, or not applicable.  
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 Results and Discussion 

Rainfall (≥28 mm) occurred within two weeks of herbicide application at all sites in 2021 

and 2022 (Table 2). This amount was likely sufficient to dissolve the herbicides into the soil 

water solution so they could be taken up by the developing waterhemp seedlings. The average 

monthly temperatures in all four environments were equal to or higher than the 30-year average 

(Table 2).  

7.4.1 Multiple-Herbicide-Resistant Waterhemp Visible Control 

Across all herbicides tested, flufenacet (500 g ai ha-1) controlled waterhemp the least at 

54% 2 WAA, similar to flufenacet (750 g ai ha-1), S-metolachlor, dimethenamid-p, and 

acetochlor CS (1,050, 1,375, and 1,700 g ai ha-1), all of which varied numerically from 59 to 

77% (Table 3). Acetochlor EC at 1,225, 2,100, and 2,950 g ai ha-1 controlled MHR waterhemp 

88, 91, and 91% respectively 2 WAA. The medium and high rate of acetochlor EC provided 

greater control than flufenacet (500, 750 g ai ha-1) and S-metolachlor. Pyroxasulfone controlled 

waterhemp 84% at 2 WAA, which was greater than flufenacet (500 g ai ha-1) and S-metolachlor 

but similar to all other treatments.  

Waterhemp control increased from 2 to 4 WAA (Table 3). Flufenacet (500 and 750 g ai 

ha-1) controlled waterhemp 77 to 80% which was lower than the medium rate of acetochlor CS, 

all rates of acetochlor EC, and pyroxasulfone. Waterhemp control with S-metolachlor was 87% 

and similar to all other treatments. Dimethenamid-p provided 92% waterhemp control which was 

greater than the low rate of flufenacet. Acetochlor (CS and EC formulations) at the low, medium, 

and high rates and pyroxasulfone controlled MHR waterhemp similarly at 91 to 98%. Hausman 

et al. (2013) reported that acetochlor EC (1,680 g ai ha-1) and pyroxasulfone (210 g ai ha-1) 
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controlled waterhemp 87% in corn and soybean at 4 WAA which is similar to the results from 

the current study. Steckel et al. (2002) reported that acetochlor EC (1,960 g ai ha-1) provided 

98% waterhemp control and Oliveira et al. (2017) documented that pyroxasulfone (270 g ai ha-1) 

applied PRE provided 95% control of waterhemp at 4 WAA, consistent with the results from this 

study. 

Waterhemp control declined with all herbicide treatments from 4 to 6 WAA with the 

exception of pyroxasulfone (Table 3). Waterhemp control with flufenacet (500 and 750 g ai ha-1), 

S-metolachlor, and dimethenamid-p decreased 20, 16, 9, and 9%, respectively from 4 to 6 WAA. 

S-metolachlor provided 78% waterhemp control 6 WAA; in previous manuscripts waterhemp 

control with S-metolachlor PRE at similar rates was extremely variable from 6 to 95% (Steckel 

et al. 2002; Hausman et al. 2013; Strom et al. 2019); the results from this study were within this 

range. Waterhemp control with acetochlor CS declined by 9, 12, and 7% and control with 

acetochlor EC decreased by 7, 6, and 2% from 4 to 6 WAA for the low, medium, and high rates, 

respectively. The two formulations of acetochlor at all three rates provided similar waterhemp 

control. This corresponds to the acetochlor label which claims up to four weeks residual control 

(Anonymous 2020, 2021a). Pyroxasulfone controlled MHR waterhemp 99% at 6 WAA, which 

was similar to all acetochlor treatments and dimethenamid-p. 

Waterhemp control with all treatments decreased from 6 to 12 WAA in each respective 2-

week increment (Table 3). Steckel et al. (2002) reported 61 and 57% control of waterhemp in 

corn with dimethenamid (1,050 g ai ha-1) and S-metolachlor (1,420 g ai ha-1) applied PRE, 

respectively at 8 WAA. This is consistent with the findings of 67 and 64% control with 

dimethenamid-p and S-metolachlor, respectively in this study at 8 WAA. Another study by 
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Hausman et al. (2013) investigated waterhemp control in corn and soybean and concluded that in 

soybean S-metolachlor (1,425 g ai ha-1) applied PRE provided 55% waterhemp control; however,  

in corn S-metolachlor (1600 g ai ha-1) applied PRE provided 7% waterhemp control 

demonstrating that waterhemp control with S-metolachlor is environment dependent. Acetochlor 

CS at 1,050, 1,375, and 1,700 g ai ha-1 controlled waterhemp 67, 73, and 81%, respectively at 8 

WAA. Steckel et al. (2002) reported that acetochlor CS at a higher rate of 1,960 g ai ha-1 

controlled waterhemp 85 to 95%. Acetochlor EC at 1,225, 2,100, and 2,950 g ai ha-1 controlled 

MHR waterhemp 76, 78, and 83%, respectively, at 8 WAA. Pyroxasulfone controlled MHR 

waterhemp 97% which was similar to all rates of acetochlor EC and the medium and high rate of 

acetochlor CS.  

MHR waterhemp control was similar across herbicides at 10 and 12 WAA. At 12 WAA, 

all herbicides controlled MHR 21 to 53%, with the exception of pyroxasulfone (Table 3). 

Pyroxasulfone controlled MHR waterhemp 77% which was greater than all treatments except the 

high rate of acetochlor CS and the low and high rate of acetochlor EC.  

7.4.2 Multiple-Herbicide-Resistant Waterhemp Emergence 

Cumulative waterhemp emergence was between 493 to 2,583 plants m-2 in the 12 weeks 

following herbicide application (Figure 1). On average, 91% of waterhemp emergence occurred 

within 4 weeks of the herbicide application; this correlated to the second or third week of June. 

Waterhemp continued to emerge during the months of June, July, August, and September but at 

much lower rates. Similarly, Franca (2015) noted that by the end of June, 90% of cumulative 

waterhemp had emerged. These trends are similar to those observed by Leon and Owen (2006) 
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where regardless of tillage system, most waterhemp emerged in May and June, and emergence 

declined over the remainder of the summer and fall months. 

Based on the results of these studies, longer residual activity of Group 15 herbicides was 

achieved in lower density waterhemp environments. Shorter 50, 80, and 95% emergence 

reductions were achieved at E4 which contained greatest cumulative emergence of waterhemp of 

the four sites (Figure 1). Similarly, Willemse et al. (2020) reported that in environments with 

greater waterhemp density and biomass, control was as much as 34% lower than in low-density 

waterhemp environments. Therefore, in high weed pressure fields, active scouting is needed for 

timely application of POST herbicides to control later emerging waterhemp flushes.  

At E1 (Cottam 2021), E2 (Newbury 2021), and E3 (Cottam 2022), it was estimated that 

flufenacet (500 g ai ha-1) reduced waterhemp emergence by 50% for 44 DAA (Table 4); the 

number of DAA that flufenacet reduced waterhemp emergence 80 and 95% was non-estimable. 

At E4 (Newbury 2022) the number of DAA that flufenacet reduced waterhemp emergence by 50, 

80, and 95% was non-estimable. The high rate of flufenacet (750 g ai ha-1) was predicted to 

provide a 50% reduction in waterhemp emergence for 42 DAA; the number of DAA that 

flufenacet reduced waterhemp emergence by 80 or 95% was non-estimable. At E1, E2, and E3, it 

is estimated that S-metolachlor reduced waterhemp emergence by 50, 80, and 95% for 70, 43, 

and 12 DAA; in contrast, at E4 (high density environment) it is estimated that S-metolachlor 

reduced waterhemp density by 50% for 22 DAA; the number of DAA that S-metolachlor reduced 

waterhemp emergence 80 and 95% was non-estimable. Similarly, dimethenamid-p was estimated 

to reduce waterhemp emergence by 50, 80, and 95% 46, 36, and 26 DAA at E1, E2, and E3; in 

contrast, at the high density environment dimethenamid-p was estimated to reduce waterhemp 
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emergence by 50% for 42 DAA; an 80 and 95% reduction in waterhemp emergence at E4 was 

non-estimable. The low rate of acetochlor CS (1,050 g ai ha-1) was predicted to provide a 50% 

reduction in waterhemp emergence for greater than the duration of the assessments, while an 80 

and 95% reduction was estimated for 33 and 5 DAA, respectively. The medium rate of 

acetochlor CS (1,375 g ai ha-1) was predicted to reduce waterhemp emergence by 50, 80, and 

95% for 78, 34, and 12 DAA, respectively. The length of residual waterhemp control with the 

high rate of acetochlor CS (1,700 g ai ha-1) varied between environments. At E1, E2, and E3, the 

50% predicted emergence reduction was beyond the assessment range, while the estimated 80 

and 95% reductions were 51 and 23 DAA, respectively. At E4, a 50% reduction in emergence 

was predicted for 49 DAA but emergence reductions for 80 or 95% were non-estimable. With 

acetochlor EC at the low rate (1,225 g ai ha-1), 50, 85, and 95% reductions in waterhemp 

emergence were estimated for 65, 33, and 17 DAA, respectively. Acetochlor EC (2,100 g ai ha-

1), was predicted to reduce waterhemp emergence by 50 and 80% for 54 and 38 DAA, 

respectively; a 95% reduction in waterhemp emergence was non-estimable. The high rate of 

acetochlor EC (2,950 g ai ha-1) was estimated to reduce waterhemp emergence by 50, 80, and 

95% for 66, 37, and 22 DAA, respectively. Pyroxasulfone (246.5 g ai ha-1) was estimated to 

reduce waterhemp emergence by 80 and 95% for 82 and 5 DAA, respectively; the 50% 

emergence reductions could not be estimated as they exceeded the assessment range. 

One limitation of this study is that waterhemp emergence may occur much differently in 

the presence of crop competition. Waterhemp emergence has been shown to be influenced by 

soil moisture and soil temperature (Franca 2015) which will likely vary in a cropped field. The 

current study mimics fallow ground, and soil parameters such as soil moisture have been found 
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to vary substantially in fallow ground situations (McGuire et al. 1998; Tanaka and Aase 1987); 

therefore, those same parameters would likely vary in a corn, soybean field, or other row crop 

compared to the results observed from the current study. Soil residual herbicides require rainfall 

for activation; in the absence of rainfall to dissolve herbicides like the Group 15s, lower control 

and shorter residual activity will likely be observed (Hartzler 2021).  

 Conclusion 

Pyroxasulfone provided the highest waterhemp control and provided the longest residual 

control. Generally, Group 15 herbicides provided >80% waterhemp control for 6 weeks after 

application; flufenacet and S-metolachlor provided only 4 weeks residual control while 

pyroxasulfone provided 10 weeks residual waterhemp control. Dimethenamid-p, acetochlor EC, 

S-metolachlor, acetochlor CS, and pyroxasulfone reduced waterhemp emergence by 80% for up 

to 36, 38, 43, 51, and 82 DAA, respectively; flufenacet (500 and 750 g ai ha-1) did not reduce 

waterhemp emergence by 80%.  

 Pyroxasulfone applied PRE is the most efficacious Group 15 herbicide evaluated in this 

study for waterhemp control. Acetochlor provides good control of waterhemp; however, control 

begins to decline after 6 WAA. S-metolachlor and dimethenamid-p provide intermediate control 

and flufenacet is the least efficacious for waterhemp control. However, in the absence of crop 

competition, these herbicides did not provide season-long control; late-emerging plants may be 

capable of contributing viable seed to the soil weed seedbank. These herbicides are an excellent 

component of a diversified, integrated waterhemp control program, however, POST herbicides 

may be required to control late flushes that emerge beyond the residual period provided by 

Group 15 herbicides. An effective POST herbicide would also reduce the selection pressure for 
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the evolution of Group 15-reistant waterhemp. Given the confirmation of Group 15-resistant 

waterhemp in the US, it is of utmost importance that selection pressure on currently effective 

herbicides is minimized.  
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Table 7.1 Year, site, and soil characteristics for four field trials conducted in southwestern Ontario, Canada in 2021 and 2022. 

Abbreviations: Env, environment; OM, organic matter; CEC, cation exchange capacity. 
a Soil analysis performed by A&L Canada Laboratories Inc. (2136 Jetstream Road, London, Ontario, Canada, N5V 3P5) from soil 

cores taken to depths of 15 cm. 

 

 

 

 

 

  

 

 

 

 

Env Year Site Soil Texture Sand Silt Clay OM pH CEC 

    ---------------------------- % -------------------------  

E1 2021 Cottam Sandy loam 62 23 15 2.3 5.9 7.7 

E2 2021 Newbury Loamy sand 79 14 6 2.8 6.5 7.9 

E3 2022 Cottam Sandy loam 55 27 17 2.2 5.7 9.1 

E4 2022 Newbury Loamy sand 84 11 4 2.5 6.7 11.6 



 

 

177 

 

Table 7.2 Environment, application date, rainfall, and average temperature for four field trials conducted in southwestern Ontario, 

Canada in 2021 and 2022. 

Abbreviations: Env, Environment; App, Application; Sept., September 
a 30-year average values based off data collected from the Ridgetown campus weather station (Ridgetown, ON, Canada), central to all 

sites, from 1991 to 2022.  

 

  

 

 

 

 

 

 

Env App 

date 

Rainfall Average air temperature 

  Weeks after application 

  0-2 2-4 4-6 6-8 8-10 10-12  12-14 14-16 0-2 2-4 4-6 6-8 8-10 10-12 12-14 14-16 

  ------------------------------- mm --------------------------------- ------------------------- degrees C ---------------------------- 

E1 May 21 49 16 79 25 105 74 27 32 18 23 23 23 23 22 23 22 

E2 May 26 50 32 167 45 11 82 23 66 19 20 23 20 21 22 21 19 

E3 May 18 28 21 2 1 27 43 26 16 19 19 23 23 24 24 21 22 

E4 May 13 44 82 37 8 34 48 26 58 17 18 21 21 22 22 22 21 

30-year average 
May June July August Sept. May June July August Sept. 

80 72 79 69 81 14 19 21 20 17 
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Table 7.3 Mean percent control of multiple-herbicide-resistant waterhemp at 2, 4, 6, 8, 10, and 12 weeks after PRE application of 

Group 15 herbicides in a non-cropped area for four field trials conducted in southwestern Ontario, Canada in 2021 and 2022. 

 

 

 

 

 

 

 

 

Abbreviations: EC, emulsifiable concentrate; CS, capsule suspension; WAA, weeks after application 
a Means followed by the same letter (a-d) within a column are not significantly different according to Tukey-Kramer Grouping at 

p<0.05. 

 

 

 

 

 

 

Treatment Rate Control 

 g ai ha-1 2 WAA 4 WAA 6 WAA 8 WAA 10 WAA 12 WAA 

  -------------------------------------------%----------------------------------------- 

Flufenacet 500 54 c 77 c 57 d 38 d 24 d 21 d 
Flufenacet 750 65 bc 80  bc 64 cd 47 cd 31 cd 23 cd 

S-metolachlor 1,600 59 c 87 abc 78 bc 64 bcd 47 bcd 40 bcd 

Dimethenamid-p 693 74 abc 92 ab 83 ab 67 bc 47 bcd 34 bcd 

Acetochlor CS 1,050 74 abc 91 abc 82 abc 67 bc 52 bcd 44 bcd 

Acetochlor CS 1,375 77 abc 95 a 83 ab 73 ab 58 abc 41 bcd 

Acetochlor CS 1,700 73 abc 93 ab 86 ab 81 ab 67 ab 52 abc 

Acetochlor EC 1,225 88 ab 98 a 91 ab 76 ab 66 ab 53 abc 

Acetochlor EC 2,100 91 a 99 a 93 ab 78 ab 56 abc 39 bcd 

Acetochlor EC 2,950 91 a 98 a 96 ab 83 ab 68 ab 53 ab 

Pyroxasulfone 246.5 84 ab 98 a 99 a 97 a 82 a 77 a 



 

 

179 

 

Table 7.4 Predicted number of days that each herbicide reduces multiple-herbicide-resistant waterhemp emergence by 50, 80, and 

95% for four field trials conducted in a non-cropped area in southwestern Ontario, Canada in 2021 and 2022. 

Abbreviations: SE, standard error; EC, emulsifiable concentrate; CS, capsule suspension; NE, non-estimable; NA, not applicable 

E1: Cottam 2021, E2: Newbury 2021, E3: Cottam 2022, E4: Newbury 2022. 

DR50, DR80, and DR95 denote the predicted number of days that each treatments provides 50, 80, and 95% density reductions of 

multiple herbicide-resistant waterhemp, respectively, based on the respective non-linear regression equation and its parameters. 

Treatment Rate Regression Parameters DR50 DR80 DR95 

 g ai ha-1 m (± SE) b (± SE)    

Negative lineara        

Acetochlor CS 1,050 -0.53 (0.15) 97.67 (7.81) NA 33 5 

Acetochlor CS 1,375 -0.69 (0.14) 103.5 (7.59) 78 34 12 

Acetochlor CS       

E1, E2, E3 1,700 -0.52 (0.12) 106.80 (6.43) NA 51 23 

E4 1,700 -0.50 (0.36) 74.57 (19.99) 49 NE NE 

Acetochlor EC 1,225 -0.94 (0.14) 111.10 (7.48) 65 33 17 

Acetochlor EC 2,950 -1.01 (0.12) 116.90 (6.68) 66 37 22 

Pyroxasulfone 246.5 -0.19 (0.12) 95.92 (6.59) NAc 82 5 

       

Descending dose- 

responseb 

 C (± SE) D (± SE) b (± SE) I50 (± SE)    

Flufenacet         

E1, E2, E3 500 30.85 (10.04) 68.03 (8.14) 8.83 (15.34) 43.91 (7.26) 44 NE NE 

E4 500 0.00 (0.00) 41.47 (8.60) 14.54 (14.89) 48.54 (7.50) NE NE NE 

Flufenacet 750 35.31 (5.02) 72.81 (5.84) 71.60 (855.50) 42.05 (0.00) 42 NE NE 

S-metolachlor         

E1, E2, E3 1,600 8.30 (111.00) 95.24 (9.90) 3.37 (3.96) 68.58 (54.48) 70 43 12 

E4 1,600 0.00 (0.00) 52.73 (17.72) 2.66 (3.17) 63.91 (24.19) 22 NE NE 

Dimethenamid-p         

E1, E2, E3 693 31.61 (9.19) 93.08 (9.48) 6.82 (6.23) 40.59 (4.81) 46 36 26 

E4 693 5.92 (8.57) 55.29 (11.21) 73.76 (165.40) 43.53 (0.00) 42 NE NE 

Acetochlor EC 2,100 36.19 (9.58) 94.11 (6.94) 6.57 (4.76) 45.22 (4.94) 54 38 NE 
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a Negative linear equation represented by y = m*x + b where m = slope and b = y-intercept 
b Descending dose response equation represented by y = c + (d – c) / (1 + e (b * (log(x) - log(I)))) where c = upper asymptote, d = lower 

asymptote, b = slope about I, and I50 = days eliciting a response equidistant between C and D 
c Number of days exceeds trial period evaluated 
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Figure 7.1 Cumulative waterhemp emergence for each environment based on the average of four replications of the nontreated control 

treatment. 

E1: Cottam 2021, E2: Newbury 2021, E3: Cottam 2022, E4: Newbury 2022
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Chapter 8: Discussion 

8.1.1 Contributions 

This research was conducted to evaluate MHR waterhemp control with acetochlor in corn 

and soybean, and to evaluate the tolerance of dry bean to acetochlor applied PPI. In addition, this 

MSc program continued the survey of MHR waterhemp throughout southern Ontario.  

 Waterhemp seeds were collected during the fall of 2021 and 2022. MHR waterhemp was 

confirmed in three additional counties: Ottawa-Carleton, Dufferin, and Niagara. In addition, this 

survey confirmed the first Group 27-resistant weed biotype in Ontario; Group 27-resistant 

waterhemp has been confirmed in seven Ontario counties. Prior to collecting seed, through a 

joint effort with Kristen Obeid, OMAFRA Weed Management Specialist and Martin Laforest, 

Weed Science Research Scientist with Agriculture and Agri-Food Canada, leaf tissue samples 

were sent for polymerase chain (PCR) analysis. Through PCR analysis, known target site 

mutations within the waterhemp genome that confer resistance to many herbicide modes of 

action were identified. Currently, there is no “quick test” for Group 27 resistance; consequently, 

Group 27 resistance testing was conducted in the greenhouse. In the greenhouse, all collected 

seed samples were grown and treated with imazethapyr, atrazine, metribuzin, glyphosate, 

lactofen, mesotrione, or mesotrione + atrazine to assess for resistance to the ALS, PSII, EPSPS, 

PPO, and HPPD inhibiting herbicides. Resistance screening in the greenhouse concluded that 

there are populations with biotypes that are waterhemp resistant to five modes of action in Essex, 

Lambton, Chatham-Kent, Middlesex, Elgin, Northumberland, and Stormont-Dundas-Glengarry 

counties; biotypes are resistant to Group 2, 5, 9, 14, and 27 herbicides. Of the 12 populations 

screened in 2021, all were resistant to mesotrione, and 10 of the 12 were resistant to mesotrione 
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+ atrazine, demonstrating that Group 27 resistance within the province is widespread from Essex 

county adjacent to the Michigan border to Stormont-Dundas-Glengarry county adjacent to the 

Quebec border. One Northumberland population had 100, 100, 70, 100, 90, and 90% of plants 

survive the application of imazethapyr, atrazine, metribuzin, glyphosate, lactofen, and 

mesotrione, respectively. Such high levels of resistance to multiple herbicide modes of action 

makes waterhemp control very challenging for affected Ontario producers. Of the populations 

collected in 2021, 100% were resistant to imazethapyr, glyphosate, and mesotrione, 90% were 

resistant to atrazine, and 70% were resistant to lactofen. 

 Herbicide options for weed management in dry bean in Ontario is limited, hence the need 

for new, efficacious herbicides that have an acceptable margin of crop safety in dry bean. 

Tolerance of dry bean to acetochlor, flufenacet, and S-metolachlor were evaluated at 1X and 2X 

rates applied PPI on azuki, kidney, small red, and white bean. Trials conducted in 2019, 2020, 

and 2021 concluded that azuki beans are more sensitive than the other three dry bean classes to 

the Group 15 herbicides applied PPI; 12% azuki bean growth reduction was observed at 2 weeks 

after emergence while 1, 2, and 1% growth reduction was observed in kidney, small red, and 

white bean, respectively. Flufenacet at the 1X and 2X rate caused a 15 and 29% dry bean shoot 

biomass reduction, respectively. This study concludes that there is an adequate margin of crop 

safety in kidney, small red, and white bean to support the registration of flufenacet and 

acetochlor similar to the current registration of S-metolachlor. Flufenacet caused too much azuki 

injury to support its registration. Additional research needs to be conducted to ascertain the 

tolerance of azuki bean to acetochlor. 
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 Tank mixtures are one of the best management practices to reduce the evolution of 

herbicide-resistant biotypes and for control of existing MHR weed biotypes. Although a 

herbicide may be effective when applied alone, the co-application with a second efficacious 

herbicide will delay and mitigate further herbicide resistance. Trials were completed in soybean 

in 2021 and 2022 to determine MHR waterhemp control with acetochlor-based tank mixtures 

with broadleaf herbicides applied PRE. In soybean, acetochlor controlled MHR waterhemp 88% 

at 8 WAA; although all of the tank mixtures numerically increased MHR waterhemp control, the 

increase in control was not statistically significant. The addition of acetochlor to dicamba, 

metribuzin, diflufenican, or sulfentrazone increased MHR waterhemp control 51, 33, 45, and 

30%, respectively at 8 WAA. MHR waterhemp control with the acetochlor-based tank mixtures 

was similar to the industry standards pyroxasulfone/sulfentrazone and 

pyroxasulfone/flumioxazin. The tank mixture of acetochlor + flumioxazin provided the highest 

numeric MHR waterhemp control but caused 19% soybean injury at 2 WAE; however, there was 

no decrease in soybean yield.  

 Acetochlor-based tank mixtures were also evaluated in corn. Three trials were completed 

in 2022 to evaluate MHR waterhemp control with tank mixtures consisting of acetochlor plus 

flumetsulam, dicamba, atrazine, isoxaflutole/diflufenican, or mesotrione + atrazine. This study 

concluded that all tank mixtures have an adequate margin of corn safety; all treatments caused 

<1% injury at both injury assessment timings. At 8 and 12 WAA, all acetochlor tank 

mixturescontrolled MHR waterhemp 95 to 99%; however, acetochlor applied alone at 2,950 g ai 

ha-1 controlled MHR waterhemp 96 and 95% at 8 and 12 WAA, respectively, which was similar 

to the acetochlor tank mixtures. The addition of acetochlor to flumetsulam, dicamba, or atrazine 
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increased control, and reduced waterhemp density and biomass relative to the broadleaf 

herbicides applied alone. Reductions in MHR waterhemp density and biomass were similar for 

acetochlor, isoxaflutole/diflufenican, mesotrione + atrazine applied alone, all acetochlor tank 

mixtures, and all commercial standards. Overall, this research concludes that acetochlor is an 

effective herbicide for MHR waterhemp control; however, acetochlor tank mixtures are 

recommended for improved consistency of control and to delay further herbicide resistance.  

 The duration of residual MHR waterhemp control is important due to the extended 

emergence pattern of waterhemp throughout the growing season; herbicides that provide longer 

residual control are more beneficial. Four field trials were conducted over 2021 and 2022 to 

evaluate the length of residual MHR waterhemp control with Group 15 herbicides. At two week 

intervals, MHR waterhemp control was evaluated and the number of waterhemp that had 

emerged in the previous two weeks was tallied. Flufenacet provided the shortest residual control 

of MHR waterhemp; flufenacet at 500 and 750 g ai ha-1 controlled MHR waterhemp 78 and 

77%, respectively at 4 WAA, control then declined rapidly. MHR waterhemp control with S-

metolachlor peaked at 89% 4 WAA and declined over the remainder of the season. Similarly, 

dimethenamid-p controlled MHR waterhemp 91% at 4 WAA which declined to 85% at 6 WAA 

and continued to decline throughout the remainder of the growing season. Both the emulsifiable 

concentrate and capsule suspension formulation of acetochlor provided similar MHR waterhemp 

control at 12 WAA. Control with the EC formulation was greater shortly after application; 

control varied from 90% to 93% depending on rate whereas the CS formulations provided only 

79 to 81% control 2 WAA. Control declined from 2 to 6 WAA; but, control was still acceptable 
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at 6 WAA. Pyroxasulfone provided the longest residual MHR waterhemp control; control was 

>80% at 12 WAA. 

 The application timing and rate of a herbicide can have an effect on weed control 

efficacy. Trials were conducted in 2020, 2021, and 2022 to determine MHR waterhemp control 

with acetochlor applied PP, PRE, and POST at low, medium, and high rates in both corn and 

soybean. MHR waterhemp control was higher in corn than in soybean which could be the result 

of an emulsifiable concentrate (EC) vs a capsule suspension (CS) formulation and/or higher 

acetochlor rates in corn. With emulsifiable concentrate herbicides, the active ingredient is 

biologically available shortly after application whereas with a capsule suspension the active 

ingredient is released slowly over time. In soybean, acetochlor CS was applied at 1,050, 1,375, 

and 1,700 g ai ha-1 while in corn acetochlor EC was applied at 1,225, 2,100, and 2,950 g ai ha-1 

representing the low, medium, and high rate, respectively. In both studies, there was no 

interaction between acetochlor timing and rate. Application timing influenced waterhemp control 

more in corn than in soybean. In corn, acetochlor EC applied POST or at the high rate controlled 

MHR waterhemp 90% at 8 WAC; the PRE and POST applications provided similar control. In 

comparison, acetochlor applied at the high rate in soybean controlled MHR waterhemp 74% at 8 

WAC which is considered commercially unacceptable.  

8.1.2 Limitations 

This research will benefit corn, soybean, and dry bean producers in Ontario; 

nonetheless, several limitations were identified. MHR waterhemp was identified in three new 

counties in 2022, bringing the total number of Ontario counties with MHR waterhemp to 18; 

however, it is probable that waterhemp is present in more Ontario counties. One limitation of this 
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survey is that I relied on farmers, agronomists, ag-retailers, and representatives from the 

herbicide manufacturers to contact me when waterhemp was detected in new counties. Some 

staff are better informed on waterhemp identification and more interested in knowing the 

resistance profile of new waterhemp populations, so it is highly probable that some populations 

are not included in the survey results. This survey is limited by the number of fields that were 

sampled; it is physically impossible to scout every field across the province to find waterhemp 

populations. 

The number of field research experiments was reduced by 30% as a result of the Covid-

19 pandemic; consequently in 2021, 5 fewer trials were completed compared to a non-pandemic 

year. This limited the scope and breadth of data collected from different soil types, 

environments, and weed densities. In 2021, all emerged MHR waterhemp was supposed to have 

been controlled with an application of glufosinate prior to acetochlor application PRE in corn 

and soybean. Unfortunately, this was not done which resulted in discarding the data from the 

PRE treatments in both experiments. 

Studies conducted in 2020, 2021, and 2022 in corn and soybean were established to 

determine the effect of acetochlor application timing and rate on MHR waterhemp control. Since 

two different acetochlor formulations (EC and CS) were used and they were applied at different 

rates it is difficult to compare MHR waterhemp control between crops. Furthermore, it is 

impossible to identify if formulation, rate, or another unidentified factor is the reason for such 

large differences in control between the two crops.  
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Another limitation that was identified in this research was field variability for the study 

on length of residual MHR waterhemp control with Group 15 herbicides. All herbicides begin to 

degrade in the soil immediately after application, however the rate of degradation varies among 

herbicides. Beyond 12 WAA, it was apparent that none of the herbicides evaluated provided 

MHR waterhemp control. Waterhemp emergence at this point was based more so on field 

variability than residual activity of the herbicide which gave rise to some treated plots having 

greater waterhemp emergence than an untreated plot.  

All trial sites contained populations of waterhemp resistant to Group 2, 5, 9, 14, and 27 

herbicides. In the study of MHR waterhemp control in corn with acetochlor tank mixtures, 

flumetsulam, a Group 2, and atrazine, a Group 5 herbicide were evaluated. Although both of 

these herbicides are used in corn production, MHR waterhemp control with these tank mixtures 

was reduced due to Group 2 and 5-resistant biotypes at all sites. Is it to be expected that control 

from these products would be lower due to the presence of resistant biotypes which biases the 

data and favours other herbicide treatments.  

8.1.3 Future Research  

No research is complete without reflection on how to advance science in future studies. 

Further research should be conducted to evaluate the tolerance of azuki bean to acetochlor. This 

research concluded that acetochlor can be applied to kidney, small red, and white bean; however, 

azuki bean appears to be more sensitive. In this study, azuki bean was tolerant to acetochlor at 

the 1X rate, but the 2X rate caused unacceptable injury. If acetochlor is used in azuki bean 

production, care must be taken to minimize spray overlaps.  
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Furthermore, studies should be conducted to evaluate the margin of crop safety of 

soybean when treated with a tank mixture of acetochlor + flumioxazin. The tank mixture 

provides excellent control of MHR waterhemp, however, the current flumioxazin label advises 

against a tank mixture with chloroacetamide herbicides; data from this study supports the current 

label recommendations. Further studies should concentrate on identifying possible reasons for 

enhanced injury including the effect of temperature, rainfall, soil texture, pH, and organic matter.  

Three trials were conducted in 2022 to evaluate acetochlor-based tank mixtures in corn. 

More site-years are necessary to validate the 2022 findings. Though trials were replicated at 

three different sites in 2022, weed control can vary greatly between sites and years. Increasing 

the number of site-years will increase the confidence of the results.  

It was frequently noted that acetochlor tank mixtures in corn and soybean provided 

similar control, and biomass and density reductions were similar to the commercial standards. 

Statistically, these treatments are similar to one another, however, there may be economic 

differences that are unaccounted for by the statistical analysis. A partial economic analysis 

should be completed on the cost of each herbicide tank mixture and the value of crop yield to 

identify the herbicide program that results in the highest net returns for growers. At this time, 

prices are not available for acetochlor in Canada, which prevented this analysis from being 

completed. 

Although many of the herbicide treatments evaluated provided excellent MHR 

waterhemp control, it only takes one weed escape to cause years’ and hundreds of dollars’ worth 

of problems in the future. In most evaluated plots, this single plant was present. In order to 
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combat this, an overarching goal of zero waterhemp seed return to the weed seed bank should be 

put in place. To achieve this, research needs to evaluate PRE followed by POST herbicide 

programs to eliminate waterhemp weed seed return to the soil seedbank. The use of an 

efficacious soil-applied herbicide followed by an effective POST herbicide that includes multiple 

herbicide modes of action is imperative for long-term waterhemp control in Ontario’s two largest 

crops.  

Undoubtedly, science is progressing and new technology will contribute to the science of 

weed management in the future. The field of weed research is following suit, and many repetitive 

and laborious jobs have the potential to be replaced with technology. Drones are now capable of 

spraying small-scale research plots and contain imaging software precise enough to identify 

individual weeds within a plot. Though this technology is not yet perfect, it should be evaluated 

especially for its ability to capture weed control ratings that would normally be done by human 

estimation which are subjective in nature.  
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Chapter 10: Appendix 

 SAS Code for Chapter 1 and 5: Split-plot and Factorial GLIMMIX  

 

Data original; 

input env timing rate rep injury control2 control4 control8 control12 density 

biomass yield; 

datalines; 

 

*insert data* 

; 

Run; 

data first; 

set original; 

title1 'Waterhemp Control in Corn with Acetochlor PP, PRE and POST'; 

 

  ** for injury and control; 

*if rate=1 then delete; 

 

 

  **use for dist=normal; 

*title2 'Control 2 WAA'; 

*analvar=control2; 

 

  **use for dist=lognormal OR gamma; 

*title2 'Biomass-lognormal'; 

*title2 'injury1-gamma'; 

*analvar=biomass+1; 

*eanalvar=emoisture+1; 

*logavar=log(analvar); 

*elogavar=log(eanalvar); 

 

  **use for dist=poisson OR negative binomial; 

*title2 'injury1 -negbin'; 

*title2 'injury -poisson'; 

*analvar=injury+1; 

 

  **use for dist=beta OR binomial; 

*title2 'injury1-beta'; **OR;  

*title2 'injury1-binomial'; 

*analvar=injury1/100; 

*if analvar=0 then analvar=0.0000000001; 

*if analvar=1 then analvar=0.9999999999; 

 

**Use following adjustment for arcsine square root trans; 

title2 'Injury 2 WAA (arcsine square root transformation)'; 

analvar1=injury; 

if analvar1=100 then analvar1=100-0.01; 

if analvar1=0 then analvar1=0+0.01; 

analvar2=analvar1/100; 

analvar=arsin(sqrt(analvar2));  
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run;  

  

proc sort data=first; 

by env rate timing rep; 

run; 

 

*proc means data=first; 

*class trt; 

*var moisture; 

*run; 

 

 **variable analysis; 

proc glimmix data=first method=laplace plots=(studentpanel pearsonpanel) 

/*inititer=40 maxopt=80 nobound*/;   

class env rate timing rep; 

model analvar=rate timing rate*timing / solution dist=normal  

link=identity ;  

 

random intercept  rate*timing/subject=env; 

random  intercept  /subject=rep(env); 

 

covtest 'test of env=0' 0 . . . /estimates wald restart; 

covtest 'test of ratextimingxenv =0' . 0 . .; 

covtest 'test of rep(env)=0' . . 0 .; 

covtest 'test of timingxrep(env) =0'  . . . 0  ; 

 

 

**for  gamma, beta, neg bin?; 

*random intercept  F1*F2 /subject=env; 

*random intercept / subject=rep(env); 

*covtest 'test of env=0' 0 .  . /estimates wald restart; 

*covtest 'test of ratextimingxenv =0'  .  0  .; 

*covtest 'test of rep(env)=0' . . 0 ; 

 

 

output out=rep_resid predicted=pred residual=resid residual(noblup)=mresid 

student=studentresid student(noblup)=smresid; 

 

*lsmeans rate timing /ilink ;  

lsmeans rate timing /ilink diff adjust=tukey lines;  

*lsmeans rate*timing/ilink slicediff=rate slicediff=timing adjust=tukey 

lines;  

 

ods output lsmeans=third; 

run; 

 

  ** Linearity of fixed effects - both as a scatter and a boxplot; 

Proc sgplot data=rep_resid; 

  scatter y=mresid x=rate; 

  refline 0; 

Run; 

 

Proc sgplot data=rep_resid; 
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  scatter y=mresid x=timing; 

  refline 0; 

Run; 

 

Proc sgplot data=rep_resid; 

  vbox mresid / group=rate datalabel; 

Run; 

 

Proc sgplot data=rep_resid; 

  vbox mresid / group=timing datalabel; 

Run; 

 

  **Homogeneity of effects; 

Proc sgscatter data=rep_resid; 

  plot studentresid*(pred rep rate timing env); 

Run; 

 

  **Q-Q plot and Shapiro-Wilk for normal distribution; 

Proc univariate data=rep_resid normal plot; 

  var studentresid; 

Run; 

 

/* Back transformation of data from log */ 

/* 

proc sort data=first; 

by rate timing; 

run; 

 

proc means data=first; 

class rate timing; 

var analvar; 

run; 

 

proc means data=first noprint; 

class rate timing; 

*var logavar; 

output out=tim mean=mns std=dev; 

run; 

 

proc sort data=tim (firstobs=2); 

by rate timing; 

run; 

*proc print data=tim; 

*run; 

 

proc sort data=third; 

by rate timing; 

run; 

*proc print data=third; 

*run; 

 

data combined; 

merge tim third; 

run; 
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*proc print data=combined; 

*run; 

 

data btdata; 

 set combined; 

 fred=dev*dev/3.5; 

 omega=exp(stderr*stderr); 

 btlsmean=exp(estimate+fred)-1; 

 btvar=exp(2*estimate)*omega*(omega-1); 

 btse_mean=sqrt(btvar); 

    

run; 

 

proc print data=btdata; 

var rate timing btlsmean btse_mean; 

run; 

 

**Back transformation of arcsine-square root transformed data; 

data btarcdata; 

set third; 

btlsmean=sin(estimate)*sin(estimate)*100-0.01; 

run; 

 

proc print data=btarcdata; 

var rate timing btlsmean; 

run; 

*/ 

 

***Main and simple effects SE; 

title'Main and Simple Effect SEs'; 

*proc sort data=first; 

*by rate; ***by rate or timing for simple effect SE***; 

*run; 

proc summary data=first mean stderr; 

*by rate; ***by rate or timing for simple effect SE***; 

var control2 control4 control8 control12 density biomass yield; 

output mean= m2 m4 m8 m12 mdens mbio myield stderr= se2 se4 se8 se12 sedens 

sebio seyield; 

run; 

proc print; 

var m2 se2 m4 se4 m8 se8 m12 se12 mdens sedens mbio sebio myield seyield; 

*by rate; ***by rate or timing for simple effect SE***; 

run; 

; 

 SAS Code for Chapter 3 and 4: GLIMMIX and Colby’s equation 

 

Data original; 

input env trt rep herb1 herb2 injury1 einjury1 injury2 einjury2 control1 

econtrol1 control2 econtrol2 control3 econtrol3 density edensity dryweight 

edryweight yield; 

  ** for injury and control delete trt 1 and 2; 

 ** for density and dry weight delete trt 2; 
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*if trt=1 then delete; 

*if trt=2 then delete; 

datalines;  

*insert data* 

; 

Run; 

 

**use for dist=normal; 

data first; 

set original; 

title1 'Waterhemp Control in Corn with Acetochlor Tankmixes PRE'; 

title2 'Yield'; 

*analvar=control3; 

*eanalvar=econtrol3; 

run; 

 

 

/* 

**Use following adjustment for arcsine square root trans; 

/*data first; 

set original; 

title2 'injury 2WAE (arcsine square root transformation)'; 

analvar1=injury2; 

eanalvar=einjury2; 

if analvar1=100 then analvar1=100-0.01; 

if analvar1=0 then analvar1=0+0.01; 

analvar2=analvar1/100; 

analvar=arsin(sqrt(analvar2));  

run; 

*/ 

/* 

**Log Tranformations for density and dry weight; 

data first; 

set original; 

title1 'Waterhemp Control in Corn with Acetochlor Tankmixes PRE'; 

title2 'Biomass'; 

analvar=dryweight+1; 

eanalvar=edryweight+1; 

*analvar=dryweight+1; 

logavar=log(analvar); 

elogavar=log(eanalvar); 

run; 

*/ 

proc print data=first; 

run;   

*/ 

proc print data=first; 

run; 

proc sort; 

by env trt rep; 

run; 
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**variable analysis; 

proc glimmix  method=laplace plots=(studentpanel pearsonpanel) inititer=60 

maxopt=100 nobound;   

class env trt rep; 

model analvar=trt /solution dist=normal link=identity ;  

where analvar is not missing; 

 

random intercept trt/subject=env; 

random intercept/subject=rep(env); 

 

covtest 'test of env=0' 0 . . , 1 -1/estimates wald restart; 

covtest 'test of rep=0' . 0 . , 1 -1; 

covtest 'test of trt x env =0' . . 0  , 1 -1; 

 

 

output out=rep_resid predicted=pred residual=resid residual(noblup)=mresid 

student=studentresid student(noblup)=smresid; 

*parms /nobound; 

 

*lsmeans trt /ilink;  

lsmeans trt /ilink  pdiff adjust=tukey lines; 

ods output lsmeans=third; 

 

run; 

/* 

proc print data=third; 

run; 

 

proc means data=first; 

class trt; 

var analvar; 

run; 

 

proc means data=first noprint; 

class trt; 

var logavar; 

output out=tim mean=mns std=dev; 

run; 

 

proc sort data=tim (firstobs=2); 

by trt; 

run; 

 

*proc print data=tim; 

*run; 

 

data combined; 

merge tim third; 

by trt; 

run; 

 

*proc print data=combined; 

*run; 
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*/ 

 

  ** Linearity of fixed effects - both as a scatter and a boxplot; 

Proc sgplot data=rep_resid; 

  scatter y=mresid x=trt; 

  refline 0; 

Run; 

 

Proc sgplot data=rep_resid; 

  vbox mresid / group=trt datalabel; 

Run; 

 

  **Homogeneity of effects; 

Proc sgscatter data=rep_resid; 

  plot studentresid*(pred rep trt env); 

Run; 

 

  **Q-Q plot and Shapiro-Wilk for normal distribution; 

Proc univariate data=rep_resid normal plot; 

  var studentresid; 

Run; 

/* 

 

**T-test for Colby's; 

 

proc sort data=first; 

by trt; 

run; 

 

proc ttest data=first; 

by trt; 

*paired analvar*eanalvar; 

paired logavar*elogavar; 

run; 

*/ 

 

**lognormal backtransformation; 

/* 

data btdata; 

 set combined; 

 fred=dev*dev/3; **if high variability, increase to 2.5-3.5; 

 omega=exp(stderr*stderr); 

 btlsmean=exp(estimate+fred)-1; 

 btvar=exp(2*estimate)*omega*(omega-1); 

 btse_mean=sqrt(btvar); 

    

run; 

proc print data=btdata; 

var trt btlsmean btse_mean; 

run;  

*/ 

 

**Back transformation of arcsine-square root transformed data; 

/* 
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data btarcdata; 

set third; 

btlsmean=sin(estimate)*sin(estimate)*100-0.01; 

run; 

 

proc print data=btarcdata; 

var trt btlsmean; 

run; 

 SAS Code for Chapter 6: Non-Linear Regression 

Data original; 

  input env rep days t1 t2 t3 t4 t5 t6 t7 t8 t9

 t10 t11 t12; 

  logdays = log(days); 

if days=98 then delete; 

*if env=1 then delete; 

*if env=2 then delete; 

*if env=3 then delete; 

if env=4 then delete; 

LP=t11; 

  datalines; 

*insert data* 

; 

run; 

 

title  "Raw data plot"; 

proc sgplot data=original; 

  scatter y=LP x=days; 

  series y=LP x=days; 

run; 

 

proc nlin data=original; 

parms m=-1 b=80; 

y=LP; 

if days=0 then model LP=b; 

else model LP=m*days+b; 

output out=final predicted=pred; 

run; 

 

proc sgplot data=final; 

  scatter y=LP x=days; 

  series y=pred x=days; 

run; 

 

/* 

proc nlin data=original method=marquardt; 

  parms d=100 c=0 b=0.5 I=50; 

  bounds c>=0; 

  bounds d<=100; 
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  y=LP; 

  if days=0 THEN model LP=d; 

  else model LP=c+(d-c)/(1+EXP(b*(logdays-LOG(I)))); 

  output out=final predicted=pred; 

run; 

 

 

proc sgplot data=final; 

  scatter y=LP x=days; 

  series y=pred x=days; 

run; 

*/ 
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