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Abstract 
 

The distribution and control of glyphosate-resistant waterhemp (Amaranthus tuberculatus var. 

rudis) in soybean (Glycine max) in Ontario 

Mike G. Schryver 

University of Guelph, 2017 

Advisors: 

Dr. P. H. Sikkema 

Dr. D. Robinson 
 

Field surveys were conducted in 2014 and 2015 to gain an understanding of the distribution of 

glyphosate-resistant waterhemp in Ontario. Following the first confirmed case on Walpole Island, 

Lambton County in 2014, 39 additional glyphosate-resistant populations were discovered in 2015. In 

addition to glyphosate, waterhemp populations were found to be resistant to group 2 (imazethapyr) and 

group 5 (atrazine) herbicides in greenhouse experiments at an incidence of 100% and 75%, respectively. 

Of the 49 collected waterhemp samples, 61% were resistant to all three herbicide groups (2, 5, and 9). In 

addition, six greenhouse and thirty-six field experiments were conducted over a two-year period (2015 

and 2016) at four locations to determine the biologically effective rate of glyphosate, and at two locations 

to evaluate the efficacy of pre-emergence and post-emergence herbicides for the control of glyphosate-

resistant waterhemp in soybean. Determination of the biologically effective rate of glyphosate revealed a 

resistance factor in the greenhouse and field of 4.8 and 28, respectively. Among the 14 pre-emergence 

herbicides available for use in soybean that were tested, pyroxasulfone/flumioxazin, 

pyroxasulfone/sulfentrazone, and s-metolachlor/metribuzin all provided greater than 90% control. A two-

pass weed control strategy was found to be the most efficacious, with a residual pre-emergence herbicide 

followed by an alternative to glyphosate applied postemergence for waterhemp escapes providing 

excellent control in all control systems tested. 
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Chapter 1: Literature Review: The distribution and control of glyphosate-
resistant waterhemp (Amaranthus tuberculatus var. rudis) in soybean (Glycine 
max) in Ontario 

1.1 Waterhemp Biology 

1.1.1  Botanical Classification 
 

Waterhemp (Amaranthus tuberculatus (Moq.) Sauer var. rudis (Sauer) Costea & Tardif) 

is a member of the amaranth family (OMAF 2004; Costea et al. 2005). Some other members of 

the amaranth family include: redroot pigweed (Amaranthus retroflexus L.), smooth pigweed 

(Amaranthus hybridus L.), green pigweed (Amaranthus powelli S. Wats.) and palmer amaranth 

(Amaranthus palmeri S. Wats). Waterhemp (WH) is difficult to distinguish from closely related 

Amaranthus species. Initially, WH was given two temporary names: Amaranthus altissimus and 

Amaranthus miamiensis (Riddel 1835);  Moquin-Tandon (1849) subsequently renamed WH 

Acnida tuberculata (Costea et al. 2005). Uline and Bray (1895) concluded that instead of more 

than one species, there was in fact one highly variable species under investigation as reported in 

Pratt and Clark (2001). The distinction was made by creating two varieties under the name 

Acnida tamariscina Moq. Wood (Costea et al. 2005). Sauer (1955) returned WH to the 

Amaranthus genus when it was recognized there were two distinguishable species in different 

areas of the United States. Amaranthus tuberculatus is found from Indiana to Ohio and 

Amaranthus rudis is found from Nebraska to Texas (Costea et al. 2005). There is also an area of 

sympatry, where both exist in Missouri, Illinois and Iowa (Pratt and Clark 2001), which Sauer 

(1957) suggested was the origin of hybridization. The complexity of classification continued to 

evolve as researchers made new discoveries and presented new evidence for taxonomical 

changes. Some of Sauer’s (1957) parameters of differentiation were found to be poorly defined, 
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as Pratt and Clark (2001) express an ‘unsatisfactory’ nomenclature and taxonomic understanding 

of WH. They presented evidence that A. tuberculatus and A. rudis are not two different species 

but morphological extremes within a single species, A. tuberculatus (Pratt and Clark 2001). 

Although Costea et al. (2005) supported this concept, they thought the two should be 

differentiated hence the varietal name, rudis. For the purposes of this study, WH will be referred 

to as A. tuberculatus (Moq.) Sauer var. rudis (Sauer) Costea & Tardif (2003), recognizing that 

there is disagreement among botanists. 

 

1.1.2 Description of Amaranthus tuberculatus var. rudis 
 

Waterhemp is a small-seeded, annual broadleaf weed. A key-identifying feature of WH is 

its narrow leaves with wavy leaf margins and hairless leaves and stems (OMAF 2004). This 

indeterminate plant, when mature, can reach heights of up to 3.0 m, making WH taller than most 

pigweed species. It has a narrow, erect plant structure with the stems ranging from green to 

red/purple (OMAF 2004). Palmer amaranth and WH are dioecious (male and female flowers on 

different plants), whereas most other A. species are monoecious (male and female flowers on 

same plant) providing another feature for identification. Although WH is very similar to other A. 

species during early stages of development, WH can be identified by its narrow leaf shape and 

hairless stem and leaves.  

 

1.1.3 Comparison of Amaranthus rudis and Amaranthus tuberculatus 
 

Amaranthus rudis and A. tuberculatus, two varieties of WH, are very similar 

morphologically making them difficult to differentiate. In a greenhouse comparison of A. rudis 
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and A. tuberculatus Vyn et al. (2006) found differences in plant height and 100 seed weight. The 

height of A. rudis and A. tuberculatus was 45.9 and 31.3 cm respectively, which is consistent 

with research by Costea et al. (2005). They hypothesized that the shorter height of A. 

tuberculatus may explain why it is not found as frequently in agricultural production fields as it 

is less competitive with the crop while A. rudis is taller and more competitive, consistent with 

research by Costea et al. (2005). Costea et al. (2005) points out that in much of the published 

literature, the authors fail to specify the species/variety under investigation. It is important to 

note that the management of A. rudis is of particular concern as the plant is more competitive in 

canopy cover and overall growth. A. rudis and A.tuberculatus, have subtle morphological 

differences that influences their competitiveness and appropriate weed management strategy.   

 

1.2 Distribution and Habitat 

1.2.1 Distribution in Ontario 
 

A. rudis is a relatively new weed species in agricultural production fields in Ontario 

(OMAF 2004). It is thought that A. rudis was introduced into Ontario on a demonstration 

combine from Illinois in the late 1990s or early 2000s (Costea et al. 2005). The specific counties 

where it has been found are Essex, Bruce, and Lambton (Costea et al. 2005, Vyn et al. 2007). In 

contrast, A. tuberculatus has been documented in Ontario in undisturbed habitats along 

waterways and beaches since the late 1800’s (OMAF 2004, Costea et al. 2005). In addition to 

being native to Ontario and Quebec, A. tuberculatus is also native to northeastern United States 

(Costea et al. 2003, Sauer 1955). Amaranthus tuberculatus var. rudis has also been found in 

these natural environments and has subsequently spread into disturbed areas such as roadsides, 
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gardens and cultivated fields (Costea et al. 2005). Waterhemp thrives in disturbed agricultural 

habitats contributing to its spread into new agricultural production systems.  

1.2.2 Habitat  
 

Waterhemp can be described as a thermophyte (thrives in warmer temperatures), 

hygrophyte to mesophyte (thrives in high to moderate moisture conditions), heliophyte (thrives 

under high light intensities) and nitrophilous (thrives in nitrogen rich soils) (Costea et al. 2005). 

These conditions are frequently found in agricultural production fields, which contribute to the 

competitiveness of WH in corn and soybean. Like many of the Amaranthus species, WH grows 

better in well-drained, nutrient rich soils, and has the ability to establish on many soil textures 

and types (Costea et al. 2005). The pH tolerance range is between 4.5 and 8.0, while the species 

has little tolerance high saline soils but has some CaCO3 tolerance (Costea et al. 2005). 

Waterhemp has been found to grow successfully in day/night temperatures ranging between 

25/20 and 35/30 C respectively (Guo and Al-Khatib 2003). Waterhemp is a C4 plant with a rapid 

growth habit and can grow as much as 1.6 mm per growing degree day (Horak and Loughin 

2000). Waterhemp is adapted to a wide range of environments contributing to its geographical 

spread and competitiveness with crops.  

 

1.3 Growth and Development 

1.3.1 Morphological description 
Waterhemp seeds are elliptic to obovate in shape, dark reddish-brown in colour and 

approximately 1 mm in length (Costea et al. 2005). Following germination, WH develops a 

hypocotyl that can be up to 5 cm in length (Costea et al. 2005). The cotyledons are ovate to 

linear-lanceolate, 12-14 mm long and 2-4 mm wide (Costea et al. 2005). The first leaves are 



	
 

	

5	
	

slightly rounded while the subsequent leaves are ovate to lanceolate to oblong in shape with 2-4 

pairs of secondary veins (Costea et al. 2005). The leaves of mature plants have long petioles, 

ovate, rhombic-oblong to lanceolate-oblong in shape and are 2-10 cm long and 1-3 cm wide 

(Costea et al. 2005). To aid in identification of male and female plants, bracts’ size and midrib 

prominence are indicators of the plants’ sex (Costea et al 2005). Male plants have bracts 1.5-2 

mm long while the female plants have bracts 1.5-2.5 mm long with a more prominent midrib 

(Costea et al. 2005). 

1.3.2 Seed production and dormancy 
 

The seed prolificacy and dormancy characteristics contribute to WH success at 

establishing a significant seedbank. Waterhemp is a prolific seed producer and the seeds can 

remain dormant for as many as seventeen years (Burnside et al. 1996). One female WH plant can 

produce as many as 4.8 million seeds (Hartzler et al. 2004). A typical range in seed production 

ranges from 35,000 to 1,200,000 seeds per female plant (Costea et al. 2005). One explanation for 

such high seed production is the focus of plant resources in a single sex plant unlike in the 

monoecious amaranths (Costea et al. 2005). A key characteristic of WH that makes it so difficult 

to manage is the long seed dormancy. The seeds can also overwinter on the soil surface or below 

the ground (Costea et al 2005). Dormancy of seed buried deep within the soil profile is 

prolonged under high temperatures (Leon et al. 2006). Natural selection pressure has been 

proposed to play a vital role in the stratified soil seed bank of WH resulting in a very long 

emergence pattern throughout the spring and summer (Leon et al. 2006). Later emerging WH 

cohorts have been documented to set seed and contribute to the WH seed in soil seed bank (Wu 

and Owen 2014). This demonstrates the need for multiple WH control strategies to deplete the 
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soil seedbank. Waterhemp produces a large number of seeds per plant that can remain viable in 

the soil for up to seventeen years. 

  

1.3.4 Waterhemp emergence 
Waterhemp has a long emergence pattern from spring until late summer in Ontario (Vyn 

et al. 2006). This extended emergence pattern makes full-season control of this species with 

herbicides difficult, as many herbicide chemistries do not offer full season activity. In addition, 

seed production from late emerging WH adds to the soil seedbank contributing to weed 

management problems in subsequent years (Sellers et al. 2003).  In southern Ontario fields, WH 

typically emerges between the beginning of June and August (Costea et al. 2005) with 

emergence as late as early September (Vyn et al. 2006). At this point in the growing season, 

residual herbicides have been depleted allowing WH to emerge, flower, set seed and return seed 

to the soil seedbank. Although many residual herbicides do not control late emerging WH, many 

of the late cohorts have reduced seed production. The extended emergence pattern of WH 

contributes to the difficulty in controlling this species which allows for late season escapes and 

returns new seeds to the seedbank.  

 

1.3.5 Root growth 
 

Waterhemp develops a large root system that spreads both laterally and vertically. Once 

established, WH seedlings develop a taproot followed by an extensive secondary root system.  

Waterhemp roots can reach depths of 70 cm and spread laterally more than 2 m (Cole and Holch 
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1941). The large root system of WH allows it to explore a large volume of soil for moisture and 

nutrients. 

 

1.3.6 Vegetative Growth and Competitiveness 
 

Waterhemp is a summer annual broadleaf weed with variable growth. Waterhemp shoots 

have the ability to grow up to 3.0 m in height contributing to its competitiveness with mature 

WH are most commonly found between 0.2-2 m in height  (Costea et al. 2005). Wu and Owen 

(2014) reported that variable photoperiod sensitivity results in large variations in the time that 

individual plants within a population are in the vegetative stage. This refers to plants within one 

biotype exhibiting a differential response to the same light environments causing some plants to 

reach the reproductive stage at a different time than those of the same species in the same field. 

Waterhemp has variable vegetative growth attributed in part to its variable photoperiod response. 

 

Waterhemp is sensitive to both intra and inter-specific competition (Uscanga-Mortera et 

Al. 2007, Nordby and Hartzler 2004, Wu and Owen 2014).  Generally, the early emerging WH 

plants are taller, have higher vegetative dry weight and larger canopy diameter (Uscanga-

Mortera et Al. 2007).  Waterhemp grown in the absence of other plants had up to ten times 

greater vegetative dry matter than those grown among soybean (Uscanga-Mortera et al. 2007). 

Waterhemp was found to have variable growth depending on soybean stage. Uscanga-Mortera et 

al. (2007) found WH that emerged up to the V5 stage of soybean produced seed, but emergence 

after the V6 stage in soybean did not produce seed. In contrast, corn is very competitive with 

WH. Nordby and Hartzler (2004) reported that when WH was introduced into corn at the VE, 

V3, V5, and V8 stage the mortality rate was 20, 56, 97 and 99%, respectively. When WH was 
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introduced in corn at V3, V5, and V8 compared to the VE stage, WH seed production was 

reduced by 80, 97, and 99%, respectively (Nordby and Hartzler 2004). Waterhemp height was 

0.14 m when it emerged at the VE stage of corn compared to only 0.05 m when it emerged at the 

V8 stage (Nordby and Hartzler 2004). These findings are consistent with those of Uscanga-

Mortera et al. (2007) who found that, when grown in a corn or soybean environment, late 

emerging WH dry weight and fecundity were reduced by 90%. The earlier emerging WH cohorts 

compete more effectively for available resources, while later emerging cohorts were far less 

competitive and contributed less to weed seed return to the soil seed bank (Grundy 2003). 

Waterhemp development, seed production and fate are related to inter and intra-specific 

competition.  

 

1.3.7 Reproduction 
 

Since this species has separate male and female plants, it can acquire new traits through 

pollen distribution among male and female plants (Costea et al. 2005). The rapid evolution of 

herbicide resistance in WH can, in part, be attributed to the fact that it is a dioecious species (Wu 

and Owen 2014). Populations typically have a similar number of male and female plants, but it 

has been predicted that as population size decreased, WH sex ratios change (Lemen 1980) with 

up to 10:1 in favour of female plants (Pratt and Clark 2001). Unlike many other Amaranthus 

species, the dioecious structure and reproductive processes of WH enable the plant to reproduce 

at high levels with the spread of adopted genetic information. 

 

Waterhemp pollen is wind dispersed. The pollen typically travels less than 50 m but has 

been documented to travel as far as 800 m (Liu et al. 2012). On average, WH pollen remains 
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viable for about 120 hours, with pollen longevity influenced by environmental conditions, 

distance and population density (Liu et al. 2012). From an evolutionary standpoint, in a dense 

weed population in a natural setting, the pollen does not need to travel as far, therefore pollen 

longevity is less of a concern when contrasted to a disturbed environments, such as farm land, 

where plants are spread over larger areas to survive (Liu et al. 2012). In high pollen density 

scenarios, research exploring the physics of pollen dispersal in Amaranthus palmeri show that 

pollen grains cluster together instead of in single grains which increases the amount of 

gravitational force acting on those larger clusters (Sosnoskie et al. 2009). This increased 

gravitational force causes an increase in settling near the source plants (Sosnoskie et al. 2009). 

Liu et al. (2012) found that distance and probability of realized pollen dispersal shared an 

exponentially decreasing relation as distance increased.  Waterhemp pollen longevity and 

dispersal distance allows for the wide rapid spread of genetic material.  

 

Waterhemp time to flowering is influenced by emergence date. Later emerging plants 

tend to be shorter in height, have a shorter vegetative period and reach reproduction more 

quickly (Wu and Owen 2014). Although impacted by environmental conditions, variation among 

plant growth has led to what has been described as a pulsed flowering pattern, which refers to 

groups of plants flower while others flower at a later time (Wu and Owen 2014). In a two-year 

study, seven flowering pulses were observed in 2009 over a 40-day period and eight flowering 

pulses were observed over a 60-day period in 2010 (Wu and Owen 2014). It was observed that 

WH had the ability to modify its flowering period based on environmental cues resulting in more 

successful pollination and seed set (Wu and Owen 2014). In contrast to other work, Wu and 

Owen (2014) reported that seed production of plants that emerged in late July may produce, as 
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much or in some cases more seed, than early emerging plants. They reported that the seed set of 

late emerging plants was underestimated in previous work and that these late emerging plants 

contribute significantly to the soil seed bank (Wu and Owen 2014). Waterhemp is a resilient 

weed with reproductive plasticity allowing for high fecundity at times most conducive to 

successful reproduction.  

 

1.4 Tillage and Emergence: 
 

Mechanical weed control is one component of an integrated approach for the control of 

WH.  Tillage disrupts the soil seed bank with WH emergence most greatly reduced with 

moldboard plowing, followed by chisel-plowing, and finally least disruption in no-till systems 

(Leon and Owen 2006). Waterhemp plant density was three and four times greater in no-till than 

chisel-till (Refsell and Hartzler 2009, Leon and Owen 2006). Although the duration of 

emergence did not differ between tillage treatments, the time to reach 50% emergence was 

longer in no-till than chisel plowing (Refsell and Hartzler 2009). Leon and Owen (2006) reported 

different emergence patterns among WH biotypes in no-till. Waterhemp emergence peaked in 

June in no-till while it peaked during May and early June with other tillage systems (Leon and 

Owen 2006). In no-till systems there was a high concentration of seed near the soil surface while 

with chisel-plowing a greater proportion of WH seed was found between 9 and 15 cm below the 

soil surface (Refsell and Hartzler 2009). Due to a reduced number of emerging WH plants in a 

conventional tillage system, tillage may be a part of an integrated weed management approach in 

agronomic crops. 
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1.5 Economic Significance: 
 

Waterhemp interference reduces corn and soybean yield resulting in substantial monetary 

losses for North American corn and soybean producers. In research conducted in Ontario, WH 

interference caused a 73% soybean yield loss (Vyn et al. 2007) and 38% corn yield loss (Soltani 

et al. 2009). Although not as competitive as Palmer amaranth, WH has been found to be more 

competitive than redroot pigweed in soybean (Bensch et al. 2000). The presence of WH 

increases input for control measures costs to manage this weed and competition can reduce crop 

yield. The economic impact of WH in southwestern Ontario is expected to increase as it 

continues to spread over time and through the selection of herbicide-resistant biotypes.  

 

Soybean is more sensitive to WH interference than corn. Waterhemp interference during 

the first 10 weeks of soybean growth resulted in a yield loss of 43% (Hager et al. 2002). 

Similarly, Bensch et al. (2003) found that soybean yield losses were the greatest when WH 

emerged early, around the unifoliate stage (VC). To avoid such losses, the importance of early 

control is emphasized by Hager et al. (2002) who recommended that WH be removed no later 

than 2 weeks after the unifoliate leaf stage. With the need for timely management to mitigate 

WH stress on soybean, growers need to be proactive in scouting and executing management 

strategies to ensure weeds are not present early in the development of soybean.  

 

Waterhemp interference and subsequent yield loss in soybean is influenced by row width. 

Steckel and Sprague (2004) found that soybean yield loss due to WH interference in 19 and 76 

cm row widths was 44 and 37%, respectively at the VE stage. In contrast, when WH emerged at 

the V2 and V3 soybean stage, yield loss in narrow and wide rows was 15 and 27%, respectively 
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(Steckel and Sprague 2004). There was no influence of row spacing when WH emerged at the 

V4 and V5 stage of soybean, with a 10% decrease in soybean yield in both row spacings (Steckel 

and Sprague 2004). Soybean yield losses due to WH interference can be influenced by row 

spacing.  

 

The presence of WH has potential environmental impacts due to the increased herbicide 

and fertilizer use to mitigate the effect of weed interference. The application of herbicides with 

multiple modes of action increases the environmental impact of weed management. Through an 

increased understanding of WH biology such as introduction, proliferation and dispersal, 

growers will be better equipped to make weed management decisions that minimize the negative 

impacts, both environmental and economical (Upadhyaya and Blackshaw 2007). Starting at the 

farm level, with more improved information and education of all those involved in the agri-food 

system, it will be possible to incrementally move towards a more precise, sustainable, profitable 

production system. 

1.2 Glyphosate 
 

1.2.1 Introduction  
 
Glyphosate (N-(phosphonomethyl)glycine) is a broad-spectrum, systemic herbicide approved 

for use on more than 100 different crops and controls more than 300 weed species in commercial 

and residential settings (Franz et al. 1997).  The use of glyphosate has been increasing since the 

introduction of glyphosate-resistant (GR) crops including soybean, corn, canola, cotton and sugar 

beets (Young 2006; Beckie 2011). Glyphosate use averaged approximately 8.5 million kg year-1 

between 1988 and 1991 globally (Franz et al 1997). Young (2006) studied the changes in 



	
 

	

13	
	

glyphosate use in relation to the introduction of GR crops and found that prior to the introduction 

of GR soybean in 1996, less than 3 million kg of glyphosate was used in soybean annually, but 

this increased rapidly to 30 million kg year-1 in 2002. Over the same time period the number of 

applications in soybean rose from 1.0 to 1.4 applications of glyphosate year-1 (Young 2006). Due 

to the incredible dependence of North American corn and soybean producers on this herbicide 

for weed management, a comprehensive presentation of its history, structure, function, and the 

potential environmental impacts will be presented in this section. 

1.2.2 History 
 

Glyphosate was synthesized more than 20 years prior to the discovery of its herbicidal 

properties in 1950 by a Swiss chemist, Dr. Henri Martin who worked for Cilag, a small 

pharmaceutical company (Franz et al. 1997). Following the acquisition of Cilag by Johnson and 

Johnson in 1959, glyphosate, as well as other research samples, were sold to Aldrich Chemical 

(Franz et al. 1997). There were no pharmaceutical applications or biological activity reported in 

literature during this time (Dill et al. 2010). Monsanto Agricultural Products Company screened 

over 51,000 chemicals for herbicidal activity from 1952 to 1972.  Dr. Hamm and Dr. Franz, 

employees of Monsanto, evaluated over 100 aminomethylphosphonic acid compounds but most 

did not have sufficient herbicidal activity and were not developed for commercial use. In 1970, 

glyphosate was evaluated and results were so encouraging that secondary tests were bypassed to 

allow for immediate field experiments (Franz et al. 1997). Although initially overlooked by early 

researchers, glyphosate is now sold in over 119 countries (Franz et al. 1997), and is the number 

one herbicide used globally.  
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1.2.3 Structure 
	

Glyphosate is an amino acid analogue that is commonly formulated as an isopropylamine 

or potassium salt (Franz et al. 1997). With the empirical formula of C3H8NO5P, this three-acid-

grouped molecule is stable to approximately 316°C and has a pH of about 2 (Bromilow et al. 

1993; Franz et al. 1997). It is a strong acid, therefore a salt is made relatively easily following a 

reaction with the appropriate base (Franz et al. 1997). Glyphosate, formulated as a salt, has 

increased herbicidal activity, but it may precipitate out of solution (Baylis 2000). Glyphosate has 

been explored in many formulations to optimize weed control in wide range of conditions.  

The structure of glyphosate contributes to its systemic properties resulting in broad-

spectrum control of annual, biennial and perennial weeds. The pKa of glyphosate aids in phloem 

transport to actively growing shoot and root meristems (Bromilow and Chamberlain 2000; Duke 

and Powles 2008). Although not a particularly fast acting herbicide (Baylis 2000), within 24 

hours of application, this symplastically translocated herbicide is delivered to the active growing 

points of both roots and shoots (Bromilow and Chamberlain 2000). In addition, glyphosate is a 

polar molecule that allows it to remain active in the phloem of the plant (Bromilow and 

Chamberlain 2000). Although glyphosate is not a fast acting herbicide, the properties of this 

molecule allow for high mobility and site-specific activity. 

1.2.4 Mode of action 
	

Glyphosate is an amino acid synthesis inhibitor.  Once the herbicide has made contact 

with the leaf, it is important that it is retained on the leaf surface to allow for absorption into the 

living tissue of the plant. Research has shown that the efficacy of glyphosate is influenced by the 

surfactant used that aids in movement of the herbicide through the non-living cuticle into the 
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living portion of the plant (Basi et al. 2013). This research reinforced previous knowledge of the 

importance of surfactants with the use of glyphosate (Sprankle et al. 1975a). The prolonged 

presence of glyphosate on the leaf surface allows time for entry into the plant following cuticle 

penetration; this is followed by movement via the phloem to the meristem where glyphosate 

disrupts critical plant functions (Duke and Powles 2008). Commonly referred to as ‘unloading at 

the sinks’, this is the beginning of glyphosate’s ability to cause disruption and inhibitory activity 

in target cells (Franz et al 1997). The efficient transport of glyphosate through the plant is due 

primarily to its phloem mobility (Franz et al. 1997). This allows for movement of glyphosate 

throughout the plant as it is translocated with sugars to the meristematic regions (Franz et al. 

1997). The efficient absorption and movement of glyphosate throughout the plant contributes to 

its efficacy for weed control.  

The critical aspect of weed control with the use of glyphosate is its ability to inhibit 5-

enolpyruvylshikimate-3-phosphate synthase (EPSPS) in the shikimate biosynthetic pathway. 

EPSPS is an enzyme that is involved in the production of aromatic amino acids (Steinrücken and 

Amrhein 1980; Franz et al. 1997). Chorismate is an intermediate molecule in the shikimate 

biosynthetic pathway, which is a precursor to the production of aromatic amino acids 

phenylalanine, tyrosine and tryptophan (Sikorski and Gruys 1997). The disruption of the 

shikimate pathway leads to the accumulation of shikimic acid in plant tissue (Steinrücken and 

Amrhein 1980). The final step in the disruption to the plant’s normal function is the reduction of 

carbon flow within the shikimate pathway, leading to eventual plant death. Glyphosate has 

excellent translocation in the plant and a lack of metabolism when compared to many selective 

herbicides. Due to its unique mode of action, glyphosate provides effective broad-spectrum weed 

control.  
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1.2.5 Impact on environment and non-host species 
	

Since glyphosate is applied to a large number of hectares across a diverse landscape, it is 

important to understand and recognize the potential ecological risks associated with the use of 

this universal herbicide. Previous studies have been conducted on the effect of glyphosate on 

human health and it has been concluded that glyphosate does not pose an undue risk to human 

health (Williams et al. 2000). Glyphosate has been reported to be slightly toxic to mammals, 

birds, and aquatic life (Baylis 2000; Dill et al. 2010). The environmental impact of glyphosate 

has been reviewed several times since its commercial release in 1974. A key element in the 

safety and low toxicity to non-target organisms is the specific shikimate pathway disruption, 

inhibiting EPSPS that is present in plant species and some lower bacteria (Franz et al. 1997; 

Sikorski and Gruys 1997; Williams et al. 2000). This property is a reoccurring theme in past 

work assessing the risk associated with glyphosate on soil, water, and mammals. Another 

important characteristic of glyphosate is that it does not bioaccumulate since it breaks down in 

the soil to non-toxic metabolites (Baylis 2000). Since glyphosate is commercially available in a 

number of different formulations with different surfactants, toxicity may vary due to the 

surfactant rather than the active ingredient (Franz et al. 1997). When used according to label 

recommendations glyphosate does not pose undue risk to the environment or humans.  

Glyphosate’s strong soil-binding properties and its breakdown by naturally occurring soil 

micro-organisms prevent major risks to soil, air and water. Although differences in soil texture 

and organic matter influence the adsorption of glyphosate, binding occurs quickly and results in 

immobility. Research has shown that 84% of glyphosate was adsorbed to the soil within the first 

24 hours after application (Shushkoca et al. 2010), however this binding is reversible (Baylis 
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2000; Shushkova et al. 2010). Recent work has suggested the re-mobilization of glyphosate may 

involve an additional transfer pathway influenced by a number of variables such as soil texture, 

pH, phosphorus fixation potential, iron content, cation exchange capacity, and soil organic matter 

(Bott et al. 2011). Dill et al. (2010) found that glyphosate has little ability to volatilize or 

evaporate into the air due to the strong bonding, specifically intermolecular hydrogen bonding 

and little risk of ground water contamination via leaching. These characteristics minimize 

movement in the soil.   

The biodegradation of glyphosate in soil can be enhanced by the addition of specific 

microorganisms. Shushkova et al. (2010) reported a three-fold increase in the degradation of 

glyphosate through the addition of Ochrobactrum strains.  The resulting conversion of 

glyphosate by soil microbes to aminomethylphosphonic acid has been found to be more mobile 

in the soil (Duke and Powles 2008). These soil microbes are much more tolerant to glyphosate 

than to nontarget aquatic species (Sihtmäe et al. 2013). The final steps in the degradation of 

glyphosate provide a food source for bacteria (Franz et al. 1997) as aminomethylphosphonic acid 

is broken down to ammonia, inorganic phosphate and carbon dioxide (Sprankle et al. 1975b; 

Baylis 2000). The same degradation through microbial activity and sediment binding was found 

in water (Carlisle and Trevors 1988). Glyphosate has low environmental impact due to 

adsorption and subsequent degradation in the soil. 

 

1.2.6 Impact on Plants 
 

Although glyphosate is an extremely efficacious herbicide, it is a relatively slow acting 

compared to other herbicides. Lorentz et al. (2011) studied the visual and physiological effects 
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on plants following the application of glyphosate. The above authors reported that within 4 hours 

of application, glyphosate was present in both the shoots and roots of plants; however plant death 

followed slowly 10 days after application (Lorentz et al. 2011). Glyphosate symptomology 

includes leaf wrinkling or malformation in the meristematic regions shortly after application 

followed by foliar chlorosis and subsequent necrosis (Franz et al. 1997). Plant death may not 

occur until many days or in some cases weeks after glyphosate application (Franz et al. 1997). 

Although glyphosate is a relatively slow acting herbicide, its systemic movement throughout the 

plant results in broad spectrum control of a wide range of weed species.  

Although glyphosate efficacy is attributed to inactivation of EPSPS, additional factors 

may contribute to plant death.  Lorentz et al. (2011) points out that plant death may result from 

failures in the plant after the activity of EPSP synthase has been disrupted. Additional factors 

that may contribute to plant death include degradation of the phloem, plugging of the xylem in 

the stem and necrosis of the pith tissue (Lorentz et al. 2011). In addition, phenols are released 

from cells and found in intercellular spaces following glyphosate application, which are known 

to be toxic to plants (Lorentz et al. 2011). Recent studies indicate that in addition to binding with 

EPSPS, there are additional impacts of glyphosate on plants resulting in plant death. 

1.2.7 Uses 
 

Glyphosate’s unique mode of action, the development of glyphosate-resistant crops and 

its adsorption to soil colloids results in a safe product with a large number of uses for weed 

control. Glyphosate is applied to emerged vegetation, either as a preplant burndown prior to crop 

emergence or as a postemergence application, but due to its adsorption to soil colloids, it does 

not provide residual weed control (Franz et al. 1997). Although glyphosate is a non-selective 
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herbicide, the development of GR crops has allowed postemergence application to crop 

hybrids/cultivars during the growing season. This herbicide is used in many situations, including 

row crops, orchards and roadsides (Franz et al. 1997). Although the most widely used rate of 

glyphosate is 900 g a.e. ha-1 in Eastern Canada, the rate should be adjusted based on weed 

species and weed size at the time of application to ensure acceptable control (Jordan et al. 1997). 

Other uses of glyphosate include preharvest desiccant, growth regulation, enhanced sugar 

concentration stimulation in sugar cane, and to reduce apical dominance in bent grass for strong 

pasture stands (Baylis 2000). The multiple uses of glyphosate and the introduction of GR crop 

hybrids/cultivars have contributed to an increase in glyphosate use over time.  

1.3 Glyphosate-Resistant Weeds 

1.3.1 Introduction 
 

Selection of herbicide-resistant biotypes continues to create weed management 

challenges in crop production globally. Due to the exceptional efficacy of glyphosate as a broad-

spectrum herbicide, it has been applied repeatedly across large areas in many agricultural 

systems. Weed species that were originally controlled by herbicides now have resistant biotypes 

due in part to repeated use of the same method of control (e.g., herbicide mode-of-action) (Holt 

et al. 2013). Like in any natural selection, plants with the ability to survive and reproduce 

contribute to the success of future generations of that species.  It was once thought that due to 

glyphosate’s highly specific site of action it would be unlikely for glyphosate-resistant weeds to 

develop. But, the wide spread presence of GR weeds is forcing crop producers to return to a 

more diverse herbicide program and integrated weed management approaches, such as cover 

crops and crop rotation. Although a highly effective herbicide in many cases, the increased  use 
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of GR crops has contributed to the evolution of GR weeds (Shaner 2009) and may even alter 

phylogenetic patterns in future classification (Holt et al. 2013). The primary reason for GR is the 

repeated use of one herbicide mode of action (Powles 2008). Due to the dramatic increase in use 

of glyphosate in the GR crops and the concomitant selection of resistant biotypes, crop producers 

globally are facing new challenges in weed management.  

1.3.1.1 Definition of resistance: 
 

A common area of confusion is the difference between tolerance and resistance. As 

defined by the Weed Science Society of America (WSSA 1998), tolerance is “the inherent ability 

of a species to survive and reproduce after herbicide treatment”. This is a characteristic that is 

naturally occurring and has not resulted from a manipulation or selection. Resistance however is 

the “inherited ability of a plant to survive and reproduce following exposure to a dose of 

herbicide normally lethal to the wild type” (WSSA 1998). There is a clear distinction between a 

tolerant and resistant plant differing in a plant response relative to the wild type. 

The propensity of weed species to become resistant is dependent on a number of factors 

both within the species and the agronomic practices at any site. Although it is not fully 

understood, there is a lot of variation in how quickly a weed population becomes resistant (Holt 

et al 2013).  In a taxonomic comparison, two databases of weeds were used in a meta-analysis to 

see if trends could be determined (Holt et al. 2013). One included all known cases of resistant 

weeds in the ‘International Survey of Herbicide Resistant Weeds’ (Accessed May 2012) and the 

other the ‘World’s Worst Weeds’ which made up the ‘control’ list (Holt et al. 2013). The 

‘resistant’ database was compared to that of the ‘control’ or general weed list to see what 

relationships could be made. Holt et al. (2013) provides evidence that certain families of plants 
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have greater ability to become resistant as 62 species were found on both the control and evolved 

resistance list. The main families included Poaceae, Asteraceae, Amaranthaceae, and 

Brassicacae, which comprised of 69% of the resistant list and 49% of the control list (Holt et al. 

2013). From this work, it is evident that some families are more likely to become resistant than 

other weed species. 

1.3.2 History 
 

 Prior to the introduction of GR crops and the wide spread in-crop use of glyphosate, it 

was used primarily as a preplant burn down in field crops due to its broad spectrum control. The 

first confirmed case of a GR weed was in 1996 in Lolium ridigum in Australia (Heap 2015). This 

discovery was thought to be a rare event and that under normal field conditions resistance to 

glyphosate was unlikely (Bradshaw et al. 1997). The reason why it was thought that glyphosate 

resistance was unlikely to develop was because the mutation of two or more codons in the gene 

encoding the target site of glyphosate (ESPSP synthase) had not been found in nature (Bradshaw 

et al. 1997). Although the target site mutation is rare, Bradshaw neglected to consider non-target 

site resistance mechanisms (Duke 2011).  Prior to the introduction of GR crops, the use of 

glyphosate in field crops was limited to preplant burndown, preharvest and post-harvest 

applications, but the repeated use of glyphosate within and across years after the introduction of 

GR crops has selected for resistance in over 30 weed species across millions of hectares (Heap 

2015).  

Following the introduction of GR crops in 1996, wide-spread adoption contributed  to a 

large increase in glyphosate applied that resulted in intense selection pressure for GR weeds.  

The use of glyphosate was highly appealing to growers as there was no need for several 
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herbicides to control a broad-spectrum of weeds. Instead, one or more applications of glyphosate 

controlled all weeds while leaving the crop uninjured. From 1996 to 2014, there has been more 

than a 100-fold increase in the number of hectares seeded to herbicide-resistant crops from 1.7 to 

181.5 million hectares (ISAAA 2014). The countries with the largest areas seeded to herbicide-

resistant crops are (in order) USA, Brazil, and Argentina (James 2010) (ISAA 2014). The 

relationship between the areas seeded to herbicide-resistant crops and the countries (United 

States, Australia, Argentina, Brazil and Canada) with the most GR species cannot be ignored 

(Heap 2015). There have been several changes to crop production systems that have had an 

impact on weed community shifts, most notably tillage, crop rotation and herbicide use (Owen 

2008). Herbicide use patterns will influence both naturally tolerant species as well as herbicide-

resistant biotypes. Owen (2008) suggested that weed species with low genetic diversity and 

density will be less likely to survive a single weed control tactic.  

Glyphosate resistance has been documented in five weed species in Canada including: 

giant ragweed (Ambrosia trifida) in Ontario in 2008, Canada fleabane (Conyza Canadensis) in 

Ontario in 2010, kochia (Kochia scoparia) in Alberta in 2012, Saskatchewan in 2012, and 

Manitoba in 2014, common ragweed (Ambrosia artemisiifolia) in Ontario in 2011, and 

waterhemp (Amaranthus tuberculatus) in Ontario in 2014. Through the increased use of 

glyphosate, there has been an increase in selection pressure resulting in the selection of GR 

biotypes in Canada and throughout the world.  

1.3.3 The Mechanisms of Glyphosate Resistance  
 

There are several mechanisms that confer resistance to glyphosate. In susceptible plants, 

glyphosate binds to the enzyme 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS) in the 
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shikimate biosynthetic pathway resulting in reduced production of the aromatic amino acids 

tyrosine, tryptophan and phenylalaine (Powles and Preston 2006). In resistant biotypes however, 

the vital production of phenylalanine, tyrosine and tryptophan continues (Dill 2005). The 

mechanisms that cause resistance can be either target site or non-target site (Nandula et al. 2010). 

There is the ability to further categorize the mechanisms of resistance into 5 sub categories 

including: i) a mutation of the target site (target site based), ii) over expression of the target site 

(target site based), iii) reduced herbicide translocation (non-target site based), iv) vacuole 

sequestration of the herbicide (non-target site based), and v) enhanced metabolism of the 

herbicide (non-target site based) (Stewart et al. 2010; Sammons and Gaines 2014). Individual 

plants can exhibit one or more of these mechanisms of resistance (Koger and Reddy 2005). 

Interestingly, there are more mechanisms that confer resistance to glyphosate that any other 

herbicide (Sammons and Gaines 2014). The normally lethal EPSPS inhibition is overcome in GR 

biotypes through five distinct mechanisms of resistance.  

1.3.3.1 Target Site Resistance 
 

There are currently two types of target site based resistance including the mutation of the target 

site or the over expression of the target site (Stewart et al. 2010). 

1.3.3.1.1 Mutation of the target site 

Target site resistance involves a mutation at the site that prevents herbicide binding, 

thereby allowing normal plant function and growth (Stewart et al. 2010). The primary target site 

mutation that confers resistance to glyphosate is at the 106th position of the EPSPS enzyme of 

proline to serine, alanine, or threonine (Powles and Preston 2006, Stewart et al. 2010). This 

mutation was first reported in a biotype of goosegrass (Eleusine indica Gaertn.) in Australia 
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(Baerson et al. 2002) and the following year it was reported in rigid ryegrass (Lolium rigidum) in 

California (Simarmata et al. 2003). Simarmata et al. (2003), compared the differences between 

susceptible and resistant biotypes and found there were no differences in glyphosate adsorption, 

translocation and sensitivity to aminomethyl phosphonic or shikimic acid. Thus they concluded 

that the mechanism of resistance was an altered EPSPS (Simarmata et al. 2003). In addition to 

single substitution, double amino acid substitution (T102I + P106S) in the EPSPS gene has also 

been documented in the literature (Yu et al. 2015). In a population of Eleusine indica some 

plants had developed a 180-fold resistance to glyphosate and had naturally evolved the same 

mechanism used in the first generation of glyphosate-resistant corn (Yu et al. 2015). An altered 

target site confers resistance to glyphosate in number of weed species.  

1.3.3.1.2 Over Expression of the Target Site 

 Over expression of the target site gene ensures there is normal metabolic ability through 

increased enzyme production within the plant that allows for normal plant growth and function 

after the application of glyphosate.  Gaines et al. (2010), reported over expression or gene 

amplification, which leads to the increased expression of the EPSPS enzyme. This target enzyme 

over expression allows enough enzymatic activity to occur for regular plant function under 

normal herbicide application (Stewart et al. 2010). Although the same mechanism confers 

resistance in a number of GR weeds, the copy number varies both within and across species. The 

genomic copy number in Palmer amaranth (Amaranthus palmeri) ranged from 2-10 (Mohseni-

Moghadam et al. 2013) to 40-100 (Gaines et al. 2010). Waterhemp (Amaranthus tuberculatus) in 

Missouri and Illinois were found to have four copies (Tranel et al. 2011) while spiny amaranth 

(Amaranthus spinosus) in Mississippi was found with 26-37 copies (Nandula et al. 2013). Other 

examples include Italian ryegrass (Lolium multiflorum) with 15-25 copies in Arkansas (Salas et 
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al. 2012) and kochia (Kochia scoparia) in Kansas and Colorado, with 3-9 copies (Wiersma 

2012). A high copy number, in most cases, is positively correlated with an increase in resistance 

level (Sammons and Gaines 2014). Gene amplification or over expression results in increase 

EPSPS production in resistant biotypes conferring resistance to glyphosate.  

1.3.3.2 Non-Target Site Resistance 
 

Non-target site mechanisms of resistance prevent the herbicide from reaching the site of 

action in sufficient quantities to disrupt a vital plant process or function. Non-target site 

mechanisms of resistance are more difficult to study than target site resistance (Yuan et al. 2006; 

Stewart et al. 2010). The mechanisms of non-target site resistance include enhanced metabolism, 

reduced absorption and translocation or herbicide sequestration (Stewart et al. 2010). The three 

most common non-target mechanisms are reduced absorption and translocation, vacuole 

sequestration and enhanced metabolism.  

1.3.3.2.1 Reduced Absorption and Translocation 
 

Reduced absorption or translocation confers resistant to glyphosate in many weed 

species. For glyphosate to be effective it needs to travel to the growing points and accumulate in 

the active meristems of plants (Shaner 2009). Genes that code for EPSPS are found in highest 

concentrations within the meristems and flowers, stems, leaves and cotyledons (Shaner 2009). 

Reduced translocation is the most common mechanism of resistance to glyphosate in Canada 

fleabane (Koger and Reddy 2005). Reduced absorption has been documented to confer resistance 

to glyphosate in a population of Johnsongrass (Sorghum halepense) (Vila-Aiub et al. 2012). 

Thought to be related to the cuticle characteristics, there was a 10-20% decrease glyphosate 
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absorption in the resistant compared to the susceptible biotype (Vila-Aiub et al. 2012). Reduced 

absorption and translocation prevents glyphosate from reaching the target site in sufficient 

quantities.  

1.3.3.2.2 Vacuole Sequestration 
 

Vacuole sequestration prevents glyphosate from reaching the target site in sufficient 

quantities to be lethal to the plant. Through sequestration of glyphosate in the vacuole, there is a 

reduction in the concentration of herbicide entering the chloroplast, which results in normal 

function of the shikimate biosynthetic pathway in the plant (Ge et al. 2010). Ge et al. (2010) 

reported that 85% of applied glyphosate in Canada fleabane was sequestered in the vacuoles in 

the resistant biotypes compared to only 15% in the susceptible  biotypes. Once sequestered in the 

vacuole, it has been postulated that the herbicide is released slowly at a sub-lethal dose or it may 

remain in the vacuole indefinitely (Ge et al. 2010). Herbicide sequestration in the vacuole is non-

target site resistance mechanism that confers resistance to glyphosate in some weed species. 

1.3.3.2.3 Enhanced Metabolism 
 

Enhanced metabolism, which involves breaking down glyphosate into less phytotoxic 

metabolites, is a non-target site resistance mechanism. In research using velvet bean (Mucuna 

pruriens) with an innate, high resistance to glyphosate similar to those traits in acquired resistant 

species, it was found to have a limited uptake and translocation of glyphosate (Rojano-Delgado 

et al. 2012). The interesting area of investigation was the discovery of two concurrent pathways 

that allow for the degradation of glyphosate to aminomethyl phosphonic acid (AMPA), Pi, 

glyoxylate, sarcosine and formaldehyde (Rojano-Delgado et al. 2012). González-Torralva et al. 

(2012) reported enhanced metabolism in a biotype of Canada fleabane and the products were 
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similar to those found in velvet bean including AMPA, glyoxylate and sarcosine.  Enhanced 

metabolism results in a reduced amount of glyphosate reaching the target site thereby conferring 

resistance to the herbicide.  

1.4.0 Glyphosate Resistant Waterhemp (Amaranthus tuberculatus var. rudis) 
 

1.4.1 Introduction  
Glyphosate-resistant WH, found in Ontario in 2014, is the most recent addition to the 

species documented to be GR in Canada (Heap 2015). Since their introduction in 1996, GR crops 

have contributed to the evolution of GR weeds. GR crops are associated with an increased 

frequency of glyphosate applications, which is correlated to increased selection pressure for 

resistant biotypes. This is the fifth species with glyphosate resistance in Canada (Heap 2015). 

Research on GR WH has been on-going in the United States for more than a decade to determine 

the factors that influence dispersal, and strategies that growers can employ to minimize crop 

yield losses.  It was suspected that evolution to glyphosate would develop in WH as there had 

been documented variability in the control of WH with several herbicides, including glyphosate 

(Patzoldt et al. 2002). The recent discovery of GR WH will impact profitability of affected 

Ontario producers. The development of efficacious control strategies is required to minimize 

crop losses due to GR WH interference and hopefully to reduce further dispersal and avoid the 

trend towards multiple herbicide resistance. 

 

1.4.2 History of Resistance: 
 

Glyphosate resistant WH is not a new problem; it was first discovered in 2005 in 

Missouri, US and has now been confirmed in 18 US states and the province of Ontario (Heap 
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2015). Light et al. (2011) suggested that 1.2 million hectares are infested with resistant 

Amaranthus species. Historically, WH was considered one of the main problem weeds in corn 

and soybean in many US states, especially in Missouri and Illinois (Hager and Sprague 2002). 

With biological features previously discussed such as high seed production, long life in the seed 

bank, extended emergence pattern and dioecious nature, WH has the ability to persist for a long 

period of time with high genetic diversity making this species susceptible to herbicide resistance. 

Waterhemp, prior to the introduction of GR crops, had been documented to be resistant to Group 

2, 5 and 14 herbicides (Heap 2015). Resistance has been now documented to 6 herbicide groups 

including 2, 4, 5, 9, 14, and 27 with a case in Illinois reporting a population with resistance to all 

of the above herbicide groups with the exception of  group 4 herbicides in 2016 (Heap 2016). 

The first confirmed GRWH was found in northwest Missouri in Platte and Holt counties 

(Legleiter and Bradley 2008; Heap 2015). In both counties, growers used one to two applications 

of glyphosate each year for weed control in GR soybean over a six to seven year period, which is 

considered to be the primary reason the evolution of GR WH in those fields (Legleiter and 

Bradley 2008). Based on greenhouse experiments, it was concluded that the GR WH had a 19- 

(Platte) and 9-fold (Holt) resistance factor. In field studies, 54% of the WH survived twice the 

labeled rate of glyphosate, and, in addition ALS- and PPO-inhibiting herbicides did not provide 

complete control, due to multiple resistance (Legleiter and Bradley 2008). Repeated application 

of glyphosate is the primary reason for widespread selection of GR WH in North America. 

  

1.4.3 Dispersal of Resistance 

1.4.3.1 Field Selection 
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The evolution of herbicide resistance has occurred in many species and is well 

documented in WH including GR WH. There are many documented cases in the literature where 

repeated use of glyphosate has resulted in the selection of resistant biotypes. For example in 

2006, a cotton producer in East Bernard, Texas reported poor control of WH in a continuous 

cotton field where glyphosate was applied two times per year  (POST and POST-directed) for 

four consecutive years (Light et al. 2011). Similarly, two years later, in 2008, a neighbouring 

cotton grower in Fort Bend County applied glyphosate three times a year (preplant burndown 

and two in-season applications) that resulted in poor control of WH (Light et al. 2011). Results 

from a study with these biotypes found that the resistance factor was 4 to 60 fold. Finally in 2012 

in Nebraska, GR WH had a resistance factor of 3 to 39 fold following eight years of continuous 

GR corn and soybean production (Sarangi et al. 2015a). As the above cases indicate, it is well 

documented that the repeated use of the same mode of action is the leading cause of herbicide 

resistance (Norsworthy et al. 2012). These examples provide insight in the selection of resistant 

biotypes, which poses a risk to possible multiple-resistance and movement of GR WH to 

adjacent fields.  

1.4.3.2 Off Site Movement 
 

After there has been a shift in the WH population from the susceptible to the GR 

biotypes, the resistant biotypes may buildup over time and move to adjacent fields, as growers 

may not be aware of the presence of resistant biotypes in their field until poor control is observed 

after glyphosate application. Visually there are very few phenotypic attributes to differentiate a 

resistant from a susceptible biotype. Survey work completed in Missouri explored four in-field 

parameters to help indicate if a field did in fact have a GR WH species with 69% accuracy 
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(Rosenbaum and Bradley 2013). These parameters included the field having no other weed 

species at the end of the season, continuous soybean production, exclusive use of glyphosate for 

several consecutive seasons, and finally GR WH plants exhibiting no obvious signs of herbicide 

injury when compared to glyphosate susceptible WH (Rosenbaum and Bradley 2013). When 

seed was collected at the time of the survey, a common practice was to educate producers about 

the current geographical distribution of GR WH (Givens et al. 2009). Data such as location, 

percent infested, other weed species, and previous crop were recorded (inferred from residues) 

(Rosenbaum and Bradley 2013). Another indicator used as a sign of glyphosate application was 

stunting and branching in upper portions, which can be attributed to loss of the apical meristem 

(Rosenbaum and Bradley 2013). Each grower was contacted to determine historical herbicide 

use patterns and long-term crop rotation (Rosenbaum and Bradley 2013). Waterhemp seedlings 

grown from collected seed were screened for glyphosate resistance that resulted in high amounts 

of variability of observed resistance (Rosenbaum and Bradley 2013). This high variability was 

attributed to the method of seed sampling, which consisted of seed collection from 10 to 15 

female plants per field screened (Rosenbaum and Bradley 2013). As Shaner (2009) stated, 

natural variability within a population can cause dramatic differences in the efficacy of 

glyphosate especially when resistance is in the early stages of selection. Waterhemp has high 

genetic variability, due to the dioecious nature of the species, resulting in naturally variable 

response to glyphosate applications (Zelaya and Owen 2005). In summary, grower practices 

provide clues to why GR WH developed, which may provide strategies to mitigate further 

resistance selection and spread. 

The increase in average farm size may pose a risk to resistance as there is an increasing 

reliance on a simplified crop and weed management system. In addition, the increase in farm size 
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may contribute to the spread of GR WH over a larger area with the movement of farm 

equipment. Past research on wild oat resistance has shown an increased risk of developing 

resistance when a farm exceeds 400 ha (Beckie 2009). With the increase in average farm size 

from 242 to 314 ha since 1991 (StatsCan 2011), fewer growers are managing more hectares 

meaning they are traveling further than before to tend to each field. With these practices, there is 

increased chance of selection and movement of resistant seeds to previously uninfested fields. In 

Ontario, the predominant field crops are corn, soybean and wheat. Following the harvest of corn, 

typically the last crop that the combine is used before storage, wheat is the next to be harvested 

the following season allowing any seeds in the combine from the previous year to establish in a 

new field if not already present (Green and Martin 2015). With the increase in average farm size, 

the movement of equipment from one field to another contributes to the spread of seeds of 

herbicide-resistant weeds.    

Waterhemp produces a large number of seeds, which increases the probability of seed 

movement via a number of methods in addition to movement on harvest equipment.  Glyphosate 

resistant WH seed can be moved from field to field adhered to planters and tillage equipment and 

when making manure applications. With the increased adoption of cover crops, and the use of 

bin-run seed, there is a risk of introducing GR WH with contaminated cover-crop seed (Green 

and Martin 2015). With a crop like corn silage, there is a large amount of feed leaving a field that 

is fed to livestock. The manure from the livestock may be applied to a different field and could 

possibly introduce GR WH to a previously uninfested field (Green and Martin 2015). The risk of 

dispersal is also possible by migratory birds and waterways (Green and Martin 2015). The above 

examples illustrate the complexity of trying to minimize GR WH dispersal.  
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In addition to human factors contributing to seed dispersal, WH may also move in natural 

ways. Research conducted on geese and ducks demonstrated the capabilities for seed dispersal 

and seed viability upon passing through the digestive tract of waterfowl (Farmer et al. 2016). In a 

feeding study, live mallards (Anas platyrhynchos) were fed 1 of 13 weed species to evaluate the 

seed emergence after passing through the digestive tract (Farmer et al. 2016). Waterhemp was 

one of the only species of those tested to be able to be recovered after 36 hours, with the majority 

of species collected at 4, 8, 12, and 16 hour collection interval (Farmer et al. 2016). Finally, the 

field collection portion of the waterfowl seed dispersal investigation discovered an average of 18 

Amaranthus seeds found per duck. From an estimated 49 million ducks migrating throughout the 

midwestern United States, their research estimated potential for 882 million Amaranthus seeds to 

be transported and far as 2800 km in a migration year (Farmer et al. 2016). Waterfowl are 

capable of ingesting and moving viable seeds over long distances allowing for the movement of 

WH with potential herbicide-resistant traits. 

1.4.4 Mechanisms of Glyphosate Resistance in Waterhemp 
 

There are numerous mechanisms that confer herbicide resistance in weeds. There are two 

broad classifications of herbicide resistance: target site and non-target site resistance. There are 

three mechanisms that confer resistance to glyphosate in WH, with resistance factors ranging 

from 5 to 60- fold. (Nandula et al. 2013; Light et al. 2011) 

1.4.4.1 Target site resistance: 

 1.4.4.1.1 Gene amplification 
 

Gene amplification or over expression of the target site gene allows for normal plant 

function with increased enzyme production within the plant following the application of 
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glyphosate. Gene amplification confers resistance to glyphosate in WH. Gene amplification was 

first discovered as the mechanism of GR in Palmer amaranth (Gaines et al. 2010) which is very 

closely related species to WH. Subsequently, gene amplification has been found as a resistance 

mechanism that confers resistance to glyphosate in WH. In a multi-state study, the EPSPS gene 

copy number and glyphosate dose response was correlated for GR WH from Illinois, Kansas, 

Kentucky, Missouri, and Nebraska (Chatham et al. 2015a). From the dose response study, it was 

found that no population was controlled entirely, even at the highest rate of glyphosate evaluated 

of 3,369 g ae ha-1 (Chatham et al. 2015a). From the EPSPS gene copy number test, gene 

amplification was documented in WH biotypes from four of the five states with the exception 

being Kentucky (Chatham et al. 2015a). A correlation was found between the EPSPS gene copy 

number and the level of glyphosate resistance (Chatham et al. 2015a). This confirms previous 

research that reported a relationship between EPSPS gene copy number and the level of 

glyphosate resistance (Tranel et al. 2010; Shaner et al. 2012). Furthermore, each population 

contained at least one plant that exhibited glyphosate resistance but there was no gene 

amplification. It is suggested that an alternate mechanism conferred resistance in these 

‘anomalies’ (Chatham et al. 2015a). In a separate study, 91% of 22 glyphosate-resistant WH 

populations were resistant due to gene amplification, emphasizing the widespread presence of 

this mechanism in GR WH (Chatham et al. 2015b). In a similar study, Lorentz et al. (2014) 

reported seven extra copies of the EPSPS gene that resulted in a resistance factor between 5 and 

8 for six WH populations. EPSPS gene amplification is one mechanism of glyphosate resistance 

in WH with a range in gene copy number and associated level of resistance. 

1.4.4.1.2 Pro106Ser Mutation 
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An altered target site can confer resistance to glyphosate in WH. The mechanism of 

resistance in a population in Illinois was found to not involve an increase in the EPSP gene copy 

but instead an altered target site (Bell et al. 2013). Sequencing of the EPSPS gene revealed a 

serine for proline substitution at position 106 (P106S) (Bell et al. 2013). Interestingly, this 

substitution was also present in plants that did not survive glyphosate at 3,360 g ae ha-1 

indicating that it conferred a low magnitude of resistance (Bell et al. 2013). An altered target site 

(P106S) confers resistance in some GR WH population.   

1.4.4.2 Non-target site resistance: 

 4.4.2.1 Reduced translocation 
 

Reduced translocation is a non-target site mechanism of resistance that confers partial 

resistance to glyphosate in WH. The study of glyphosate resistance mechanisms in WH becomes 

difficult as there is the possibility of more than one mechanism of resistance in a plant.  A five-

fold resistance has been found in WH from Mississippi (Nandula et al. 2013) due to two different 

mechanisms in one plant. The resistance mechanisms included reduced translocation (non-target 

mechanism) and an altered target site (target site mechanism) (Nandula et al. 2013). There was a 

decrease of approximately 10% in the amount of glyphosate translocated out of treated leaves of 

the GR when compared to GS plants (Nandula et al. 2013). There was a corresponding increase 

in the amount of glyphosate remaining in the treated leaves with 80 and 77% of absorbed 

glyphosate in GR biotypes compared to 69 and 68% in the GS biotypes at 24 and 48 hrs after 

application, respectively (Nanduala et al. 2013). Although it has been noted that target site 

resistance mechanisms are not as frequent as non-target site resistance mechanisms (Shaner 

2010), the presence of both in one plant confers a high level of resistance  (Nandula et al. 2013). 

Another area of research that is not well understood is the fitness cost of multiple resistance 
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mechanisms in WH (Nandula et al. 2013). The presence of two mechanisms in one biotype has 

been documented, although the consequences of this adaptation are not well understood. 

1.4.5 Management of Resistant Waterhemp 
 

Several studies have been conducted on the control of GR WH with variable results. It is 

important to note that registered herbicides and label rates vary by country. A common 

management strategy has been a two-pass program of a pre-emergent (PRE) herbicide followed 

by a post-emergent (POST) herbicide.  In addition, further research has explored the optimal 

application timing for POST herbicides. Schuster and Smeda (2006) compared mid-POST alone, 

early-POST followed by mid-POST, PRE followed by glyphosate mid-POST, and PRE followed 

by mid-POST without glyphosate. They reported that soil applied residual herbicides applied 

PRE provided control of WH for 7 to 31 days. A single herbicide program provided 69-100% 

control while two-pass programs were more consistent with 77-100% control (Schuster and 

Smeda 2006). This highlights the importance of two-pass weed management strategies with the 

need for a PRE and POST herbicide for full season control of GR WH. 

1.4.5.1 PRE Herbicides: 
 

The Group 15 herbicides (very long chain fatty acid elongases inhibitors) such as 

dimethenamid-P and pyroxasulfone are very efficacious for the control of GR WH in corn and 

soybean. Sarangi et al. (2015a) compared single and sequential applications (either two half-rates 

or three applications at one-third the labeled rate) and found that a full rate of the group 15 

herbicides applied PRE provided ≥ 94% control, lowest densities and highest soybean yield 

(Sarangi et al. 2015a). When comparing a single group 15 applied PRE to sequential 

applications, there was a significant difference (P < 0.01) at 15 days after the PRE application of 
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92 and 85%, 15 days after the POST application  of 88 and 83% and 74 days after the POST 

application of 83 and 77%, respectively (Sarangi et al. 2015b). The reduced GR WH interference 

with the full-rate of a group 15 applied PRE resulted in higher soybean yield of 2.1 compared to 

1.8 T ha-1 with the sequential applications (Sarangi et al. 2015b). In contrast, Behnken et al. 

(2015) reported 90-95% full season control of GR WH with sequential herbicide applications 

compared to 62-81% control with PRE applications. The use of sequential herbicide applications 

resulted in soybean yield increases of 0.40 to 0.94 T ha-1 compared to the PRE alone (Behnken et 

al. 2015). Behnken et al. (2015) reported that a layered application of dimethenamid-P about a 

month apart provided the best control of GH WH in a study conducted in Minnesota. Jhala et al. 

(2015) reported that acetochlor, another Group 15 herbicide, provided excellent control of GR 

WH, but this herbicide is not registered in Canada. The sequential application of acetochlor 

applied PP followed by an early or late POST application in combination with glyphosate 

resulted in GR WH control that was equivalent to the weed free control in GR soybean (Jhala et 

al. 2015). GR WH control with PRE herbicides is variable and more research is required to 

determine the most effective control strategies with registered herbicides in Canada.  

1.4.5.2 POST Herbicides 
 

The herbicide resistance pattern in WH must be known for effective control with POST 

herbicides. Legleiter and Bradley (2008) reported poor control of WH with tank mixes of ALS 

and PPO-inhibiting herbicides because the biotype was also resistant to ALS and PPO-inhibiting 

herbicides. In another study, Sarangi et al. (2015a) reported greater than 80% GR WH control 

with the use of PPO inhibitors and glufosinate 21 days after treatment. The registration and 

adoption of Roundup Ready Xtend Soybean will result in an increase in the use of dicamba. 
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Spaunhorst and Bradley (2013) reported 62 and 72% control of GR WH with single and 

sequential applications of dicamba, respectively. There are POST herbicide options that provide 

effective control of GR WH, but they should be used in conjunction with an effective PRE 

herbicide. 

1.4.5.3 Future Technologies 
 

New soybean technologies are being development with resistance to various herbicides 

that may provide growers with additional options for the control of GR weeds. The results from a 

study exploring future soybean traits that confer resistance to various herbicides was conducted 

in six US states (Meyer et al. 2015).  Results showed that herbicide options used in conjunction 

with future technologies performed better than current technologies (Meyer et al. 2015). Soybean 

cultivars with resistance to glyphosate, glufosinate, dicamba, 2,4-D, isoxaflutole and mesotrione 

either alone or in combination were studied (Meyer et al. 2015). Twenty-five herbicide programs 

were evaluated including PRE, PRE followed by early POST (early-POST: 3-4 weeks after 

PRE), and PRE followed by late-POST  (LPOST: 6-7 weeks after PRE) (Meyer et al. 2015). The 

early-POST and late-POST herbicides provided 94 and 80-95% control, respectively with the 

difference in control attributed to weed size at the time of application (Meyer et al. 2015). 

Synthetic-auxin herbicides applied late-POST and the use of Group 27 herbicides provided 

excellent control of GR WH (Meyer et al. 2015). The development of soybean cultivars with 

resistance to various herbicides will increase the options growers will have in the future to 

control and minimize the movement of GR weeds.  

1.5.0 Hypothesis and Objectives 
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Glyphosate-resistant WH, first confirmed in Ontario in 2014, poses a potential threat to weed 

management in field crops across Ontario.  Although extensive research has been conducted on 

the control of GR WH in the US, there has been no research in Canada. It is imperative that 

studies be conducted in Canada since there are fewer herbicides registered in Canada and the 

registered rates are different between the two countries.  This research aims to identify the most 

efficacious weed management strategies for controlling GR WH in soybean.  

1.5.1 Hypothesis 
 

The hypotheses for this study include: 

1. GR WH will be found at additional sites in Ontario.  

2. WH found in Ontario will have a resistance factor of greater than one. 

3. GR WH can be controlled with alternative, two-pass herbicide programs across five 

transgenic soybean technologies. 

1.5.2 Objectives 

The objectives of this research are:  

1. To determine the geographic distribution of GR WH in Ontario. 

2. To ascertain the glyphosate resistance factor of GR WH under greenhouse and field 

conditions. 

3. To determine the most efficacious alternative herbicide options for the control of GR WH 

across five transgenic soybean technologies. 

 

Statement: The following research chapters have been formatted for submission and publication in scientific journals.
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Chapter 2: Glyphosate-resistant and multiple-resistant waterhemp 
(Amaranthus tuberculatus var. rudis) in Ontario, Canada 
	

Mike Schryver, Nader Soltani, David C. Hooker, Darren E. Robinson, Patrick J. Tranel and Peter 

H. Sikkema. 

2.1 Abstract: 
Waterhemp (WH) is one of the most troublesome weeds in the US and is spreading into Ontario. 

In 2014, a WH population was not controlled with glyphosate in a field in Lambton county, 

Ontario. This population was the first confirmed glyphosate-resistant (GR) WH in Canada. In 

2015, WH seed was collected from 48 fields in Lambton (32), Chatham-Kent (2), and Essex (14) 

counties to determine the occurrence and distribution of GR WH in Ontario. Waterhemp plants 

were grown in a greenhouse and sprayed at 10 cm in height. In addition to glyphosate, collected 

populations were screened for resistance to imazethapyr and atrazine representing herbicide 

Groups 9, 2 and 5 respectively. Visual assessments for biomass reduction were completed at 1, 3 

and 5 wks after application. Glyphosate-resistant WH was confirmed in 40 fields, representing 

82% of all sampled fields from three Ontario counties (Lambton, Chatham-Kent and Essex). Of 

the 49 populations collected, all were resistant to imazethapyr (Group 2), and 76% were resistant 

to atrazine (Group 5). This study is the first to confirm glyphosate-resistant WH in Ontario. 

2.2 Introduction: 
Waterhemp is a small seeded, summer annual, broadleaf weed with many traits that 

increase the likelihood of evolution of herbicide resistance. First, this weed can emerge in 

Ontario throughout the entire growing season (Vyn et al. 2007), which makes control difficult 

since most herbicides are applied early in the growing season. Second, one female plant in a 

noncompetitive environment has been documented to produce up to 4.8 million seeds (Hartzler 
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et al. 2004). In the soil, seeds can remain viable for up to 17 years (Burnside et al. 1996).  Third, 

WH is dioecious, which results in vast genetic diversity and rapid herbicide resistance evolution 

(Costea et al. 2005).  Past research in Ontario documented that WH interference can reduce 

soybean yield by up to 73% (Vyn et al. 2007). Waterhemp has the potential to become one of the 

most problematic weeds in Ontario, as it is in the midwestern USA states. Biologically, WH has 

the potential to thrive in many agricultural production areas, with many advantageous biological 

traits including prolific seed production, extended emergence pattern, and high genetic diversity. 

In the USA, GR WH was first discovered in Missouri in 2005 and has now been 

documented in 18 states (Heap 2016). Waterhemp is estimated to occur on 1.2 million hectares 

(Light et al. 2011) and is considered one of the most problematic weeds in the USA corn 

belt(Hager and Sprague 2002). Waterhemp has been found to be resistant to 6 unique herbicide 

groups – Group 2, 4, 5, 9, 14 and 27 (Heap 2016). In 2012, a population was discovered with 

resistance to 2,4-D, a Group 4 herbicide (Bernards et al. 2012). Waterhemp populations have 

been discovered with multiple herbicide resistance to four modes of action, including Group 2 

(ALS), Group 5 (triazine), Group 9 (glyphosate), and Group 14 (PPO) (Tranel et al. 2011; Bell et 

al. 2013). Group 27 (HPPD) resistance has also been discovered, and co-occurred with resistance 

from 2 additional sites of action, Group 2 (ALS) and Group 5 (triazine) herbicides (McMullan 

and Green 2011). Past research in the USA has demonstrated the scale of herbicide-resistant WH 

and the concomitant decrease in the number of effective herbicide options for WH control. 

Waterhemp is a relatively new weed in Ontario agricultural cropping systems. It has been 

suggested that it was introduced via a demonstration combine from Illinois between the late 

1990s and early 2000s (Costea et al. 2005). Vyn et al. (2007) identified the most efficacious 

herbicides for the control of Group 2 and 5 resistant WH from studies conducted in Essex and 



	
 

	

41	
	

Lambton counties. The populations where this research was conducted were glyphosate 

susceptible (GS). In 2014, a grower in Lambton County reported poor control of WH with 

glyphosate in soybean field. Glyphosate-resistant soybean was grown continuously on this field 

for nine years with glyphosate applied two times per year, with the exception of one application 

of imazethapyr in those nine years.  Further tests revealed this was the first known case of GR 

WH in Canada.  

Samples of WH seed and leaf tissue were taken from the site for further testing. Studies 

included a greenhouse glyphosate biologically effective rate study at the University of Guelph, 

Ridgetown Campus, and gene amplification testing conducted at the University of Illinois.  

These studies revealed that this WH population had 6-13 extra copies of the EPSPS gene (Tranel, 

unpublished data). In addition, 60% of the WH had Group 2 resistance due to an altered target 

site (Trp574Leu) (Tranel, unpublished data).    

Glyphosate resistant WH may evolve within a field, be transported into a field by tillage 

and harvest equipment, or be transported by natural means such as birds. Research conducted by 

Davis et al. (2008) categorized four methods of weed seed dispersal including 1) seeds that were 

undispersed and remained on the mother plant, 2) seed dispersed on the soil surface 3) seed 

dispersed in the current year by harvest equipment, and 4) dispersed in prior years from seed in 

the soil seedbank. Of the many species researched, WH was in all four dispersal groups 

demonstrating the high possibility of field-to-field movement. Waterhemp seed can be dispersed 

by waterfowl (Green and Martin 2015; Farmer et al. 2016). Research conducted on waterfowl in 

the midwestern USA found 8 Amaranthus seeds per duck. With an estimated 49 million 

migrating ducks, an estimated 882 million Amaranthus seeds could be transported distances as 

far as 2800 km in one year (Farmer et al. 2016). The management of WH seed dispersal is very 
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complex due to the number of seeds one plant can produce and the number of modes viable 

seeds can be moved from field-to-field.  

Since WH can remain viable in the soil seed bank for 17 years (Burnside et al. 1996), 

there is the potential of movement from one field to another with tillage equipment. In addition 

to tillage equipment, harvest equipment has the potential of moving WH seed from field-to-field. 

Waterhemp seed may be lodged in a combine and become trapped before shaking free in another 

field. This is of increasing importance with the increase in farm size and the need to move 

equipment large distances.  As growers increasingly adopt cover crops, many use a mixture of 

low-cost seed, which may contain weed seeds (Green and Martin 2015). Natural means and 

human actions contribute to the movement of GR WH seed. 

The objective of this survey was to document the distribution of herbicide-resistant WH 

to Groups 2, 5 and 9 across three counties in southwestern Ontario. 

2.3 Materials and Methods: 

2.3.1 Seed collection: 
A total of 49 WH seed samples were collected from fields in southwestern Ontario in 

2014 and 2015. In 2014, only one seed sample was collected from the field with the first 

confirmed case of GR WH on Walpole Island, ON.  Of the 48 samples collected in 2015, 14 

were from Essex, 2 from Chatham-Kent, and 32 from Lambton County. Of the 32 from Lambton 

County, 27 were found in individual fields on Walpole Island. 

Once WH escapes were identified in a field the following information was recorded: date 

observed, GPS coordinates, field size, percent of field infested with WH, other weed species 

present, and a photo was taken to ensure later screening information could be linked to that site. 
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This is similar to the WH survey conducted by Rosenbaum and Bradley (2013) in Missouri, 

USA. Waterhemp seed was collected and combined from at least 20 (where available) plants 

from mature soybean fields near harvest (September or October). All seed was collected by hand 

from mature female plants and placed in a paper bag; each bag was given a unique number to 

identify the field location. The survey focused on Walpole Island near the initial confirmed site. 

In addition, seeds were collected from fields identified by agricultural retailers and growers in 

southwestern Ontario with poor control of WH. Finally, seed was collected in areas of previously 

known WH populations in southwestern Ontario (Costea et al. 2005; Vyn et al. 2007). The 

survey methodology used was similar to previous published research for other herbicide-resistant 

weeds in Ontario (VanWely et al. 2015; Byker et al. 2013; Follings et al. 2013; Vink et al. 2012; 

Falk et al. 2005). 

2.3.2 Resistance Screening 
Waterhemp seed was stratified by refrigeration at 4°C for 8 weeks. To prepare seed for 

refrigeration, seed was placed in labeled nylon bags that were buried in moist sand in plastic 

trays. After WH seed was stratified, seeds were spread in germination trays that were half filled 

with soilless mixture (Pro-Mix PXG), and then covered with a thin layer of the soilless mixture. 

The trays were placed in a greenhouse with a 16-hour photoperiod with a day/night temperature 

of 25/18°C. When the seedlings reached the cotyledon stage, 60 plants from each population 

were transplanted into 10-cm diameter pots. This provided adequate plants to select 42 uniform 

plants for herbicide (glyphosate, atrazine, imazethapyr) screening. Fourteen plants were used for 

each herbicide application, of which 12 were sprayed and two plants were unsprayed and served 

as the control. In addition to the seed samples collected for the survey, three populations were 
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used as references, which included a GS WH population from Petrolia, ON, a GR population, 

and a population with confirmed resistance to Group 2, 5 and 9 herbicides.  

The primary objective of this survey was to ascertain the distribution of GR WH in 

southwestern Ontario, but as previously mentioned, there is known multiple herbicide resistance 

in WH. To gain a more complete understanding of the spectrum of herbicide resistance in WH in 

Ontario, each population was screened for resistance to imazethapyr (75 g ha-1) plus Agral 90 

(0.2% v/v), atrazine (1000 g ha-1) plus Assist (1.0% v/v) and glyphosate (900 g a.e. ha-1) 

representing a Group 2, 5 and 9 herbicide, respectively. Herbicides were applied when WH was 

approximately 10-cm in height in a spray chamber with a flat fan nozzle calibrated to apply 200 

L ha-1 at 2.15 km hr-1 and 280 kPa. Following application of each herbicide, the spray chamber 

and spray boom were thoroughly cleaned to avoid herbicide contamination. When the herbicide 

application was complete, sprayed plants were left to dry in the spray area before placing the 

plants in the greenhouse. 

 The assessments for resistance included a visual estimate of biomass reduction at 1, 3, 

and 5 wks after application (WAA). Waterhemp biomass reduction was rated on a scale of 0 to 

100%  relative to the untreated control, with 100% representing complete plant necrosis and 

death.  At 5 WAA, each of the twelve plants from each screen was classified as either susceptible 

or resistant to obtain the frequency of resistance to each herbicide from each population (Beckie 

et al. 2000).  

2.4 Results and Discussion: 

2.4.1 Resistant check observations 
The GS populations, following the application of glyphosate, behaved as expected with 

no surviving plants at the end of the assessment period. The symptoms included chlorosis 



	
 

	

45	
	

beginning in the growing point, followed by necrosis, and plant death. For the GR populations, 

following the application of glyphosate, there was slight chlorosis and necrosis in the growing 

points. The injury symptoms were transient with no injury observed 5 WAA. Following the 

application of atrazine, the atrazine resistant plants developed marginal chlorosis and necrosis of 

the older leaves while there was no symptomology on the newly formed leaves. Following the 

application of imazethapyr, the resistant biotypes had slight, but transient, chlorosis in the 

growing point. Symptoms in all resistant biotypes decreased with time, with little to no injury 

observed 5 WAA.  

2.4.2 Group 9 resistant waterhemp 
Waterhemp plants from 40 of the 49 seed samples (82%) collected in 2014 and 2015 had 

individuals that were resistant to glyphosate. Resistant populations were found in Essex, 

Chatham-Kent, and Lambton counties (Figure 1). This survey indicates that GR WH is present in 

the 3 counties on at least 40 field sites. The resistance ranged in frequency from 8 to 100% in the 

collected fields (Figure 2). 

GR WH can spread by both natural means as well as human activities. Dispersal through 

natural means is through pollen as well as seed movement by birds and water. Seed dispersal due 

to human activities include movement on equipment (combines, tillage equipment, trucks) and 

by removal of crops contaminated with WH seed. Interestingly, some populations on Walpole 

Island within one kilometer of each other ranged from 0 to 100% resistant to glyphosate. This 

may be a reflection of field specific weed management practices over the past decade. 

Waterhemp pollen has been documented to travel up to 800 m but typically remains within 50 m, 

which may explain the wide range in resistance in a very small area (Liu et al. 2012). Although 

GR WH has not been found in a wide geographic area across all of southwestern Ontario, there 
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are three primary areas where it has been observed: Walpole Island, Lambton County, near 

Petrolia, Lambton County and near Cottam, Essex County. The distance between the two furthest 

locations is approximately 150 km. The rather wide geographical distribution suggests that there 

was independent selection in a number of fields in the province due to historical weed 

management practices. 

2.4.3 Group 2 resistant waterhemp 
 

All seed samples had individual plants that were resistant to the Group 2 herbicide 

imazethapyr.  Group 2 resistant WH has been documented in Essex, Chatham-Kent, and 

Lambton counties (Figure 3). The level of Group 2 resistance ranged from 42 to 100% (Figure 4) 

among plants from these populations.  The WH seeds collected near Petrolia in Lambton County 

had the highest level of Group 2 resistance with a range of 75-100% (data not shown). 

2.4.4 Group 5 resistant waterhemp 
 

Seventy-five percent (37 of 49 fields) of the seed samples had individuals that were 

resistant to the Group 5 herbicide atrazine. The Group 5 resistant populations were found in 

Lambton and Essex counties (Figure 5) and the proportion of WH plants resistant to atrazine 

within each population varied between 0 and 100% (Figure 6), and, interestingly, the highest 

proportion of Group 5 resistant individuals was from seed samples collected near Petrolia, 

Lambton County (83-100%), however, these seed samples had the lowest proportion (8-17%) of 

Group 9 resistance (data not shown). It is hypothesized this is a reflection of historical herbicide 

use patterns in this area with lower reliance on Group 9 herbicides and more frequent use of 

Group 5 herbicides.  
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2.4.5 Multiple resistant waterhemp 
 

Seventy-six percent of the seed samples had individual plants that were resistant to a 

Group 2 or 5 herbicide (Figure 7), 82% of seed samples contained resistance to both a Group 2 

and 9 herbicide (Figure 8), 61% of the total fields contained resistance to both a Group 5 and 9 

herbicide (Figure 9), and 61% of the seed samples contained 3-way resistance to a herbicide in 

each of Groups 2, 5 and 9 (Figure 10). 

 Waterhemp seed was collected non-randomly when escaped WH plants were visible from 

the road. The high proportion of GR WH documented in this study is influenced by the high 

usage of glyphosate in the survey area for weed control supported by the pesticide use survey 

published by OMAFRA in 2010. In the provincial survey, glyphosate use had increased by 76% 

from 2003 to 2008, which was largely associated with the adoption of glyphosate-resistant crops 

(OMAFRA 2010). Consequently, there is a high probability that the WH plants from which seed 

were collected were sprayed with glyphosate. However, it is important to note that WH emerges 

over an extended period of time and some late emerging plants may not have been exposed to 

glyphosate. Waterhemp populations with the higher proportion of glyphosate-resistant 

individuals were frequently from small patches or in strips in the field. A small patch of WH in a 

field treated with glyphosate suggests incipient evolution of glyphosate resistance. Strips in the 

field may be attributed to dispersal with equipment such as a combine. It has been documented 

that the majority of seed that passes through a combine is viable and is returned to the soil 

seedbank with very little seed destruction (Schwartz et al. 2016).  

2.4.6 Implications 
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A reduction in the selection pressure for GR WH and a reduction in spread of resistant 

populations are imperative to minimize economic losses. The overreliance on a single weed 

management strategy or a simplified crop rotation may have short-term advantages such as 

simplicity and possible short-term profit maximization, but may have long-term detrimental 

effects due to the evolution of herbicide-resistant population. A more sustainable approach is to 

use a diverse crop rotation with multiple weed management tactics. A diverse crop rotation 

should include crops with different seeding and harvesting times, crops with different row widths 

and seeding densities, the inclusion of cover and companion crops, and the use of multiple 

herbicide modes-of-action. An important step in depleting WH seed in the soil seed banks is to 

strive for near-perfect weed control and to remove any WH escapes prior to seed maturation. 

Proper cleaning of tillage implements, equipment tires, and combines are recommended to 

reduce seed movement.  The above strategies will limit the selection of herbicide-resistant WH 

and reduce its movement from field to field. 
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Figure 2.1- Location of 40 fields with Group 9 resistant waterhemp in Essex, Chatham-Kent and Lambton counties in 2014 and 2015. 
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Figure 2.2- Frequency and level of resistance to glyphosate across 49 WH populations collected in 2014 and 2015 
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Figure 2.3- Location of 49 fields with Group 2 resistant WH in Essex, Chatham-Kent and Lambton, counties in 2014 and 2015. 
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Figure 2.4- Frequency and level of resistance to imazethapyr across 49 WH populations collected in 2014 and 2015 
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Figure 2.5- Location of 37 fields with Group 5 resistant waterhemp in Essex and Lambton counties in 2014 and 2015 
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Figure 2.6- Frequency and level of resistance to atrazine across 37 WH populations collected in 2014 and 2015 
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Figure 2.7- Location of 37 fields with Group 2 and 5 resistant waterhemp in Essex and Lambton counties in 2014 and  2015 
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Figure 2.8- Location of 40 fields with Group 2 and 9 resistant waterhemp in Essex, Chatham-Kent and Lambton counties in 2014 and 
2015. 
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Figure 2.9- Location of 30 fields with Group 5 and 9 resistant waterhemp in Essex and Lambton counties in 2014 and 2015 
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Figure 2.10- Location of 30 fields with Group 2, 5 and 9 resistant waterhemp in Essex and Lambton counties in 2014 and 2015 
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Chapter 3: Glyphosate-resistant waterhemp (Amaranthus tuberculatus var. 
rudis) control in soybean (Glycine max) using one and two-pass weed control 
strategies in Ontario 
	

Mike Schryver, Nader Soltani, David C. Hooker, Darren E. Robinson, Patrick J. Tranel 

and Peter H. Sikkema. 

3.1 Abstract 
 

Glyphosate-resistant (GR) waterhemp (WH) is the fifth confirmed GR weed species in Canada, 

and the fourth in Ontario.  It has been confirmed in three Ontario counties. Greenhouse and field 

dose-response experiments revealed that GR WH in Ontario has a resistance factor of 5-28 fold 4 

weeks after application (WAA), compared to known glyphosate susceptible (GS) populations. At 

12 WAA, pyroxasulfone/flumioxazin (240 g ai ha-1), pyroxasulfone/sulfentrazone (300 g ai ha-1) 

and s-metolachlor/metribuzin (1,943 g ai ha-1) controlled GR WH 97, 92 and 87%, respectively. 

The sequential application of pyroxasulfone/sulfentrazone or s-metolachlor/metribuzin applied 

PRE followed by acifluorfen (600g ai ha-1) or fomesafen (240 g ai ha-1) applied POST controlled 

GR WH 98% and performed better than PRE or POST alone. This research determined the 

resistance factor of GR WH in Ontario and identified control strategies in soybean. 

3.2 Introduction 
 

Waterhemp (WH) is a small-seeded, summer annual, dioecious, broadleaf weed in the 

Amaranthus genus and is relatively new to Ontario. Waterhemp is thought to have been 

introduced into Ontario via a demonstration combine from Illinois in the early 2000s (Costea et 

al. 2005). Research conducted on glyphosate susceptible (GS) populations found that WH 

interference in soybean can reduce yield up to 73% (Vyn et al. 2007). Waterhemp has become a 
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more problematic weed in ON following the confirmation of resistance to glyphosate in 2014 

(Heap 2016; Schryver et al. 2017). The mechanism of glyphosate resistance in the first GR WH 

population in Ontario is due, at least in part, to gene amplification, with 6-13 copies of the 

EPSPS gene (Tranel, unpublished data). Glyphosate-resistant WH has now been confirmed in 40 

fields across three Ontario counties including Lambton, Chatham-Kent, and Essex (Schryver et 

al. 2017). In addition, there is resistance to herbicide groups 2, 5 and 9 in the same field 

(Schryver et al. 2017). This new multiple resistant weed population presents a significant weed 

management challenge for Ontario soybean growers.  

Waterhemp can be distinguished from redroot pigweed (A. retroflexus L.), smooth 

pigweed (A. hybridus L.), and green pigweed (A. powelli S. Watson) by its narrow, lance-shaped 

leaves, hairless leaves and stems, and is capable of growing up to 3 m in height (OMAF 2004; 

Costea et al. 2005). This dioecious species has high genetic diversity due to exchange of genetic 

traits between separate male and female plants (Costea el al. 2005). This genetic diversity results 

in high levels of variability in plant morphology including prostrate to erect growth habit (Costea 

et al. 2005) and green to red/purple colouration (OMAF 2004). Although closely related to other 

pigweed species commonly found in Ontario, WH can be distinguished in the vegetative stage by 

its entirely hairless stems and leaves, lance-shaped leaves, and in the reproductive stage by 

separate male and female plants. 

Since WH is dioecious, it has the ability to acquire new traits which may confer herbicide 

resistance more rapidly than in monoecious species (Costea et al. 2005; Wu and Owen 2014). 

Waterhemp has high fecundity, with one female plant producing up to 4.8 million seeds in a non-

competitive environment (Hartzler et al. 2004). The seed can remain viable in the soil for up to 

14 years (Burnside et al. 1996). Waterhemp has an extended emergence pattern in Ontario, 
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beginning in early spring and continuing through September (Vyn et al. 2007). Due to a number 

of biologically advantageous traits including dioecious reproduction, prolific seed production, 

and a prolonged emergence pattern, the evolution of herbicide resistance in WH can occur 

rapidly.  

Glyphosate (N-phosphonomethylglycine) is a systemic, broad spectrum, herbicide with a 

unique mode of action and is widely used globally. Glyphosate is absorbed through the cuticle 

into the living portion of the plant where it moves via the phloem with sugars to the meristematic 

regions where it disrupts the shikimate biosynthetic pathway (Franz et al. 1997; Duke and 

Powles 2008). Glyphosate binds to enolpyruvylshikimate-3-phosphate synthase (EPSPS), 

displacing phosphoenol pyruvate (PEP). This replacement halts the production of 5-

enolpyruvylshikamate-3-phosphate, a key precursor in the production of three aromatic amino 

acids: tyrosine, phenylalanine and tryptophan (Sikorski and Gruys 1997). Due to its unique mode 

of action and high efficacy, glyphosate is used extensively around the world. 

The wide-spread and repeated use of glyphosate has resulted in the evolution of 

glyphosate-resistant weed populations (Powles 2008; Shaner 2009). The increase in glyphosate 

use is correlated with the introduction of glyphosate-resistant (GR) crops in Ontario in 1997. 

Instead of using a number of herbicide modes-of-action, growers were once advised to apply 

glyphosate one or more times per year.  In soybean, Young (2006) reported that prior to the 

introduction of GR soybean, less than 3 million kg year-1 of glyphosate was used annually; this 

had increased to 30 million kg year-1 by 2002. The first confirmed GR weed was rigid ryegrass 

(Lolium rigidum) in Australia in 1996; now there are 37 GR weed species (Heap 2017). The over 

reliance on glyphosate has led to the rapid evolution of GR weeds. 
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Although new to Ontario, GR WH was first reported in Missouri in 2005, and has since 

been reported in 18 US states as of 2016 (Heap 2016). There are three known mechanisms that 

confer resistance to glyphosate in GR WH. The first is gene amplification, first found in closely 

related Palmer amaranth (Gaines et al. 2010). A recent multi-state study found that EPSPS gene 

copy number was correlated with the level of glyphosate resistance, which is consistent with 

previous findings of a positive relationship between gene copy number and resistance factor 

(Chatham et al. 2015a; Tranel et al. 2010; Shaner et al. 2012). This resistance mechanism was 

found in 91% of 80 WH populations examined (Chatham et al. 2015b). A second mechanism of 

glyphosate resistance in WH is due to an altered target site with a serine to proline substitution at 

position 106 of the EPSPS enzyme (P106S) (Bell et al. 2013). The third mechanism of 

glyphosate resistance, found in a WH population in Mississippi, is reduced translocation in 

conjunction with an altered target site, which conferred a five-fold level of resistance (Nandula et 

al. 2013). There was a reduction in glyphosate translocated out of the treated leaf of 10% in GR 

compared to GS populations (Nandula et al. 2013).  

There is a wide range in the resistance factor to glyphosate in WH. In 2008, a WH 

population in Texas, exposed to three glyphosate applications per year in a continuous cotton 

production field, was found to have a resistance factor of 4 to 60 (Light et al. 2011). Similarly, in 

2012, following eight years of GR corn and soybean production a WH population in Nebraska 

was found to have a resistance factor of 3 to 39 (Sarangi et al. 2015). This vast range in the 

resistance factor to glyphosate in WH demonstrates the variability within this species.  

Heap (2016) now reports resistance in WH to 6 herbicides groups: 2, 4, 5, 9, 14 and 27, 

making it increasingly difficult to manage, as fewer herbicide options remain to control this 
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weed. Multiple resistance is becoming increasingly common with a recent discovery of a WH 

population, in Illinois, with resistance to 5 modes of action including groups 2, 4, 5, 14 and 27 

(Heap 2016). Research on control of WH in soybean in Canada is limited to GS populations. 

Vyn et al. (2007) reported that acifluorfen or fomesafen (Group 14 herbicides) applied POST 

provided greater than 80% control. 

 A number of studies found that the use of a PRE herbicide is an important component of 

a successful control strategy of GR WH in soybean. Although the group 15 herbicides 

(pyroxasulfone, dimethenamid-P and s-metolachlor) provide excellent control in some studies, 

control has been variable. Legleiter et al. (2009) found that s-metolachlor/metribuzin applied 

PRE compared to glyphosate applied POST for the control of GR WH resulted in greater net 

returns. In that research, densities of GR WH were reduced from up to 70 plants m-2 with 

glyphosate applied POST, to less than 5 plants m-2 when a PRE herbicide was applied.  

Similarly, research conducted in Ontario reported that s-metolachlor/metribuzin applied PRE 

controlled GS WH by 94% (Vyn et al. 2007). Sarangi et al. (2015) reported higher soybean 

yields with a full rate of a group 15 applied PRE compared to a sequential application with yields 

of 2.1 and 1.8 T ha-1, respectively. In contrast, Behnken et al. (2015) reported that layered 

applications of a PRE herbicide controlled GR WH 90-95% compared to 62-81% with a single 

PRE application, resulting in an increase in soybean yield of 0.40-0.94 T ha-1. Finally, 

acetochlor, another group 15 herbicide, provided GR WH control equivalent to the weed-free 

control, but this herbicide is not available in Ontario (Jhala et al. 2015). Group 15 herbicides 

have provided variable control of GR WH in previous studies, but are one component of an 

overall strategy for GR WH control in soybean.  
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The objectives of this research were: i) to determine the glyphosate resistance factor of GR 

WH populations in Ontario in controlled and field environments, ii) to ascertain the efficacy of 

soil-applied residual herbicides for the control of GR WH, and iii) to evaluate two-pass weed 

control programs for the control of GR WH in soybean. This is the first research on the control 

of GR WH in soybean in Canada. 

3.3 Materials and Methods 
 

3.3.1  Biologically effective rate (BER) of glyphosate 
	

These experiments were conducted in both the greenhouse and field. 

3.3.1.1  BER Greenhouse Experiment 
 

Seeds from two populations of WH representing a GS population (collected near Petrolia, 

Ontario) and a GR population (collected near Walpole, Ontario) were stratified by refrigeration 

at 4°C for 8 weeks. The GS population was from a known GS site (Vyn et al. 2007). The GR 

seed was collected in 2014 from a grower’s field with the first confirmed case of GR WH in 

Ontario (Schryver et al. 2017). Waterhemp seeds were germinated in trays filled with soilless 

mixture (Pro-Mix PXG). When the seedlings were at the cotyledon to first leaf true stage, they 

were transplanted into individual pots (10 cm in diameter) containing the same soilless mixture. 

When the WH seedlings were 10 cm in height, glyphosate was applied at 14, 28, 56, 113, 225, 

450, 900, 1,800 or 3,600 g ae ha-1 for the GS population, and 56, 113, 225, 450, 900, 1,800, 

3,600, 7,200 or 14,400 g ae ha-1 for GR population. Glyphosate was applied in a spray chamber 

with a flat fan nozzle calibrated to apply 200 L ha-1 at 280 kPa while moving at 2.15 km h-1. 

Treated plants were left to dry and then arranged in a randomized complete block design with 10 
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replicates. An untreated control was included in each replicate. Visual control estimates were 

completed 1, 2, 3 and 4 weeks after application (WAA) on a scale of 0-100%. A rating of 0 

represented a healthy plant and 100% was complete mortality. Dry weight was determined at 4 

WAA by cutting any remaining plant material at the soil line, placing it in a paper bag, and 

drying in a kiln at 60°C to a constant moisture. The experiment was repeated three times. 

3.3.1.2 Biologically effective rate field experiments 
 

Eight field experiments (4 with GS and 4 with GR WH) were conducted over a two-year period 

(2015 and 2016) in commercial soybean fields with known GS or GR WH. For the GR WH 

studies, DeKalb 30-61 RY soybean was seeded in rows spaced 75 cm apart at approximately 

400,000 seeds ha-1 at a depth of 3.75 cm. Field location and year, soil characteristics, seeding 

date, herbicide application date, and WH size and density at application are presented in Table 1. 

The experiments were established in a randomized completed block design with four 

replications. Each replicate included a weedy and weed-free control. The weed-free plots were 

maintained weed-free with s-metolachlor/metribuzin (1,943 g ai ha-1) applied PRE or glyphosate 

(900 g ae ha-1) plus imazethapyr (75 ai ha-1) applied POST and subsequent hand hoeing as 

required. Plots were 2.25 m wide (three soybean rows spaced 75 cm apart) by 8 m long and 

glyphosate was applied at 14, 28, 56, 113, 225, 450, 900, 1,800, 2,700 or 5,400 g ae ha-1 for the 

GS populations and 113, 225, 450, 900, 1,800, 2,700, 5,400, 10,800, 21,600 or 43,200 g ae ha-1 

for GR populations. Glyphosate was applied when the majority of WH reached 10 cm in height 

using a CO2 pressurized backpack sprayer and 1.5 m handheld boom with four ULD 120-02 

nozzles (Hypro, New Brighton, MN) spaced 50 cm apart and calibrated to deliver 200 L ha-1 at 

280 kPa. Waterhemp control was estimated visually at 1, 2, 4, 8 and 12 WAA on a scale of 0-
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100. Zero indicated no WH control and 100 was complete WH death. At 4 WAA, density and 

dry weight were determined. Waterhemp plants were counted, cut at the soil surface, placed in 

paper bags, dried in a kiln at 60°C to a constant moisture, and the dry weight was recorded. 

Soybean yield from the weedy and weed-free controls was determined at maturity by hand 

cutting the soybean from two 1 m sections of row taken from the center row of each plot and 

threshed in a stationary thresher. Soybean yield was adjusted to 13% moisture.  

3.3.2 Glyphosate resistant waterhemp control in one- and two-pass systems 
 

Eight field experiments were conducted over a two-year period (2015, 2016) to evaluate 14 

herbicides applied PRE for the control of GR WH, and to evaluate two-pass weed control 

programs with herbicides applied PRE followed by POST.  

Four field experiments were completed to address each of the above objectives with two 

studies on Walpole Island in 2015 (separated in time) and one on Walpole Island and one near 

Cottam, ON in 2016.  

Glyphosate (1,800 g ae ha-1) was applied prior to seedbed preparation to remove the 

confounding effect of other weed species. Field location and year, soil characteristics, seeding 

date, herbicide application date, and WH size and density at application are presented in Table 1. 

DeKalb 30-61 RY soybean was seeded in rows spaced 75 cm apart at approximately 400,000 

seeds ha-1 at a depth of 3.75 cm. All field experiments were established as a randomized 

complete block design with four replicates. A weedy and weed-free control was included in each 

replicate. The weed-free check was maintained weed-free with s-metolachor/metribuzin (1,943 g 

ai ha-1) applied PRE followed by hand hoeing as required. The plots were 2.25 m in width (three 
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soybean rows spaced 75 cm apart) and 8.0 m in length. Herbicides were applied with a CO2 

pressurized backpack sprayer and 1.5 m handheld boom with four ULD 120-02 nozzles (Hypro, 

New Brighton, MN) spaced 50 cm apart calibrated to deliver 200 Lha-1 at 280 kPa . Pre-

emergent herbicides were applied within 5 days after seeding (Table 1) and POST applications 

were applied when WH escapes reached approximately 10 cm in height in the PRE treatments. 

The PRE herbicides were applied at the highest labeled rate in the province of ON (Table 

4). Herbicides used in the two-pass weed control study included pyroxasulfone/sulfentrazone 

(300 g ai ha-1) or s-metolachlor/metribuzin (1,943 g ai ha-1) applied PRE and glyphosate (900 g 

ae ha-1), glyphosate (900 g ae ha-1) plus acifluorfen (600 g ai-1 ha) or glyphosate (900 g ae ha-1) 

plus fomesafen (240 g ai ha-1) + Turbocharge® 0.5% v/v applied POST. All herbicides were 

evaluated alone and in combination of a PRE followed by a POST herbicide. 

Waterhemp control was assessed visually at 1, 2, 4, 8 and 12 WAA after the POST 

application on a scale of 0-100%, with a rating of 0 indicating no control and 100% complete 

WH control. Waterhemp density and dry weight were determined 4 WAA from a 0.5m-2 

subsample from each plot. Waterhemp was counted, cut at the soil surface, placed in paper bags, 

dried in a kiln at 60°C and the dry weight was recorded. Soybean seed yield and moisture were 

recorded from each plot at crop maturity, and yield was adjusted to 13.0% moisture.  

3.3.3 Statistical Analysis 
 

3.3.3.1 Biologically effective rate 
 

Statistical analysis was conducted in SAS 9.4 PROC NLIN (Ver. 9.4, SAS Institute Inc., 

Cary, NC). For the greenhouse study, regression analysis was completed using an ascending dose 
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response curve (Equation 1) for all control assessments, density and dry weight;  this model 

provided the best fit (Bowley 2008) 

 

Equation 1:  Y =C+ D – C 
 �1+ exp [b (log(X) – log (I50))] 

 

where variable Y is the percent control of WH, C is the lower asymptote, D is the upper 

asymptote, b is the slope of the line (negative for all control ratings, positive for density and dry 

weight) and I50 is the rate to achieve 50% response between the upper and lower asymptote 

(Bowley 2008). For the field study, the WH density and percent dry weight predicted values 

were modeled using an inverse exponential equation (Equation 2)  

Equation 2:  Y = a+b*exp(-c*rate) 

where the variable Y is the percent control of WH, a represents the lower asymptote, b the 

reduction in y from the initial value to a and c denotes the slope from the initial point to a. 

Using the predicted values from each respective variable equation, ED50, 80 and 95 values 

(representing the rate required to achieve 50, 80 and 95% control) were determined.  

3.3.3.2 WH Control Analysis 
 

 Data analysis was completed using the PROC MIXED procedure in SAS. The variance 

was partitioned into fixed effects of treatment and random effects of block, environment and 

environment by treatment interaction. To confirm that the assumptions of variance analysis were 

met including errors are independent, homogeneous and normally distributed, residuals were 
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plotted by predicted, treatment, and block for each variable. Normality was tested by the 

Shapiro-Wilk’s test (Shapiro and Wilk 1965) in PROC UNIVARIATE in SAS.  Data 

transformations included an arcsine square root transformation, square root transformation and 

log transformation to meet the above assumptions. 

3.3.3.2.1 PRE Herbicide Study 
 

Transformed data underwent a Tukey’s test and the pdmix800 macro was used to separate the 

means (Saxton 1998). Least squared mean comparisons were performed with a Type I error rate 

set at p = 0.05. Treatment means from transformed data were back-transformed for presentation 

purposes; the standard error was calculated from untransformed data. 

3.3.3.2.2 Two-pass weed control contrasts 
 

In the two-pass weed control experiment, non-orthogonal contrasts using PROC MIXED 

COVTEST for the two PRE herbicides, the three POST herbicides, and the herbicide timings of 

PRE vs POST, PRE vs PRE followed by POST, and POST vs PRE followed by POST were 

completed. Tukey’s test was used with significance of p<0.05.  

3.4 Results and Discussion 
 

3.4.1 Biologically effective rate of glyphosate: 

3.4.1.1 Greenhouse Study 
Based on the ED50 at 1, 2, 3 and 4 WAA, the resistance factor was 1.3, 1.9, 4.1 and 4.5, 

respectively. The apparent low resistance factor at 1 and 2 WAA is likely because glyphosate is a 

slow acting herbicide. Interestingly, the resistance factor was similar for the ED80, ED90, and 

ED95 reflecting a consistent response across populations over time. Based on the ED80 at 2, 3 and 
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4 WAA, the resistance factor was 1.2, 4.2 and 4.6-fold, respectively. Based on the ED90 at 3 and 

4 WAA, the resistance factor was 4.4 and 4.7-fold, respectively; based on the ED95 at 3 and 4 

WAA, the resistance factor was 4.7 and 4.9-fold, respectively (Figure 1). This study suggests 

that any of the above four parameters can be used to determine the resistance factor for the tested 

populations.  

3.4.1.2 Field Study 
At 1 WAA, there was little response since glyphosate is a slow acting herbicide, while beyond 4 

WAA, new WH plants were emerging since glyphosate does not provide residual control, which 

confounded the results in the field studies. Thus, the ratings completed at 2 and 4 WAA are 

presented (Table 3). Based on the ED50 at 2 and 4 WAA, the resistance factor was 14.2 and 27.9, 

respectively, which was much higher than in the greenhouse study. Based on the ED50 the 

resistance factor based on WH density and dry weight were 2.6 and 8.6, respectively; while 

based on the ED80, the resistance factor based on WH density and dry weight were 3.9 and 10.7, 

respectively (Table 3). In the field studies, GR WH interference reduced soybean yield 50%. The 

study in which WH density was the highest, soybean yield was reduced 98% due to GR WH 

interference with the highest yield of 3.50 T ha-1 found in the weed-free check and the lowest of 

0.06 T ha-1 from the weedy check.  

3.4.1.3 Limitations 

Although there were similarities in WH response to glyphosate in the greenhouse and field 

studies, there was more variability in the field study. In the field, WH continued to emerge 

following the application of glyphosate since glyphosate does not provide residual weed control. 

The late emerging WH made control assessments difficult since it was difficult to know which 

plants were present at the time of glyphosate application. In addition, the greenhouse 
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experiments were conducted on a single GR population from Walpole, discovered in 2014, and 

did not include GR WH from near Cottam since it was discovered in 2015 (Schryver et al. 2017) 

after the greenhouse experiments were completed. Due to the pooling of field BER results, there 

was more variability in the regression analysis as populations exhibited slightly different 

responses to glyphosate. The GR WH population from near Cottam was more resistant to 

glyphosate than the Walpole population. In general, the greenhouse experiments provided a 

better determination of the resistance factor since the results are not confounded by the late 

emerging WH cohort and were taken from one population resulting in more uniform results. 

Future research could explore the response of other populations in a greenhouse setting to gain 

insight into the resistance factor of other populations.  

 

3.4.2 PRE herbicide control 
Waterhemp has an extended emergence pattern. In these studies, WH began emerging 

shortly after seedbed preparation and continued to emerge until the last assessment late in 

October (Figure 2), which was also observed in studies by Vyn et al. (2007) in Ontario.  

The most efficacious herbicides applied PRE were pyroxasulfone, flumioxazin + imazethapyr + 

metribuzin, metribuzin, s-metolachlor/metribuzin, pyroxasulfone/sulfentrazone and 

pyroxasulfone/flumioxazin. Those herbicides provided between 87 and 97% control of GR WH 

at 8 WAA (Table 4). In general, these herbicides were the most efficacious at all assessment 

timings.  

Of the 14 herbicide treatments evaluated, only two provided greater than 90% full season 

residual control of GR WH. The control of GR WH with most PRE herbicides evaluated 
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decreased with time. For instance, the control of GR WH with dimethenamid-p/saflufenacil, 

saflufenacil, imazethapyr, dimethenamid-p and s-metolachlor decreased by 23-36% from 2 to 12 

WAA. In contrast, there was no decrease in GR WH control from week 2 to 12 with 

pyroxasulfone/flumioxazin. At 12 WAA, imazethapyr, pendimethalin and saflufenacil controlled 

GR WH 4, 11 and 26%, respectively, which was similar to the weedy control. The poor control 

with imazethapyr can be attributed to WH at all sites having group 2 resistance (Tranel 

unpublished data; Schryver et al. 2017). 

 

 

3.4.3 Two-pass weed control 
 

Glyphosate resistant WH control was influenced by herbicide application timing and herbicide 

choice. Pyroxasulfone/sulfentrazone and s-metolachlor/metribuzin applied PRE provided 

equivalent control of GR WH with estimates of 79 and 67% control respectively 12 WAA (Table 

5). Fomesafen was more efficacious than acifluorfen for the control of GR WH, although 

differences were not always statistically significant. Across all control assessments, fomesafen 

provided 14-20% better control of GR WH than acifluorfen. Both fomesafen and acifluorfen 

applied POST following a PRE herbicide provided better control of GR WH than glyphosate 

applied POST for all assessments with the exception of WH density. Following the application 

of PRE herbicide, there was no difference in GH WH control between either fomesafen or 

acifluorfen applied POST. The PRE herbicides provided better control of GR WH than the POST 

herbicides evaluated for all control estimates with the exception of WH dry weight. At 4 and 12 

WAA, herbicides applied PRE provided 45 and 53% better control of GR WH than herbicides 

applied POST, respectively. In general, control of GR WH was better when a POST herbicide 
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followed a PRE herbicide in contrast to PRE only. The application of a PRE herbicide prior to 

the application of a POST herbicide provided improved control of GR WH. At 4 and 12 WAA, 

the addition of a herbicide applied POST following a PRE herbicide improved GR WH control 

17 and 21%, respectively; while the addition of a PRE herbicide to a POST herbicide improved 

control 62 and 74%, respectively. Soybean yield was greater in PRE fb POST when compared to 

POST alone with 1.54 and 1.19 T ha-1 respectively (Table 5). 

A limitation of the methodology used in this experiment was that the POST application 

timing was when GH WH escapes in the PRE herbicides reached 10 cm in height. Consequently, 

the GR WH was much taller where no PRE herbicide was applied which resulted in reduced 

weed control with fomesafen and acifluorfen applied alone.  

Although this research was conducted with glyphosate-resistant soybean, the findings 

presented could also be adopted for GR WH control in Identity Preserved (IP) soybean with the 

removal of glyphosate from the POST tank mixes tested. 

3.5 Conclusions 
 

Glyphosate is no longer an efficacious POST option for the control of WH in many fields in 

Ontario. The glyphosate-resistant factor at 4 WAA, based on greenhouse studies, was 4.5 to 4.9, 

while based on field studies it was up to 27.9. This study concludes that 

pyroxasulfone/flumioxazin, pyroxasulfone/sulfentrazone and s-metolachlor/metribuzin are the 

most efficacious soil applied herbicides for the control of GR WH in soybean in Ontario. A two-

pass weed control program of a PRE followed by a POST herbicide provided ≥94% GR WH 

control. Although use of a PRE residual herbicide provides a basis for acceptable control, weed 

escapes should also be controlled with a POST herbicide in a two-pass weed control program. 
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The POST herbicides, acifluorfen and fomesafen, are effective for the control of GR WH but use  

should be monitored due to the existence of widespread PPO resistance in WH in the U.S. and 

could be argued to be a short term solution in Ontario (Heap 2016).  

Moving forward, there is a vital need for an increased awareness of herbicide resistance. 

Growers need to diversify their crop production/weed management systems. The use of 

companion crops, cover crops, narrow row spacings, high seeding rates, and crops with different 

herbicide-resistant traits are all potential tools to reduce the evolution of herbicide resistance. 

The continuing evolution of single and multiple resistant weed populations is a threat to the 

economic viability of field crop production in Ontario. 
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3.6 Figures and Tables 

	

	

Figure 3.1- Summary of a dose response experiment conducted in the greenhouse in 2015 comparing a glyphosate susceptible and resistant population replicated three times 
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Figure 3.2- Weekly waterhemp counts conducted from June to late October in ON in 2015 and 2016 represented as average plants per meter squared 
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Table	3.1- Field site and herbicide application information for biologically effective rate, and one and two-pass waterhemp control studies conducted on glyphosate susceptible and resistant 
waterhemp in 2015 and 2016 in Ontario	

   
 Soil Characteristics 

 

Seeding 
Date 

Herbicide Application 
  PREa  POSTb 

Experiment Location Year Nearest City Texture OMc pH  App.d Date App. Date Height (cm)Z Density (m2)Z 

Biologically 
effective rate 

Walpole -1 2015 Wallaceburg Sandy Loam 5.5 7.7  May 28  July 2 10 382 
Walpole - 2 2015 Wallaceburg Sandy Loam 5.5 7.7  May 28  July 8 14 484 

studies Walpole 2016 Wallaceburg Sandy Loam 6.4 7.6  May 30  July 6 18 114 
 Nelson 2016 Cottam Sandy Loam 2.9 6.5  May 23  June 21 14 989 
 Trimble -1  2016 Cottam Loam 5.3 7.1  May 22  June 21 7 162 

 Trimble -2 2016 Cottam Loam 5.3 7.1  May 22  June 21 6 48 
 Merrit - 1 2016 Cottam Loam 3.8 7.2  May 27  June 29 10 69 
 Merrit - 2 2016 Cottam Loam 3.8 7.2  May 27  July 5 13 7 

Glyohosate- 
resistant 

waterhemp 
control 
studies 

Walpole1 2015 Wallaceburg Sandy Loam 5.5 7.7  May 28 May 29 July 28 25 103 

Walpole2 2015 Wallaceburg Sandy Loam 5.5 7.7  May 28 June 2 August 5 48 182 

Walpole1 2016 Wallaceburg Sandy Loam 6.4 7.6  May 30 June 1 July 6 25 285 

Nelson 2016 Cottam Sandy Loam 2.9 6.5  May 23 May 24 June 29 45 390 
ZSize and density assessments were conducted in the untreated check plots 
Abbreviations: a, pre-emergent; b, post-emergent; c, percent organic matter; d, application 
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Table 3.2- Rate response of glyphosate on the control of resistant and susceptible waterhemp populations 1, 2, 3, 4 WAA and the dry weight 4WAA in greenhouse experiments conducted in 
2015. 

Variable D
Y
 C B

X
 i50

W
 ED

50

V
 ED

80
 ED

90
 ED

95
 

Susceptible
Z
 

        1WAA 60.5 (5.5) 0.4 (1.5) 1.17 (0.2) 1723.0 (355.2) 6,468.8 . . . 

2WAA 94.3 (5.9) 0.4 (1.5) 1.17 (0.2) 1723.0 (355.2) 1,895.5 7,427.0 22,855.9 . 

3WAA 100.0 (0) 7.2 (1.6) 2.05 (0.2) 711.9 (41.1) 660.0 1,338.9 2,000.7 2,888.9 

4WAA 100.0 (0) 8.5 (1.6) 2.11 (0.2) 588.7 (33.6) 538.7 1,077.2 1,592.6 2,276.1 

DW 0.9 (0) 0.5 (0) 2.59 (1.7) 234.1 (64.8) . . . . 

Resistant 

        1WAA 62.3 (5.1) 2.1 (1.2) 2.10 (0.4) 4281.1 (544.0) 8,195.0 . . . 

2WAA 87.6 (3.9) 5.2 (1.4) 2.28 (0.3) 3251.1 (252.5) 3,511.4 8,859.8 . . 

3WAA 99.0 (5.0) 8.7 (1.7) 2.00 (0.3) 2928.9 (285.7) 2,691.0 5,679.0 8,818.8 13,660.9 

4WAA 99.1 (4.7) 11.1 (1.8) 2.14 (0.4) 2725.7 (260.7) 2,445.8 4,972.9 7,502.8 11,239.2 

DW 0.3 (0) 0.7 (0) -3.84 (1.7) 2716.2 (448.8) . . . . 

         

Z 
average of 3 experimental runs of each population

Y 
D is the upper limit and C is the lower limit 

X 
B is the slope of the line

W
 I

50 
is where there is a 50% response 

 



	
 

	

79	
	

Table 3.3- Rate response of glyphosate on the control of resistant and susceptible waterhemp population 2 and 4 WAAa and the percent dry weight 4WAA in field experiments conducted in 
2015 and 2016. 

Variable Parameter estimatesZ (±SEb) Predicted glyphosate rate (g ai/ha) 

Dose-response D C b i50 ED
50

 ED
80

 ED
90

 ED
95

 

Susceptible
Y
 

        2WAA 100 (0) 0.0 (0) 1.5 (0.1) 151.2 (6.7) 151.2 371.7 629.0 1021.3 

4WAA 100 (0) 1.0 (1.9) 1.7 (0.1) 165.3 (9.0) 163.4 371.7 600.2 933.0 

Resistant 

        
2WAA 89.9 (2.3) 0.0 (0) 1.2 (0.1) 1772.6 (140.5) 2145.9 10353.9 . . 

4WAA 65.2 (4.6) 0.0 (0) 1.4 (0.4) 1934.4 (260.7) 4556.9 . . . 

Inverse exponential e f g 

 

ED
50

V
 ED

80
 ED

90
 ED

95
 

Variable 
   

     % DENc GSd 0 (0) 344 (116.3) 0.0 (0)  1451.5 984.0 1805.1 2158.8 

%DWf GS 0(0) 126.8 (14.2) 0.0 (0)  226.4 449.4 618.0 786.7 

%DEN GRe 34.3 ( (7.0) 73.3 (9.2) 0.0 (0) 

 

3810.4 3810.4 . . 

%DW GR 9.3 (5.3) 101.5 (7.2) 0.0 (0)  1956.3 4815.6 10627.0 . 

ZDose response parameters (Eq. 1): b, slope; C, lower asymptote; D, upper asymptote; i50, rate required for 50% response.  

 Inverse exponential (Eq. 2): e, lower asymptote; f, magnitude of response; g, slope of response. 
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Y 
average of 4 experimental runs of each population 

Abbreviations: a, weeks after application; b, standard error, c, percent density of weedy check; d, glyphosate susceptible, e, glyphosate-resistant; f, percent dry weight of weedy check 
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Table 3.4- MeansZ for percent waterhemp control, density, biomass and soybean yield with PRE herbicides at Walpole and Cottam, Ontario in 2015 and 2016 

Treatment 

Rate 
g ai 
ha-1 

 ControlY  
2 WAA 

(%) 

Control  
4 WAA  

(%) 

Control  
8 WAA 

(%) 

Control  
12 WAA 

(%) 

Density  
4 WAA 

(%X) 

Dry weight  
4 WAA 

(%Y) 

Soybean  
Yield 

(t ha -1) 

Weedy Check  0 f 0 f 0 h 0 f 100 ab 100 ab 0.8 abc 
Weed-free Check  100 a 100 a 100 a 100 a 0 d 0 f 1.2 a 
Dimethenamid-p 693 83 bc 85 bc 74 cde 58 bcde 32 bcd 19 def 0.7 abc 
Pendimethalin 1000 30 e 38 e 22 fg 11 ef 96 abc 79 abc 0.6 bc 
Pyroxasulfone 150 94 ab 91 b 87 abcd 85 abc 14 d 8 def 0.7 abc 
S-metolachlor 1600 88 bc 87 bc 82 bcd 65 bcd 25 cd 17 def 0.9 abc 
Flumioxazin 108 94 ab 93 ab 85 bcd 77 abcd 23 d 18 def 0.9 abc 
Metribuzin 1120 92 ab 94 ab 88 abcd 76 abcd 24 cd 10 def 0.9 abc 
Saflufenacil 25 54 de 56 de 44 ef 26 def 42 abcd 39 bcd 0.7 abc 
Sulfentrazone 210 71 cd 68 cd 66 de 58 bcde 33 bcd 32 cde 0.7 abc 
Imazethapyr 100 31 e 41 de 12 gh 4 f 100 a 100 a 0.6 c 
Dimethenamid-p/ 
Saflufenacil 

245 88 bc 84 bc 73 cde 52 cde 47 abcd 32 cde 0.8 abc 

Pyroxasulfone/ 
Flumioxazin 

240 96 ab 97 ab 97 ab 97 ab 4 d 1 f 0.9 abc 

Pyroxasulfone/ 
Sulfentrazone 

300 95 ab 96 ab 95 abc 92 abc 7 d 4 ef 1.0 abc 

S-metolachlor/ 
Metribuzin 

1943 96 ab 96 ab 93 abcd 87 abc 16 d 7 def 1.2 ab 

Flumioxazin 
Metribuzin 
Imazethapyr 

93 
420 
75 

96 ab 95 ab 87 abcd 84 abc 17 d 5 def 1.0 abc 

SE  1.94 1.87 2.09 2.26 0.11 0.04 0.05 
Abbreviations: PRE, preemergent; WAA, weeks after application. 
ZMeans followed by the same letter with a column are not significantly different according to Fisher’s Protected LSD (P<0.05). 
YVisual control estimates based on comparisons made to weedy and weed-free check 
XPercentage of untreated 
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Table 3.5- Contrasts of herbicides and herbicide timing PRE, POST and PRE fb POST in the control of glyphosate-resistant waterhemp in Roundup Ready soybean summarizing 4 
experiments in 2015 and 2016 in Ontario	
 

Treatment 

Rate 
(g ai 
ha-1) 

App. 
Timing 

2 WAAa 

(% ControlZ) 
4 WAA 

(% Control) 
8 WAA 

(% Control) 
12 WAA 

(% Control) 
Density 

(% of weedy check) 
Dry weight 

(% of weedy check) 
Yield 

(T ha-1) 
Weedy check   0 0 0 0 100 100 1.00 
Weed-free   100 100 100 100 0 0 1.64 
pyroxasulfone/ 
sulfentrazone 300 PRE 84 85 81 79 36 51 1.62 

s-metolachlor/ 
metribuzin 1943 PRE 80 75 71 67 12 56 1.25 

glyphosate 900 POST 4 6 1 0 131 84 1.34 
glyphosate 
acifluorfen 

900 
600 

POST 
POST 50 47 40 32 129 60 1.26 

glyphosate 
fomesafenY 

900 
240 

POST 
POST 68 61 55 47 106 43 0.97 

pyroxasulfone/ 
sulfentrazone 
glyphosate 

 
300 
900 

 
PRE 

POST 
94 92 89 87 10 12 1.83 

pyroxasulfone/ 
sulfentrazone 
glyphosate 
acifluorfen	

300 
900 
600	

PRE 
POST 
POST	

99 99 98 97 2 2 1.54 

pyroxasulfone/ 
sulfentrazone 
glyphosate 
fomesafen 

300 
900 
240	

PRE 
POST 
POST	

99 99 98 97 3 1 1.37 

s-metolachlor/ 
metribuzin 
glyphosate	

1943 
900	

PRE 
POST	 88 86 83 82 9 17 1.68 

s-metolachlor/ 
metribuzin 
glyphosate 
acifluorfen	

1943 
900 
600	

PRE 
POST 
POST	

98 98 97 96 3 3 1.31 

s-metolachlor/ 
metribuzin 
glyphosate 
fomesafen	

1943 
900 
240	

PRE 
POST 
POST	

100 100 99 98 1 0 1.53 
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Contrasts        
pyroxasulfone/sulfentrazone vs 

s-metolachlor/metribuzin 84 vs 80 85 vs 75 81 vs 71 79 vs 67 36 vs 12 51 vs 56 1.62 vs 1.25 

acifluorfen vs fomesafen 50 vs 68** 47 vs 61** 40 vs 55** 32 vs 47** 129 vs 106 60 vs 43 1.26 vs 0.97 
PRE fb fomesafen vs  
PRE fb glyphosate 99 vs 91* 99 vs 89* 99 vs 86* 98 vs 85* 2 vs 10 0 vs 14* 1.45 vs 1.75 

PRE fb acifluorfen vs  
PRE fb glyphosate 99 vs 91* 98 vs 89* 97 vs 86* 97 vs 85* 2 vs 10 2 vs 14* 1.42 vs 1.75 

PRE fb acifluorfen vs PRE fb 
fomesafen 99 vs 99 98 vs 99 97 vs 99 97 vs 98 2 vs 2 2 vs 0 1.42 vs 1.45 

PRE vs POST 82 vs 37** 80 vs 35** 76 vs 27** 73 vs 20** 23 vs 122** 54 vs 61 1.43 vs 1.19 

PRE vs PRE fb POST 82 vs 97** 80 vs 97** 76 vs 95** 73 vs 94** 23 vs 4 54 vs 4** 1.43 vs 1.54 

POST vs PRE fb POST 37 vs 97** 35 vs 97** 27 vs 95** 20 vs 94** 122 vs 4** 61 vs 4** 1.19 vs 1.54* 
a abbreviations: WAA, weeks after application; fb, followed by; vs, versus; PRE, pre emergent; POST, post emergent 
ZVisual control estimates based on comparisons made to weedy and weed-free check 
Y herbicide always included addition of turbocharge® surfactant at 0.5% V/V 
*Denotes significance at P < 0.05; ** Denotes significance at P < 0.0001; 
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Chapter 4: Control of glyphosate-resistant waterhemp (Amaranthus 
tuberculatus var. rudis) in three new herbicide-resistant soybean cultivars in 
Ontario 
 
Mike Schryver, Nader Soltani, David C. Hooker, Darren E. Robinson, Patrick J. Tranel 

and Peter H. Sikkema. 

4.1 Abstract 
 
Glyphosate-resistant (GR) waterhemp (WH) is a localized weed in Ontario and one of the most 

problematic weeds in the US Corn Belt. First confirmed in Ontario in 2014, GR WH has now 

been confirmed in forty fields in three counties in Ontario as of 2015. Historically, the primary 

postemergence (POST) herbicides used for the control of WH in soybean were glyphosate, 

acifluorfen and fomesafen, but resistance to all three has been confirmed in many US states. 

Research was conducted in 2015 and 2016 to determine the control of GR WH with some of the 

new herbicide-resistant soybean technologies including glufosinate (Liberty Link), 2,4-D and 

glyphosate (Enlist), and isoxaflutole, mesotrione, and glyphosate (HPPD-resistant). Glyphosate-

resistant WH was controlled (≥ 90%) all season with a two-pass weed control system across all 

herbicide-resistant soybean technologies evaluated. At 12 WAA, the two-pass programs in 

Liberty Link, Enlist and HPPD-resistant systems controlled GR WH up to 98, 98, and 92%, 

respectively, and reduced GR WH densities to 0-2% of the weedy control at 4 WAA. The two-

pass programs provided greater GR WH control than PRE or POST herbicides alone. This study 

found that the use of two-pass weed control programs in Liberty Link, Enlist and HPPD-resistant 

soybean can provide excellent control of GR WH, and can be valuable tools to reduce the 

selection intensity for herbicide-resistant weeds.  
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4.2 Introduction 
Waterhemp is a small-seeded, summer annual, broadleaf weed that is a member of the 

Amaranthus genus and is closely related to many commonly found pigweed species in Ontario. 

Waterhemp can be distinguished from other Amaranthus species by the entirely hairless leaves 

and stems, and its dioecious nature with separate male and female plants, which are visually 

discernable later in the growing season (Costea et al. 2005). Vyn et al. (2007) reported that WH 

interference can reduce soybean yields by up to 73%, and Schryver et al. (2017a) found up to 

98% yield loss in extremely competitive GR WH environments with densities of greater than 

1200 plants m-2. Although related to many commonly found Amaranthus species, WH has 

several traits that make this species very difficult to control, including prolonged emergence 

pattern, rapid growth habit, and genetic diversity. 

Waterhemp has an extended emergence pattern resulting in poor control with many soil-

applied herbicides. In Ontario, WH begins emergence in early May and continues to emerge until 

September (Vyn et al. 2007) or October (Schryver et al. 2017a). Seed can remain viable in the 

soil for up to seventeen years with a germination rate of 3% found in that year (Burnside et al. 

1996). Waterhemp plants, left to survive, are able to contribute to the soil seedbank ensuring WH 

persistence in a crop production system for many years (Sellers et al. 2003). Later emerged WH 

have reduced seed production and dry weight by up to 90% and contribute less to the soil 

seedbank (Uscanga-Mortera et al. 2007; Grundy 2003); but recent work has found later emerging 

plants contribute more to the soil seedbank than previously thought (Wu and Owen 2014). The 

prolonged emergence pattern, and long viability of the seed in the soil, makes WH a very 

persistent weed once it has been established in a given area. 

Waterhemp has substantial phenotypic plasticity, which allows it to thrive in a wide range 

of environments (OMAF 2004; Costea et al. 2005). Waterhemp is a C4 plant with the ability to 
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grow 1.6 mm per growing degree day and reach heights of up to 3 m (Horak and Loughin 2000). 

This plant can be described as a thermophyte, mesophyte to hygrophyte, heliophyte and 

nitrophyte, allowing for rapid growth in many environments (Costea et al. 2005). In addition to 

environment, growth of WH is influenced by intra and inter-specific competition (Uscanga-

Mortera et al. 2007; Wu and Owen 2014). Waterhemp vegetative dry matter accumulation was 

reduced 10-fold when grown in presence of soybean (Uscanga-Mortera et al. 2007). The length 

of time WH remains in the vegetative stage depends on photosensitivity of individual plants 

within a population, with individuals reaching the reproductive stage at different times (Wu and 

Owen 2014).  The phenotypic plasticity of WH, and its rapid growth rate contribute to the 

competiveness of this weed in diverse environments.  

Waterhemp is a dioecious species with separate male and female plants. This method of 

reproduction allows for more efficient resource allocation in female plants resulting in up to 4.8 

million seeds plant -1 under ideal conditions, contributing to the rapid increase in WH densities in 

crop production areas (Hartzler et al. 2004). Due to its dioecious reproduction, WH has the 

ability to acquire new traits rapidly through pollen transfer and hybridization with nearby plants 

(Costea et al. 2005). Consequently, this species has high genetic diversity, contributing to rapid 

evolution of herbicide resistance (Wu and Owen 2014).  

Waterhemp is thought to have been introduced into Ontario via a demonstration combine 

(Costea et al. 2005) around 2002 near Petrolia in Lambton County, and in 2015 has been 

observed in a number of Ontario counties (Schryver et al. 2017b). In a survey conducted by 

Schryver et al. (2017b) in southwestern Ontario, 81% of fields where WH seed was collected had 

individuals that were resistant to glyphosate (Group 9), 76% had individuals resistant to atrazine 

(Group 5), and 100% had individuals resistant to imazethapyr (Group 2). Of the 49 samples 
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collected, Schryver et al. (2017b) reported that 61% of the sites had individuals that were 

resistant to each of the three herbicides tested. This dramatically reduces the number of herbicide 

options for the control of this weed in corn and soybean production in affected fields.  

The spread of multiple resistant herbicide populations of WH in Ontario is similar to 

what has occurred in the US Midwest. Glyphosate-resistant WH was first confirmed in 2005 in 

Missouri and now has been confirmed in 18 US states (Heap 2016). Waterhemp has evolved 

resistance to herbicides from six groups including groups 2, 4, 5, 9, 14 and 27 (Heap 2016). In 

addition to GR populations, multiple resistance also occurs. For example, an Illinois population 

has resistance to herbicide groups 2, 4, 5, 14 and 27 (Heap 2016); another population in Illinois 

was found to be resistant to four groups including 2, 5, 9 and 14 (Bell et al. 2013), and a 

population in Missouri is resistant to groups 2, 9 and 14. (Legleiter and Bradley 2008). The 

above results highlight the importance of resistance management through the use of integrated 

weed management and the use of alternative technologies.  

 Future technologies show promise for the control of multiple resistant WH. Soybean 

cultivars with traits conferring resistance to combinations of glufosinate (Liberty Link), 2,4-D 

and glyphosate (Enlist), and isoxaflutole, mesotrione and glyphosate (HPPD resistant) are in 

development. In addition to the near-term advantages for control of multiple resistant WH, these 

technologies present options for a more sustainable weed management strategy with diversity in 

the modes of action used (Norsworthy et al. 2012). In a study across six US states, WH control 

was improved with the use of some of the new technologies compared to current technologies 

(Meyer et al. 2015). Assessments showed WH densities were reduced to 0-13% of the weedy 

control when pyroxasulfone/flumioxazin (70 + 89 g ai ha-1) was applied PRE followed by 

glufosinate (594 g ai ha-1) or 2,4-D (1065 g ae ha-1) applied POST (Meyer et al. 2015). These 
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findings are consistent with other studies, which found excellent control of GR WH with 2,4-D 

or glufosinate applied POST (Chanhal and Johnson 2012; Craigmyle et al. 2013ab). In 

greenhouse experiments, glufosinate at 450, 590 and 730 g ha-1 applied POST when WH was up 

to 15 cm in height controlled WH 75, 76 and 92% 15 days after application, respectively 

(Craigmyle et al. 2013a). In the same experiment, 2,4-D at 560, 840 and 1120 g ha-1 provided 78, 

95 and 95% WH control, respectively (Craigmyle et al. 2013a). In a study with isoxaflufole, 

mesotrione and glufosinate resistant soybean cultivars, WH density was reduced by 96-100% 

with s-metolachlor (1068-1872 g ai ha-1) + isoxaflutole (105 g ai ha-1) + metribuzin (420-630 g ai 

ha-1) applied PRE or S-metolachlor (1068-1872 g ai ha-1) + mesotrione (185 g ai ha-1) + 

metribuzin (420-630 g ai ha-1) PRE followed by fomesafen (263 g ai ha-1) applied POST (Meyer 

et al. 2015). Management strategies that included three or more modes-of-action in a two-pass 

weed control program of a soil applied residual herbicide followed by a POST herbicide have 

been found to be most effective (Craigmyle et al. 2013b; Meyer et al. 2015).  

The use of future soybean technologies provide not only an effective strategy for the 

control of existing herbicide-resistant weeds, but a more sustainable management strategy 

moving forward if used in an integrated weed management program. The purpose of this study 

was to determine the control of GR WH in Liberty Link, Enlist and HPPD-resistant soybean. 

This is the first study on the control of GR WH using three new soybean herbicide technologies 

in Ontario. 

4.3 Materials and methods 
 
Twelve field experiments were conducted over a two-year period (2015, 2016), with four 

experiments conducted each on Liberty Link, Enlist, and HPPD-resistant soybean. The HPPD-

resistant soybean studies were conducted in the absence of the soybean since the seed was not 
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available when the study was initiated. Research was conducted on Walpole Island, Lambton 

County in 2015 on the first confirmed site with GR WH in Canada (Schryver et al. 2017a) where 

experiments were separated by time. In 2016, research was conducted on the previously 

described site in addition to a field found during a GR WH survey of Ontario (Schryver et al. 

2017a) near Cottam in Essex County. These differences in timing and location resulted in four 

different environments for statistical analysis described later. All experiments were arranged in a 

completely randomized block design with 4 replications. Plots were 2.25 m wide (three soybean 

rows spaced 0.75 m apart) and 8 m long with blocks separated by 2 m walkways. Following a 

cover spray of glyphosate (1800 g ai ha-1) to kill all emerged weeds, seedbed preparation 

consisted of two passes with an s-tine cultivator with rolling basket harrows. No WH plants had 

emerged at the time of seeding. Soybean was seeded to a depth of 3.75 cm using a no-till planter 

at approximately 400,000 seeds ha-1 for the Liberty Link (Pride 2295 LL) and 300,000 seed ha-1 

for the Enlist soybean. Differences in seeding population were due to limited availability of seed 

for the Enlist experiments. 

 The PRE herbicides were applied within 5 days after seeding. The POST herbicides were 

applied when average WH escapes reached 10 cm in height in the plots sprayed with PRE 

herbicides. Herbicides were applied with a CO2 compressed backpack sprayer equipped with a 

handheld 1.5 m boom with four ULD 120-02 nozzles (Hypro, New Brighton, MN) spaced 50 cm 

apart. All applications were applied using a carrier volume of 200 L/ha at 280 kPa. Experimental 

site locations, soil characteristics, seeding dates, herbicide application dates, and WH height and 

density at the POST application are presented in Table 1. 

 In each replicate an untreated weedy and weed-free control were included. The weed-free 

control was maintained weed-free with s-metolachlor/metribuzin (1943 g ai ha-1) applied PRE 
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followed by hand-hoeing as required. The Liberty Link experiment consisted of 

pyroxasulfone/flumioxazin (240 g ai ha-1) with a composition of 140/100 g ai ha-1 respectively of 

each, pyroxasulfone/sulfentrazone (300 g ai ha-1) containing 150 g ai ha-1 of each, or s-

metolachlor/metribuzin (1943 g ai ha-1) with 1570 and 372.5 g ai ha-1 respectively of each active 

ingredient, applied PRE. Glufosinate (500 g ai ha-1) was applied POST, and the two-pass 

programs of the PRE herbicides followed by glufosinate applied POST (Table 2). The Enlist 

experiment had the same three PRE herbicide treatments, glyphosate dimethylamine (DMA)/2,4-

D choline (1720 g ai ha-1) applied POST and the sequential program of the PRE herbicides 

followed by glyphosate DMA/2,4-D choline applied POST (Table 3). The HPPD-resistant 

soybean experiment consisted of mesotrione (140 g ai ha-1), isoxaflutole (105 g ai ha-1), 

metribuzin (420 g ai ha-1), mesotrione plus metribuzin or isoxaflutole plus metribuzin applied 

PRE, fomesafen (240 g ai ha-1) + Turbocharge® (0.5% v/v) applied POST and the two-pass 

programs of a PRE residual herbicide followed by fomesafen applied POST (Table 4). 

Turbocharge is a mineral oil, surfactant blend of 50 and 39.5% respectively used as a spray tank 

adjuvant. 

 Soybean injury was visually estimated on a scale of 0 (no injury) to 100% (complete plant 

death) in 1% increments at 2 and 4 weeks after crop emergence (WAE) and 1, 2 and 4 weeks 

after the POST application (WAA) when present. Waterhemp control was estimated on the day 

of the POST application and 2, 4, 8 and 12 WAA by visually comparing the weeds in each 

herbicide treatment to the weedy control, and was ranked from 0% (no control) to 100% 

(complete control). In addition to qualitative assessments, a random subsample of 0.5 m2 was 

taken from the middle of each plot 4 WAA for a quantitative evaluation of density and dry 

weight. Waterhemp was counted, cut at the soil surface, placed in a paper bag, dried in a kiln at 
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60°C, and when dry the dry weight was recorded. Soybean was harvested by hand from the 

middle 2 m of the centre row of each plot. The harvested plants were threshed in a stationary 

threshing machine and weighed. The seed moisture content was measured and seed yields were 

calculated and adjusted to 13% moisture. 

 Statistical analysis was performed using PROC MIXED in SAS (Ver. 9.4, SAS Institute 

Inc., Cary, NC), where variance was partitioned into the fixed effect of the herbicide treatment 

and random effects included block, environment, block by environment and environment by 

treatment interactions. Environment was defined as differences in location and year of the 

experiment. Data were pooled across all environments. Residuals were plotted by predicted, 

treatment and block for each variable to confirm assumptions of variance including errors were 

independent, homogeneous and normally distributed. Normality was tested using PROC 

UNIVARIATE and Shaprio-Wilk’s test and data transformations included an arcsine square root 

transformation, square root transformation and log transformation to meet the above 

assumptions. All research was compared using PROC MIXED COVTEST for non-orthogonal 

contrasts and estimates to compare PRE herbicides and herbicide combinations in addition to 

herbicide timing of PRE, POST and PRE followed by POST. Tukey’s test was used with 

significance of p=0.05. 

4.4 Results and Discussion 

4.4.1 Liberty Link 
 
There was excellent soybean tolerance to the herbicides evaluated, with less than 2% crop injury 

(data not shown).  Pyroxasulfone/flumioxazin provided greater control of GR WH (92-96%) than 

pyroxasulfone/sulfentrazone (75-85%) at 2, 4, 8 and 12 WAA, and there was a greater reduction 

in GR WH dry weight, but there was no difference in GR WH density and soybean yield (Table 
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2). With the exception of 2 WAA, pyroxasulfone/flumioxazin and s-metolachlor/metribuzin 

provided equivalent control of GR WH. Pyroxasulfone/sulfentrazone and s-

metolachlor/metribuzin provided equivalent control of GR WH for all parameters assessed and 

equivalent soybean yield. At 2, 4, 8, and 12 WAA, glufosinate controlled GR WH 41 to 62%. At 

2, 4, 8, and 12 WAA (Table 2), a PRE herbicide followed by glufosinate POST controlled GR 

WH >96%. In respect to herbicide timing, the PRE herbicides provided better GR WH control 

(83 to 91%) than a single application of glufosinate applied POST (41 to 62%); with the 

exception of dry weight 4 WAA. Due to the contact nature of glufosinate, coverage was critical 

and would only control emerged WH plants as it has no residual activity in the soil. In general, 

the control of GR WH was improved when glufosinate was applied POST after a PRE herbicide, 

and the control of GR WH was improved when a PRE herbicide was applied prior to glufosinate 

applied POST. The only significant difference in soybean yield was observed when glufosinate 

was applied after a PRE herbicide, which increased yield from 1.28 to 1.76 T ha-1. Despite a 23% 

difference, the yield of POST timings compared to PRE followed by POST were not significant 

(p=0.066). Soybean yield among the four experiments ranged from 0 to 4.34 T ha-1 due in part to 

WH interference (data not shown). 

 

4.4.2 Enlist Soybean 
There was excellent soybean tolerance to the herbicides evaluated with less than 2% crop injury 

(data not shown) (Table 3). Glyphosate resistant WH control in this study (Enlist soybean) was 

similar to that observed in the Liberty Link study. The most striking difference was the improved 

GR WH control with glyphosate DMA/2,4-D choline compared to glufosinate. This reflects 

previous work conducted in greenhouse experiments of WH control showing improved results 

with 2,4-D (Craigmyle et al. 2013a). In general, there were very few differences in GR WH 
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among the three PRE herbicides (pyroxasulfone/flumioxazin, pyroxasulfone/sulfentrazone and s-

metolachlor/metribuzin) evaluated. At 2, 4, 8 and 12 WAA, glyphosate DMA/2,4-D choline 

controlled GR WH 77 to 80%. At 2, 4, 8, and 12 WAA, there was numerically higher control of 

GR WH and a greater reduction in density and dry weight with the PRE herbicides than with 

glyphosate DMA/2,4-D choline POST, although differences were not always statistically 

significant. The application of glyphosate DMA/2,4-D POST following a PRE herbicide, or the 

application of a PRE herbicide prior to the application of glyphosate DMA/2,4-D POST resulted 

in improved control of GR WH and a greater reduction in GR WH density and dry weight, 

although differences were not always statistically significant. Across treatments, there were no 

differences in soybean yield. This particular cultivar did not thrive in the soil at Walpole Island, 

Lambton County and performed better near Cottam, Essex County. The reduction in seeding 

population may have also played a role in poor yields. 

 

4.4.3 HPPD-resistant soybean 
 
 In general, mesotrione, isoxaflutole, metribuzin, mesotrione plus metribuzin, and isoxaflutole 

plus metribuzin provided similar control of GR WH, although there were a few statistical 

differences (Table 4). At 2 and 4 WAA, the addition of metribuzin to mesotrione resulted in 

improved control of GR WH, and there was a greater reduction in GR WH density. At 2, 4, 8, 

and 12 WAA, the control of GR WH was improved when metribuzin was added to either 

mesotrione or isoxaflutole, and there was a greater reduction in GH WH density but there was no 

difference in dry weight. In general, the PRE herbicides and fomesafen applied POST provided 

equivalent control of GR WH with the exception of GR WH density. For all parameters there 

was improved GR WH control when fomesafen was applied POST following a PRE herbicide; 

control of GR WH was improved when a PRE herbicide was applied prior to fomesafen applied 
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POST. This research was conducted on bare ground and it would be hypothesized that control of 

GR WH reported would be improved due to competition with a soybean crop.  

4.5 Conclusions 
 
In all of the soybean herbicide-resistant technologies evaluated, a two-pass weed control 

program was more efficacious for full season control of GR WH, with ≥90% control 12 WAA. 

The use of these new herbicide-resistant soybean cultivars in conjunction with the appropriate 

herbicides, will provide Ontario producers with new tools to manage GR WH. Use of diverse 

herbicide modes of action will reduce the selection intensity for other herbicide-resistant weeds 

and hopefully reduce the geographic spread of this competitive weed. These technologies play a 

role in the rotation of practices and technologies to ensure WH populations are manageable for 

years to come. Although current and future herbicide technologies have a fit in modern practices, 

good agronomic principles such as a diverse crop rotation, cover crops, narrower row spacing, 

strategic tillage and higher planting densities can all contribute to a sustainable WH management 

strategy moving forward.
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4.6 Tables 
 
Table 4.1- Field site and herbicide application information on glyphosate-resistant waterhemp control in future technologies in 2015 and 2016 in Ontario 

   
 Soil Characteristics 

 

Seeding Date 

Herbicide Application 
  PREa  POST 

Experiment Location Year Nearest City Texture OM % pH  App.Date App. Date Height (cm)Z Density (m2)Z 

Glufosinate 
Resistant 
Soybean 

Walpole1 2015 Wallaceburg Sandy Loam 5.5 7.7 May 28 May 29 July 28 40 454 

Walpole2 2015 Wallaceburg Sandy Loam 5.5 7.7 May 28 June 2 August 5 48 235 

Walpole1 2016 Wallaceburg Sandy Loam 6.4 7.6 May 30 June 1 July 11 21 59 

Nelson 2016 Kingsville Sandy Loam 2.9 6.5 May 23 May 24 June 29 24 1805 

2,4-D 
Resistant 
Soybean 

Walpole1 2015 Wallaceburg Sandy Loam 5.5 7.7 May 28 May 29  July 28 28 438 

Walpole2 2015 Wallaceburg Sandy Loam 5.5 7.7 May 28 June 2  August 5 48 352 

Walpole1 2016 Wallaceburg Sandy Loam 6.4 7.6 May 30 June 1  July 11 14 49 

Nelson 2016 Kingsville Sandy Loam 2.9 6.5 May 23 May 24  June 29 25 41 

Mesotrione, 
Isoxaflutole 

Resistant 
Soybean 

Walpole1 2015 Wallaceburg Sandy Loam 5.5 7.7  May 29  July 15 37 427 

Walpole2 2015 Wallaceburg Sandy Loam 5.5 7.7  June 2  July 23 23 268 

Walpole1 2016 Wallaceburg Sandy Loam 6.4 7.6  June 1  July 6 28 349 

Nelson 2016 Kingsville Sandy Loam 2.9 6.5  May 24  June 29 28 67 

aAbbreviations: PRE, pre-emergence; POST, post-emergence; OM, organic matter; App, application; 
ZSize and density from weedy check at the time of POST app from a m2 
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Table 4.2- Means and non-orthogonal contrasts for glyphosate-resistant waterhemp control using the glufosinate resistant soybean system in Ontario in 2015 and 2016 

Treatment 

Rate 
(g ai 
ha-1) 

App 
Timing 

2 WAAa 

(% Control) 
4 WAA 

(% Control) 
8 WAA 

(% Control) 
12 WAA 

(% Control) 
Density 

(% of weedy check) 
Dry weight 

(% of weedy check) 
Soybean yield 

(T ha-1) 
Weedy check   0 0 0 0 100 100 0.80 
Weed-free   100 100 100 100 0 0 1.38 
Pyroxasulfone/flumioxazin 240 PRE 96 96 94 92 4 12 1.33 
Pyroxasulfone/sulfentrazone 300 PRE 85 84 79 75 13 45 1.26 
S-metolachlor/metribuzin 1943 PRE 89 86 83 80 9 29 1.25 
Glufosinate 500 POST 62 57 47 41 95 41 1.36 
Pyroxasulfone/flumioxazin  
Glufosinate 

240 
500 

PRE 
POST 99 99 99 98 0 0 1.81 

Pyroxasulfone/sulfentrazone  
Glufoinate 

300 
500 

PRE 
POST 99 99 99 98 1 0 1.94 

S-metolachlor/metribuzin  
Glufosinate 

1943
500 

PRE 
POST 97 97 97 96 3 3 1.54 

         
Contrasts        

Pyroxasulfone/flumioxazin vs. 
Pyroxasulfone/sulfentrazone 96 vs 85* 96 vs 84* 94 vs 79* 92 vs 75* 4 vs 13 12 vs 45* 1.33 vs 1.26 

Pyroxasulfone/flumioxazin vs. 
S-metolachlor/metribuzin 96 vs 89* 96 vs 86 94 vs 83 92 vs 80 4 vs 9 12 vs 29 1.33 vs 1.25 

Pyroxasulfone/sulfentrazone vs. 
S-metolachlor/metribuzin 85 vs 89 84 vs 86 79 vs 83 75 vs 80 13 vs 9 45 vs 29 1.26 vs 1.25 

PRE vs. POST 91 vs 62** 89 vs 57** 86 vs 47** 83 vs 41** 9 vs 95** 27 vs 41 1.28 vs 1.36 
PRE vs. PRE fb POST 91 vs 99** 89 vs 99* 86 vs 98* 83 vs 98* 9 vs 1 27 vs 1** 1.28 vs 1.76* 

POST vs. PRE fb POST 62 vs 99** 57 vs 99**    47 vs 98**    41 vs 98** 95 vs 1** 41 vs 1** 1.36 vs 1.76 
a abbreviations: WAA, weeks after application; fb, followed by; vs, versus; PRE, pre-emergent; POST, post-emergent 
*p<0.05 **p<0.001 
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Table 4.3- Means and non-orthogonal contrasts for glyphosate-resistant waterhemp control using the 2,4-D resistant soybean system in Ontario in 2015 and 2016 

Treatment 
Rate 

(g ai ha-1) 

App. 
Timi
ng 

2 WAAa 

(% Control) 
4 WAA 

(% Control) 
8 WAA 

(% Control) 
12 WAA 

(% Control) 
Density 

(% of weedy check) 
Dry weight 

(% of weedy check) 
Soybean yield 

(T ha-1) 
Weedy check   0 0 0 0 100 100 0.82 
Weed-free   100 100 100 100 0 0 0.99 
Pyroxasulfone/flumioxazin 240 PRE 98 96 95 94 2 4 0.94 
Pyroxasulfone/sulfentrazone 300 PRE 91 88 85 79 6 15 0.97 
S-metolachlor/metribuzin 1943 PRE 89 85 83 82 3 28 0.86 
Glyphosate DMA/2,4-D 
choline 

1720 POST 
77 78 77 80 18 12 1.05 

Pyroxasulfone/flumioxazin 
Glyphosate DMA/2,4-D 
choline 

240 
1720 

PRE 
POST 100 99 99 98 0 0 0.98 

Pyroxasulfone/sulfentrazone 
Glyphosate DMA/2,4-D 
choline  

300 
1720 

PRE 
POST 99 99 99 98 0 0 1.07 

S-metolachlor/metribuzin 
Glyphosate DMA/2,4-D 
choline 

1943 
1720 

PRE 
POST 99 99 99 98 0 0 0.92 

         
Contrasts        

Pyroxasulfone/flumioxazin vs. 
Pyroxasulfone/sulfentrazone 98 vs 91 96 vs 88* 95 vs 85 94 vs 79 2 vs 6 12 vs 45 0.94 vs 0.97 

Pyroxasulfone/flumioxazin vs. 
S-metolachlor/metribuzin 98 vs 89 96 vs 85 95 vs 83 94 vs 82 2 vs 3 12 vs 29* 0.94 vs 0.86 

Pyroxasulfone/sulfentrazone vs. 
S-metolachlor/metribuzin 91 vs 89 88 vs 85 85 vs 83 79 vs 82 6 vs 3 45 vs 29 0.97 vs 0.86 

PRE vs. POST 93 vs 77* 91 vs 78 88 vs 77 85 vs 80 3 vs 18* 14 vs 12 0.92 vs 1.05 
PRE vs. PRE fb POST 93 vs 99* 91 vs 99* 88 vs 99* 85 vs 98* 3 vs 0 14 vs 0* 0.92 vs 0.99 

POST vs. PRE fb POST 77 vs 99* 78 vs 99* 77 vs 99* 80 vs 98* 18 vs 0* 12 vs 0* 1.05 vs 0.99 
a abbreviations: WAA, weeks after application; fb, followed by; vs, versus; PRE, pre-emergent; POST, post-emergent 
*p<0.05 **p<0.001 
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Table 4.4- Means and non-orthogonal contrasts for glyphosate-resistant waterhemp control using the mesotrione, glyphosate and isoxaflutole resistant soybean system in Ontario in 
2015 and 2016 

Treatment 
Rate 

(g ai ha-1) 
App.a 

Timing 
2 WAA 

(% Control) 
4 WAA 

(% Control) 
8 WAA 

(% Control) 
12 WAA 

(% Control) 
Density 

(% of weedy check) 
Dry weight 

(% of weedy check) 
Weedy check   0 0 0 0 100 100 

Weed-free   100 100 100 100 0 0 
mesotrione 140 PRE 56 37 26 18 13 64 
isoxaflutole 105 PRE 73 64 49 42 10 50 
metribuzin 420 PRE 56 48 18 6 10 67 
mesotrione  
metribuzin 

140 
420 

PRE 
PRE 77 68 54 45 6 47 

isoxaflutole  
metribuzin 

105 
420 

PRE 
PRE 88 83 75 69 5 54 

fomesafen 240 POST 60 54 41 34 62 42 
mesotrione  
fomesafen 

140 
240 

PRE 
POST 95 94 91 90 3 13 

isoxaflutole 
fomesafen 

105 
240 

PRE 
POST 98 98 96 94 1 5 

metribuzin 
fomesafen 

420 
240 

PRE 
POST 94 91 85 84 3 13 

mesotrione  
metribuzin  
fomesafen 

140  
420 
240 

PRE 
PRE 

POST 
98 98 95 93 1 8 

isoxaflutole 
metribuzin 
fomesafen 

105 
420 
240 

PRE 
PRE 

POST 
99 99 98 97 1 4 

        
Contrasts       

mesotrione vs. isoxaflutole 56 vs 73 37 vs 64* 26 vs 49 18 vs 42 13 vs 10 64 vs 50 

mesotrione vs. metribuzin 56 vs 56 37 vs 48 26 vs 18 18 vs 6 13 vs 10 64 vs 67 

isoxaflutole vs. metribuzin 73 vs 56 64 vs 48 49 vs 18* 42 vs 6* 10 vs 10 50 vs 67 

mesotrione vs. mesotrione + metribuzin 56 vs 77* 37 vs 68* 26 vs 54 18 vs 45 13 vs 6* 64 vs 47 

isoxaflutole vs. isoxaflutole + metrubuzin 73 vs 88 64 vs 83 49 vs 75 42 vs 69 10 vs 5 50 vs 54 

mesotrione and isoxaflutole vs. mesotrione + 
metribuzin and isoxaflutole + metribuzin 65 vs 83* 51 vs 76* 36 vs 65* 30 vs 57* 11 vs 6* 57 vs 51 

PRE vs. POST 71 vs 60 61 vs 54 44 vs 41 34 vs 34 9 vs 62** 56 vs 42 

PRE vs. PRE fb POST 71 vs 97** 61 vs 96** 44 vs 94** 34 vs 92** 9 vs 2** 56 vs 9** 
POST vs. PRE fb POST 60 vs 97** 54 vs 96** 41 vs 94** 34 vs 92** 62 vs 2** 42 vs 9* 

a abbreviations:App., Application; WAA, weeks after application; fb, followed by; vs., versus; PRE, pre-emergent; POST, post-emergent 
*p<0.05 **p<0.001 
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Chapter 5: Control of glyphosate-resistant waterhemp (Amaranthus 
tuberculatus var rudis) with dicamba and dimethenamid-p in Ontario 

5.1 Abstract 
Glyphosate-resistant (GR) waterhemp (WH) in Canada was first discovered in 2014 in the 

province of Ontario, and is the fifth confirmed Canadian GR weed. This weed poses an 

economic risk to Ontario soybean growers because of limited herbicide options for control and 

its competitive nature. Following the recent approval of Roundup Ready Xtend® soybean, which 

has traits that confer resistance to glyphosate and dicamba, growers have a new management 

option for control of many broadleaf weeds, including GR WH. In 2015 and 2016, two field 

experiments were conducted across 4 site-years each to determine the effectiveness of dicamba 

at two rates (300 and 600 g ai ha-1) in addition to dimethenamid-p (693 g ai ha-1) in a one and 

two-pass management strategies. The two-pass management strategy provided >95% control of 

GR WH at 12 WAA. Dicamba applied POST at 300 and 600 g ai ha-1 controlled GR WH 80 and 

91%, respectively; in contrast, dicamba applied PRE at 300 and 600 g ai ha-1 provided only 9 and 

30% control of GR WH, respectively. Dimethenamid-p controlled waterhemp better than 

dicamba when applied PRE. This research identifies effective management strategies for 

controlling GR WH in Ontario using a new herbicide system for soybean growers. 

5.2 Introduction 
Glyphosate-resistant (GR) waterhemp (WH) is the fifth confirmed GR weed in Canada, 

first discovered in Lambton County, Ontario from seed collected in 2014. This small-seeded, 

summer annual, broadleaf weed has become very problematic in many US states and is seen as 

one of the most troublesome weeds in the Midwestern US Corn Belt (Hager and Sprague 2002). 

A recent WH survey in Ontario has identified forty fields with GR biotypes as of 2015 (Schryver 
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et al. 2017a). The resistance factor in GR populations in Ontario was found to be 5-28 fold 4 

weeks after application (WAA) in field and greenhouse experiments (Schryver et al. 2017b). 

Glyphosate resistant WH in Ontario is also resistant to Group 2 and Group 5 herbicides; 61% of 

all populations surveyed are resistant to herbicide Groups 2, 5 and 9 (Schryver et al. 2017a). In 

the US, resistance in WH has been documented in herbicide Groups 2, 4, 5, 9, 14, and 27 across 

different populations; one population in Illinois was found to have resistance to 5 of the 6 

herbicide groups, all but Group 4 (Heap 2016). With an increase in the number of herbicides that 

are no longer effective for the control of WH, growers are left with fewer herbicide options. 

Waterhemp is a very persistent weed that is adapted to a wide range of growing 

conditions. As summarized by Costea et al. in 2005, WH thrives under warm temperatures, 

moderate to high moisture, high light intensities, and nitrogen-rich soils. Research conducted by 

Burnside et al. (1996) found that 3% of WH seed was still viable after seventeen years in the soil 

(1996). Waterhemp seedlings emerge through the entire growing season in Ontario; plants at the 

cotyledon stage have been observed into late fall (Vyn et al. 2007; Schryver et al. 2017b). The 

weed has an erect structure, is a C4 plant and has  the ability to grow 1.6 mm for every growing 

degree day (Horak and Loughin 2000). Waterhemp is dioecious (Costea et al. 2005); this enables 

high genetic diversity through wind dispersed pollen and has been one of the reasons for rapid 

evolution of herbicide resistance (Wu and Owen 2014). Hartzler et al. (2004) reported that WH 

can produce up to 4.8 million seeds under ideal conditions. In summary, GR WH is difficult to 

control because of long-term seed viability in the soil seedbank, emergence during the entire 

growing season, rapid vegetative growth, and prolific seed production.  

The approval of dicamba/glyphosate-resistant (Roundup Ready Xtendâ) soybean 

provides a valuable tool for controlling many broadleaf weeds, including GR WH. Non-
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transformed soybean is very sensitive to dicamba; for example, Anderson et al. reported up to 

80% soybean injury and 83% yield loss at 56 g ae ha-1 (2004). Dicamba is a Group 4 herbicide 

classified  as a synthetic auxin or growth regulator. Group 4 herbicides mimic naturally 

occurring plant auxins by inducing rapid growth and expressing genes that were otherwise 

suppressed (Grossman 2000; Staswick et al. 2005; Kelley and Riechers 2007). Injury symptoms 

on susceptible soybean and weeds include leaf and stem epinasty, inhibition of root growth, leaf 

chlorosis, reduced stomatal function, and shorter internodes (Bromilow and Chamberlain 1991; 

Grossman 2000). Severe plant injury or death from dicamba results from the destruction of 

vascular tissue, loss of cell membrane integrity, damage to chloroplasts and desiccation 

(Grossman 2000). This group of herbicides are particularly effective on dicot species, such as 

WH, in contrast to monocots due to the vascular structure of grass species and differential 

metabolism between grass and broadleaf weeds (Subramanian et al. 1997). Darrow and Haas 

(1961) reported that dicamba was first registered in 1965 and has been used historically in 

monocot crops such as corn, sugarcane and many small grain cereals (Devine et al. 1993). With 

the recent registration for use in transgenic soybean resistant to glyphosate and dicamba, growers 

may be able to use dicamba for control of GR WH and reduce the reliance on other herbicide 

groups for control of broadleaf weed species. The use of multiple herbicide modes of action 

reduces the evolution of herbicide resistance (Norsworthy et al. 2012). The dicamba-resistant 

soybean system may be an excellent management strategy to control GR WH. 

The objectives of this research were to: 1) determine the level of GR WH control using 

different rates and timings of dicamba, and 2) ascertain the level of GR WH control using 

dimethenamid-p plus dicamba. 
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5.3 Materials and Methods 
Two experiments were established to investigate various management strategies for 

controlling GR WH with dicamba and dimethenamid-p. Each experiment was conducted on two 

field sites over 2 years (2015, 2016) for a total of 4 sites. In 2015, experiments were done on the 

same location, on Walpole Island, but were separated by herbicide application date (Table 1). 

Glyphosate resistant WH was first found in Canada on the Walpole Island field site (Heap et al. 

2016; Schryver et al. 2017a). In 2016, experimental sites were in two different counties, one on 

Walpole Island and another with confirmed GR WH near Cottam, in Essex County. Soil 

characteristics, WH densities, and herbicide application dates are presented in Table 1.  

The first experiment consisted of 13 treatments arranged in a RCBD with 4 replications, 

which included: weedy and weed-free controls, glyphosate (900 g ai ha-1) alone, dicamba applied 

PRE at 300 and 600 g ai ha-1, glyphosate (900 g ai ha-1) plus dicamba applied POST at 300 and 

600 g ai ha-1, and finally, dicamba applied PRE at 300 and 600 g ai ha-1 followed by either POST 

glyphosate (900 g ai ha-1) alone or tankmixed with dicamba at 300 g ai ha-1 or 600 g ai ha-1 

(Table 2). 

The second experiment followed a similar protocol to Experiment One, but with 17 

treatments, to compare dimethenamid-p (693 g ai ha-1) and dicamba (600 g ai ha-1) alone and in 

combination PRE. The herbicides compared POST included glyphosate (900 g ai ha-1) alone and 

tankmixed with either 300 or 600 g ai ha-1. Finally, two-pass weed control treatments included 

either dimethenamid-p (693 g ai ha-1), dicamba (600 g ai ha-1) or the combination of the two PRE 

followed by each of the three POST options (Table 3). 

Glyphosate (1800 g ai ha-1) was applied over the entire trial area to remove potential 

confounding weeds, and disked twice for proper seed bed preparation. Trials were planted to 
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corn as a test crop because dicamba-resistant soybean was not available. Dekalb DKC53-56 was 

planted in rows spaced 76 cm apart at a depth of 5 cm. Each plot was 2.25 m (3 corn rows) wide 

by 8 m in length. Treatments included a weedy and weed-free control. Weed-free plots were 

maintained with s-metolachlor/atrazine/mesotrione (2,068 g ai ha-1) applied PRE followed by 

hand hoeing weed escapes during the growing season. Preemergence (PRE) herbicide treatments 

were applied before corn emergence within 5 days after seeding, and postemergence (POST) 

herbicide treatments were applied when WH escapes in the PRE treatments were approximately 

10 cm tall (Table 1). Herbicides were applied with a using a CO2 pressurized backpack sprayer 

calibrated to deliver 200 L ha-1 at 240 kPa equipped with a 1.5 m boom with four ULD 120-02 

nozzles (Hypro, New Brighton, MN) spaced 50 cm apart. 

Data collection consisted of visual estimations of crop injury, visual estimations of WH 

control, WH population density, WH dry weight and crop yield. Crop injury evaluations were 

conducted at 1, 2, 4, and 8 WAA using the untreated corn stand as the uninjured check (0%) and 

complete plant death denoted as 100%. Similarly, visual estimates of WH control were 

conducted at 2, 4, 8, and 12 WAA relative to both the weedy check (0% control) and the weed-

free (100% control) within each block. At 4 WAA, WH density and biomass was estimated in 

each plot by cutting a 0.5 m-2 subsample of WH from each plot. The subsample was obtained 

using a 0.25 m-2 quadrat placed randomly in two places between rows 2 and 3 of corn.  

Waterhemp plants were counted, cut at the soil surface, placed into paper bags, dried in a kiln at 

60°C and weighed. Finally, grain corn yield was measured by threshing ears from a 1 m 

subsample of corn from rows 2 and 3, of each plot. The grain weights and moisture were 

recorded and grain yield was adjusted to 15.5% moisture. 
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Statistical analysis was conducted using SAS PROC MIXED (SAS Institute, Cary, NC) 

where fixed effects of herbicide treatments were compared. Random effects were partitioned into 

block, site-year, and treatment nested in site-year. Residuals were plotted by each variable and 

assessed for normality using PROC UNIVARIATE Shapiro-Wilk Test. Weed population density 

and dry weights were converted to the percentage of the weedy control in each block. To meet 

the assumptions of variance, an arcsine square-root transformation was conducted prior to 

analysis for all variables with the exception of corn grain yield for Experiment 1 which remained 

untransformed. Means were compared using non orthogonal contrasts with significance set at P= 

0.05. Results presented have been back transformed. 

5.4 Results and Discussion 
In Experiment One, dicamba was found to be more efficacious POST than PRE. These 

findings are summarized in Table 2 with PRE applications providing 19% control when 

compared to 86% control POST. The use of dicamba at 300 g ai ha-1 provided 9% control PRE, 

but 78% POST (Table 2). The same trend is observed at 600 g ai ha-1 with 33 and 92% control at 

PRE and POST, respectively (Table 2). Among POST applications, there was little difference in 

the level of control at 300 or 600 g ai ha-1 with the only statistical difference found at 8 WAA 

with an improved level of control with the higher rate by 23% (Table 2). The two-pass (PRE fb 

POST) management strategy controlled GR WH 95% compared to 19 and 86% control using 

dicamba applied at PRE and POST alone, respectively. There was little significance in yield with 

the only notable difference being when comparing PRE and POST with 8.44 and 10.16 T ha-1 

respectively (p<0.05) representing a 20% reduction. Average grain corn yields were reduced by 

20% due to lack of GR WH control in PRE treatments when compared to POST treatments 

(P=0.001; Table 2). Although there was a 12% decrease in yield in PRE treatments when 

compared to PRE fb POST 9.55, the difference was not significant (p=0.0508) (Table 2).  
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In the second experiment, GR WH control was improved with the use of dimethenamid-p 

when compared to dicamba PRE and, similarly to the previous experiment, dicamba performed 

greater with a POST timing (Table 3). Herbicide timing was again found to be highly significant 

with all parameters, with the exception of yield, when comparing POST vs PRE fb POST. The 

control of GR WH was 97% with the application of a PRE fb POST (Table 3). Dimethenamid-p 

controlled GR WH 33% better than dicamba 12 WAA and was found to be statistically greater 

for all parameters with the exception of yield (Table 3). The addition of dicamba to 

dimethenamid-p was no better than when dimethenamid-p was applied alone. The same results 

were found when comparing PRE dicamba alone with the tankmix of dimethenamid-p plus 

dicamba, with greater control for all parameters with the exception of yield (Table 3). When 

comparing POST dicamba at 300 and 600 g ai ha-1, as in the previous experiment, there was little 

difference with exception of density, where 600 g ai ha-1 was found to be similar to the weed-free 

control.  

The use of corn as a test crop for soybean may have affected GR WH control in this 

study.  It has been documented in Ontario that corn is more competitive with WH than soybean; 

seed yield loss in soybean in weedy checks was 73% (Vyn et al. 2007), compared to 38% in corn 

(Soltani et al. 2009). In a study conducted on WH growth and fecundity in corn, a sharp decrease 

in biomass and seed production was observed from 80 to 99% when introduced at corn stages V3 

to V8 respectively compared to 20% when planted at corn stage VE (Nordby and Hartzler 2004). 

Although the same decreasing trend in WH survival was observed in a similar study conducted 

in soybean, the rate of decrease was not as rapid, with an initial decrease of 10% when seeded at 

soybean stage VE followed by a further decrease of 20-30% survival at soybean stage (V2, V4, 

and V6) (Hartzler et al. 2004). Nordby and Hartzler (2204) also compared their results to those 
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of Hartzler et al. (2004) in soybean and found WH biomass and seed production were much 

lower when grown in competition with corn (2004). Therefore, it is hypothesized that WH 

control in dicamba-resistant soybean may be less compared to the control observed in this study 

with corn.  

Poor control of GR WH with a PRE application of dicamba may have resulted from 

inadequate rainfall after application.  Although the herbicide received adequate moisture for 

herbicide activation, 2016 was particularly dry. The activation and persistence of dicamba is 

variable and depends on several factors including pH, soil temperature, soil moisture, and 

microbial activity (Grover 2000). Future research is required to gain a better understanding on 

how dicamba performs under a soybean cropping system and with subsequent years of data to 

gain understanding as to how dicamba preforms under different environmental conditions. 

5.5 Conclusions 
Control of GR WH using the newly approved dicamba-resistant soybean technology in a 

two-pass management strategy provided greater than 95% control of GR WH at 12 WAA 

resulting in control similar to the weed-free control at 4 WAA. Dicamba was found to be most 

effective on WH when applied POST with an average control of 80 and 91% in contrast to 9 and 

30% when applied PRE at 300 and 600 g ai ha-1, respectively. In general, dicamba applied at 

either 300 or 600 g ai ha-1 was very similar in a two-pass control strategy. Dimethenamid-p 

applied PRE increased control of WH and was not improved with the addition of dicamba.  

Although this new technology is valuable for the mitigation of GR WH in soybean, an 

integrated weed management approach is necessary to reduce the reliance of herbicides for 

controlling weeds. Diversity in weed management is recommended to ensure longevity of 

herbicide efficacy. Such an approach may include the use of cover crops, narrow rows, high crop 
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population densities, use of strategic tillage and companion crops, which would reduce the 

reliance on herbicides for controlling weeds.  
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5.6 Tables 
Table 5.1- Field site and herbicide application information with dicamba and dimethenamid-p in one and two-pass weed control research conducted on glyphosate-resistant waterhemp in 
2015 and 2016 in Ontario 

   
 Soil Characteristics 

 

Seeding 
Date 

Herbicide Application 
  PREa  POSTb 

Experiment Location Year Nearest City Texture OMc pH  App.d Date App. Date Size (cm)Z Density (m-2)Z 

1. dicamba Walpole 1 2015 Wallaceburg Sandy Loam 5.5 7.7  May 28 May 29 July 2 12 386 
Walpole 2 2015 Wallaceburg Sandy Loam 5.5 7.7  May 28 June 2 July 8 15 445 

 Walpole 2016 Wallaceburg Sandy Loam 6.4 7.6  May 30 June 1 July 11 24 37 
 Nelson 2016 Cottam Sandy Loam 2.9 6.5  May 23 May 24 June 21 16 92 

2. dicamba + 
dimethenamid-

p 

Walpole 1 2015 Wallaceburg Sandy Loam 5.5 7.7  May 28 May 29 July 10 29 406 

Walpole 2 2015 Wallaceburg Sandy Loam 5.5 7.7  May 28 June 2 July 15 33 200 

Walpole 1 2016 Wallaceburg Sandy Loam 6.4 7.6  May 30 June 1 July  11 23 85 

Nelson 2016 Cottam Sandy Loam 2.9 6.5  May 23 May 24 June 21 11 53 
ZSize and density assessments were conducted in the untreated check plots 
Abbreviations: a, pre-emergent; b, post-emergent; c, percent organic matter; d, application 
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Table 5.2- Means and non-orthoginal contrasts for glyphosate-resistant waterhemp control using dicamba at two different rates and timings across 4 site-years in Ontario. 
   Visual control estimate timing  4 WAA  

Treatment 
Rate 

(g ai ha-1) 
App. 

Timing 
2 WAA 

(% Control) 
4 WAA 

(% Control) 
8 WAA 

(% Control) 
12 WAA 

(% Control) 
Population density 
(% of weedy check) 

Weed dry weight 
(% of weedy check) 

Grain corn yield 
(T ha-1) 

Weedy check   0 0 0 0 100 100 7.88 

Weed-free   100 100 100 100 0 0 9.94 
dicamba 300 PRE 29 19 13 9 104 69 8.23 
dicamba 600 PRE 48 42 39 33 76 35 8.65 
glyphosate 900 POST 37 39 25 18 77 35 9.59 
glyphosate 
dicamba 

900 
300 

POST 
POST 76 79 70 78 30 7 9.54 

glyphosate 
dicamba 

900 
600 

POST 
POST 87 91 93 92 7 1 10.79 

dicamba 
glyphosate 

300 
900 

PRE 
POST 57 55 49 44 120 37 9.16 

dicamba 
glyphosate + 
dicamba 

300 
900 
300 

PRE 
POST 
POST 

86 87 90 90 18 3 9.91 

dicamba 
glyphosate + 
dicamba 

300 
900 
600 

PRE 
POST 
POST 

94 98 99 98 5 1 9.63 

dicamba 
glyphosate 

600 
900 

PRE 
POST 82 79 75 71 75 9 9.62 

dicamba 
glyphosate + 
dicamba 

600 
900 
300 

PRE 
POST 
POST 

91 93 94 94 17 2 9.84 

dicamba 
glyphosate + 
dicamba 

600 
900 
600 

PRE 
POST 
POST 

96 97 98 97 2 1 8.80 

Contrasts        
PRE 300 g vs PRE  600 g 29 vs 48 19 vs 42* 13 vs 39* 9 vs 33* 104 vs 76 69 vs 35* 8.23 vs 8.65 

POST 300 g vs POST 600 g 76 vs 87 79 vs 91 70 vs 93* 78 vs 92 30 vs 7 7 vs 1 9.54 vs 10.79 

PRE (300 g) fb POST (300 g) vs  
PRE (300 g) fb POST (600 g) 86 vs 94 87 vs 93* 90 vs 94 90 vs 94 18 vs 17 3 vs 2 9.91 vs 9.84 

PRE (600 g) fb POST (300 g) vs  
PRE (600 g) fb POST (600 g) 91 vs 96 98 vs 97 99 vs 98 98 vs 97 5 vs 2 1 vs 1 9.63 vs 8.80 

PRE vs POST 38 vs 82** 30 vs 86** 25 vs 83** 19 vs 86** 89 vs 17** 50 vs 4** 8.44 vs 10.16* 

PRE vs PRE fb POST 38 vs 92** 30 vs 95** 25 vs 96** 19 vs 95** 89 vs 9** 50 vs 2** 8.44 vs 9.55 

POST vs PRE fb POST 82 vs 92* 86 vs 95* 83 vs 96* 86 vs 95* 17 vs 9 4 vs 2 10.16 vs 9.55 
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a abbreviations: WAA, weeks after application; fb, followed by; vs, versus; PRE, pre emergent; POST, post emergent 
* and ** indicate a statistical difference at P=0.05 and P=0.001, respectively.   
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Table 5.3- Means and non-orthogonal contrasts for glyphosate-resistant waterhemp control using dimethenamid-p and dicamba across 4 site-years in Ontario.  
   Visual control estimate timing  4 WAA  

Treatment 

Rate 
(g ai 
ha-1) 

App. a 
Timing 

2 WAA 

(% Control) 
4 WAA 

(% Control) 
8 WAA 

(% Control) 
12 WAA 

(% Control) 
Population density 

(% of weedy check) 
Dry weight 

(% of weedy check) 
Grain corn yield 

(T ha-1) 
Weedy check   0 0 0 0 100 100 5.78 
Weed-free   100 100 100 100 0 0 10.22 
Dimethenamid-p 693 PRE 76 71 64 60 26 8 9.12 
Dicamba 600 PRE 42 45 32 27 56 31 7.46 
Dimethenamid-p 
Dicamba 

693 
600 

PRE 
PRE 85 82 77 72 26 7 8.70 

Glyphosate 900 POST 37 36 29 32 75 22 9.88 
Glyphosate 
Dicamba 

900 
300 

POST 
POST 78 83 83 82 29 7 10.71 

Glyphosate 
Dicamba 

900 
600 

POST 
POST 86 89 90 90 10 2 9.99 

Dimethenamid-p 
Glyphosate 

693 
900 

PRE 
POST 93 91 90 88 24 1 10.04 

Dimethenamid-p 
Glyphosate 
Dicamba 

693 
900 
300 

PRE 
POST 
POST 

96 99 99 99 2 0 9.41 

Dimethenamid-p 
Glyphosate 
Dicamba 

693 
900 
600  

PRE 
POST 
POST 

96 99 99 98 1 1 9.45 

Dicamba 
Glyphosate 

600 
900 

PRE 
POST 81 77 72 67 50 6 9.56 

Dicamba 
Glyphosate 
Dicamba 

600 
900 
300 

PRE 
POST 
POST 

87 91 92 91 14 3 9.69 

Dicamba 
Glyphosate 
Dicamba 

600 
900 
600 

PRE 
POST 
POST 

95 98 98 98 4 0 10.00 

Dimethenamid-p 
Dicamba 
Glyphosate 

693 
600 
900 

PRE 
PRE 

POST 
93 92 92 91 19 1 9.28 

Dimethenamid-p 
Dicamba 
Glyphosate 
Dicamba 

693 
600 
900 
300 

PRE 
PRE 

POST 
POST 

98 99 99 99 2 0 10.29 

Dimethenamid-p 
Dicamba 
Glyphosate 

693 
600 
900 

PRE 
PRE 

POST 
98 99 99 98 1 0 9.65 
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Dicamba 600 POST 

         
Contrasts        

PRE dm vs PRE di 76 vs 42* 71 vs 45* 64 vs 32* 60 vs 27* 26 vs 56* 8 vs 31** 9.12 vs 7.46 

PRE dm vs PRE dm + di 76 vs 85 71 vs 82 64 vs 77 60 vs 72 26 vs 26 8 vs 7 9.12 vs 8.70 

PRE di vs PRE dm + di 42 vs 85** 45 vs 82** 32 vs 77** 27 vs 72* 56 vs 26* 31 vs 7** 7.46 vs 8.70 

POST di 300z vs POST di 600z 78 vs 86 83 vs 89 83 vs 90 82 vs 90 29 vs 10* 7 vs 2 10.71 vs 9.99 

PRE dm vs  
PRE dm POST di 300 + PRE dm 

POST di 600 
76 vs 96* 71 vs 99** 64 vs 99** 60 vs 98** 26 vs 1** 8 vs 0* 9.12 vs 9.43 

PRE dm POST di 300 
vs PRE dm POST di 600 96 vs 96 99 vs 99 99 vs 99 99 vs 98 2 vs 1 0 vs 1 9.41 vs 9.45 

PRE di vs 
PRE di fb POST di 300 + PRE di 

fb POST di 600 
42 vs 91** 45 vs 95** 32 vs 95** 27 vs 95** 56 vs 8** 31 vs 1** 7.46 vs 9.85* 

PRE di POST di 300 vs 
PRE di POST di 600 87 vs 95 91 vs 98 92 vs 98 91 vs 98 14 vs 4 3 vs 0 9.69 vs 10.00 

PRE dm+di vs 
PRE  dm+di POST di 300 + PRE  

dm+di POST di 300 
85 vs 98* 82 vs 99** 77 vs 99** 72 vs 99* 26 vs 1** 7 vs 0* 8.70 vs 9.96 

PRE dm+ di POST di 300 vs 
PRE dm+ di POST di 600 98 vs 98 99 vs 99 99 vs 99 99 vs 98 2 vs 1 0 vs 0 10.29 vs 9.65 

PRE vs POST 69 vs 82* 67 vs 86* 58 vs 87** 53 vs 87** 35 vs 19* 13 vs 4* 8.41 vs 10.34* 

PRE vs PRE fb POST 69 vs 95** 67 vs 98** 58 vs 98** 53 vs 97** 35 vs 3** 13 vs 0** 8.41 vs 9.75* 

POST vs PRE fb POST 82 vs 95** 86 vs 98** 87 vs 98* 87 vs 97* 19 vs 3** 4 vs 0* 10.34 vs 9.75 
a abbreviations: App., Application; WAA, weeks after application; fb, followed by; vs, versus; PRE, pre emergent; POST, post emergent; dm, dimethenamid-p; di, dicamba;  
Z denotes g ai ha-1 of dicamba 
* and ** indicate a statistical difference at P=0.05 and P=0.001, respectively.   



 
	

Chapter 6: General Discussion 

6.1 Contributions: 

This project has generated a lot of valuable information on GR WH in Ontario. This 

research has confirmed GR WH in three Ontario counties, and control solutions have been 

developed in soybean with five different transgenic events.  

The survey conducted in 2014 and 2015 was the first to report GR WH in Ontario. 

Following the initial discovery on Walpole Island in Lambton County in 2014, seed from 48 

populations were collected in 2015 and screened in the greenhouse for herbicide resistance. 

Screening involved spray-chamber applications of various herbicides on WH that was 

approximately 10 cm tall, followed by evaluations at 1, 3, and 5 weeks after application. Based 

on this survey, GR WH was confirmed at 40 field locations across three Ontario counties:  Essex, 

Chatham-Kent and Lambton. Eighty-two percent of the 49 seed samples collected in 2014 and 

2015 had individual plants that were resistant to glyphosate. In addition to Group 9 (glyphosate) 

resistance, 76% of the populations had plants that were Group 5 (atrazine) resistant and 100% of 

the populations had plants that were Group 2 (imazethapyr) resistant. Finally, 61% of the 

populations contained resistance to Group 2, 5, and 9 herbicides.  

The biologically effective rate of glyphosate was determined for GR WH in Ontario in 

both greenhouse and field environments. Results showed that there was a 5-28 fold glyphosate 

resistance factor when comparing GR to GS populations 4 WAA. This information provides 

insight into the level of glyphosate resistance in WH populations in Ontario.  Additionally, 

research conducted by Dr. Patrick Tranel, University of Illinois, determined that the mechanism 

of resistance was, at least in part, overexpression of the target site with 6-13 extra copies of the 
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EPSPS gene in the population collected from Walpole Island in 2014 (Tranel personal 

communication).  

A series of field experiments were conducted to determine the most efficacious 

herbicides for the control of GR WH in glyphosate-resistant, glufosinate-resistant, dicamba-

resistant, 2,4-D-resistant and HPPD-resistant soybean. Every study confirmed that a PRE 

herbicide with long residual was important for season-long control of GR WH.  This can be 

attributed in part to the extended emergence pattern of GR WH, with emergence beginning after 

seedbed preparation in the spring and continuing until late October.  Several PRE herbicides 

were effective against GR WH:  pyroxasulfone/flumioxazin (240 g ai ha-1), 

pyroxasulfone/sulfentrazone (300 g ai ha-1) and s-metolachlor/metribuzin (1,943 g ai ha-1) 

controlled GR WH 97, 92 and 87% up to 12 weeks after application, respectively. The sequential 

application of pyroxasulfone/sulfentrazone or s-metolachlor/metribuzin applied PRE followed by 

acifluorfen (600g ai ha-1) or fomesafen (240 g ai ha-1) applied POST controlled GR WH 98% and 

performed better than PRE or POST alone. This information could be adopted by growers in 

conventional or identity-protected soybean for the management of GR WH. The same level of 

control was observed when glufosinate (500 g ai ha-1) was used POST following a PRE 

application of any of the three most effective chemistries previously mentioned, in the 

glufosinate-resistant system.  

In addition to currently registered soybean cultivars (glyphosate-resistant and glufosinate-

resistant), research was also conducted on future technologies, including dicamba-, 2,4-D-, and 

HPPD-resistant soybean.  Commercially acceptable control strategies (i.e., where control was 

greater than 90%) have been identified in all the herbicide-resistant technologies included in this 

study. Control strategies were identified within each glufosinate-, 2,4-D-, and HPPD- resistant 
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soybean type that controlled GR WH up to 98, 98, and 92% 12 WAA, respectively, and reduced 

GR WH densities to 0-2% of the weedy control at 4 WAA. In comparison to glufosinate (500 g 

ai ha-1) POST alone, with 41% control, 2,4-D (1720 g ai ha-1)  provided 80%, 12 WAA and, 

while neither are recommended for use alone, both proved to be viable control options for 

escaped WH in a PRE followed by POST system. In HPPD-resistant soybean, mesotrione (140 g 

ai ha-1), isoxaflutole (105 g ai ha-1), metribuzin (240 g ai ha-1), mesotrione plus metribuzin, and 

isoxaflutole plus metribuzin provided statistically equivalent control of GR WH. Early in the 

season, the addition of metribuzin to mesotrione improved control of GR WH resulting in a 

greater reduction in GR WH density. 

Finally, research was conducted in corn to simulate the recently registered 

dicamba/glyphosate-resistant soybean. In general, the two rates of dicamba (300 and 600 g ai ha-

1) evaluated POST had similar control, but the timing of dicamba application was important. 

Dicamba applied PRE controlled GR WH 9-30% and POST 80-91% at 12 WAA. 

Dimethenamid-p (693 g ai ha-1) provided better control of GR WH than dicamba applied PRE, 

and control with dimethenamid-p was not improved with the addition of dicamba. This research 

identified weed control strategies that provided >95% GR WH control using a two-pass system 

in dicamba/glyphosate-resistant soybean.  

 

6.2 Limitations: 

When reflecting on the project as a whole, it is important to note possible limitations in 

areas of experimental design, project focus and environmental variability. Understanding areas 
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of weakness identify new avenues for future research, strengthen future research projects, and 

provide context for the summation of results.   

The survey was conducted under time constraints and fields were selected in a non-

random fashion. Mature WH had to be collected before the growers harvested their soybean. 

While completing the GR WH control studies, there was a need to cover a large geographic area 

in search of new WH populations. This time constraint limited the ability to do a thorough search 

of southwestern Ontario for WH escapes in soybean. Seed was collected from WH plants that 

were visible from the road, resulting in numerous fields being by-passed. Seed collected may 

have not been a representative sample of the WH population, since seed was only collected from 

plants that had survived herbicide application. There may have been glyphosate susceptible 

plants that were removed from the population by glyphosate and were not tested in the 

greenhouse. Moving forward it is important to ensure the methodology matches the objective 

which was to determine the geographical distribution of GR WH in Ontario, which may need to 

be more standardized to cover a given area under the time constraints.  

The research on the biologically effective rate of glyphosate for the control of GS and GR 

WH had two challenges in the field studies due to the biological activity of glyphosate and the 

emergence pattern of WH. Since glyphosate is tightly bound to the soil immediately after 

application, it is unavailable to control WH plants that emerged after glyphosate application. It 

was not possible to accurately determine the efficacy of glyphosate, which may have been 

influenced by the proportion of the plants that were resistant to glyphosate or  a later flush of 

WH plants that emerged after application. This could be overcome by flagging a random 

subsample of emerged WH plants, treat the plot area and conduct evaluations on only those 

treated plants at the set assessment intervals. Finally, research was conducted on two different 
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WH populations with known glyphosate resistance. The proportion resistant in each population 

was unknown when this research was initiated. Due to differing historical grower practices, it is 

likely that the two populations studied were different in respect to proportion resistant and 

resistance factor, which would affect the outcome of the field environments.  

In all field trials, the POST herbicides were applied when there was WH escapes up to 10 

cm in height in the PRE herbicides.  Due to varying levels of control of GR WH provided by the 

PRE herbicides, some WH plants were beyond 10 cm and therefore were more difficult to 

control. This was especially true for the POST alone (one-pass) treatments, which were applied 

when escapes in PRE treatments reached 10 cm in height. In addition, in the POST alone 

treatments, there was greater WH density than where a PRE was applied resulting in 

comparatively lower control of GR WH.  

Since this was the first research completed on GR WH in Ontario, all of the herbicides 

were evaluated using the highest labelled rates registered in Ontario.  This does not necessarily 

reflect grower practices in the province where the herbicide rate may be adjusted depending on 

soil type, sensitivity of soybean cultivars to each herbicide, environmental conditions at the time 

of spraying or by weed density.  

There were differences in crop competition in the studies completed.  Control may have 

been different if weed control was assessed in dicamba-resistant and HPPD-resistant soybean, 

rather the use of corn to simulate glyphosate/dicamba-resistant soybean, and bare ground for the 

HPPD-resistant soybean studies; the resistant soybean seed of each type was not available when 

the study was initiated.  Corn is more competitive with WH than soybean (Nordby and Hartzler 

2004).  Finally, due to limited seed availability, the Enlist soybean cultivars were seeded at a 
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lower population than recommended to ensure that there was enough seed for our experiments. 

The project exclusively focused on herbicides for the control of GR WH and did not study 

cultural, biological and mechanical weed control strategies. Growers are encouraged to use an 

integrated approach to manage GR WH to reduce selection pressure for the evolution of 

herbicide-resistant weeds.  

Finally, as in all field research, the results were influenced by variable environments 

including WH density, WH emergence pattern, soil type, rainfall pattern and temperature.  

Overall, drought conditions in the spring of 2016 accentuated weed competition and negatively 

affected crop production success.  

 

6.3 Future Research:  

Additional surveys should be completed to determine the extent of the problem in the 

province of Ontario. In future surveys, although difficult when covering a large area, a 

predetermined route or grid could be formed on a map to standardize the survey procedure and 

help with time management. Collection methods could include the addition of individual plant 

seed sampling for separate gene-flow analysis, in addition to the composite sample for 

greenhouse herbicide screening. An alternative to relying solely on an individual to cover a given 

area, creating awareness and encouraging growers to supply seed from their fields may reduce 

the time and resources required to cover an area.  In the greenhouse survey screen, a possible 

alternative to growing plants in individual pots would be to grow a large number of plants in 

trays to better understand the herbicide selection across a population, with hundreds or thousands 
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of plants per tray, to assist in identifying fields with GR WH and proportion resistant in each 

field.  

In the future, there will be a more abundant supply of soybean seed with new herbicide 

resistance traits including glyphosate/dicamba and HPPD-resistant soybean. Future research 

could be conducted with these technologies and others as they become available, to develop GR 

WH management programs. The inclusion of multiple technologies in weed management 

programs in the province will reduce the evolution of herbicide-resistant weeds through the use 

of different modes of action.  The initial studies on the control of GR WH included currently 

registered herbicides at their highest labelled rate in Ontario. For the herbicides that were the 

most efficacious in these initial studies, biologically effective rate studies should be conducted to 

determine the lowest effective rate which will reduce environmental loading of herbicides and 

reduce the potential for soybean injury in stressed environments. In addition, agricultural 

economists should help to determine the long-term cost/benefit of different GR WH management 

strategies. Finally, integrated weed management systems should be developed including, but not 

limited to, crop rotation, cover crops, crop row width, crop seeding rate, tillage, and herbicides to 

explore the impact on GR WH control.  

 The research completed in this study should be repeated in the future because of the 

variability at the various sites due to differences in soil properties, rainfall pattern, temperature, 

and WH density.  Due to the impact of environment on GR WH control, future research will 

contribute to the understanding of GR WH control.  For example, the efficacy of PRE herbicides 

is impacted to varying degrees by soil properties and the amount and timing of rainfall after 

application. Through conducting this research at multiple sites over multiple years the most 

consistent strategies for the control of GR WH will be identified. 	 	
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Appendixies- SAS coding 

Biologically effect rate: 
title1 'Field BER'; 
data first; 
**pop is the population biotype (suc. resistant) envi is each run of the 
experiement (four total); 
 
**only running data from pop 1; 
input pop envi trt block oneW twoW fourW eightW pden pdw rate 
; 
cards; 
DATA 
; 
 
title2 'Regression on GS fourW'; 
data second; 
set first; 
if pop=2 then delete; 
analvar=fourW; 
run; 
proc sort data=second; 
by rate; 
run; 
proc univariate plot freq normal; 
var twoW fourW pden pdw; 
run; 
 
/* 
proc mixed covtest data=second; 
class envi block trt pop; 
model analvar= trt pop trt*pop /DDFM= satterth outp=second; 
random block; 
lsmeans trt pop/pdiff; 
run; 
 
 
proc print; 
var rate envi block analvar; 
run; 
*/ 
 
**dose-response regression - for weed control; 
**c=lower asymptote, d=upper asymptote, b=slope, i50=rate for 50% response; 
 
proc nlin method=marquardt; 
parameters d=100    c=0   b=2     i50=200; 
bounds c>=0; 
bounds d<=100; 
if rate=0 then model analvar=c; 
else model analvar=c+(d-c)/(1+exp(-b*(log(rate)-log(i50)))); 
output out=b predicted=ap; 
run; 
 
/* 
**exponential decay - for density and dry weights; 
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**a=lower asymptote, b=reduction in y from int to a, c=slope from int to a; 
**???make rate=0.1 for trt 1; 
 
proc nlin method=marquardt; 
parameters a=60 
           b=40 
     c=0.02; 
bounds a>=0; 
model analvar=a+b*exp(-c*rate); 
run; 
*/ 
 

Control in pre-emergence herbicide 
title1 'Pre Herbicides'; 
data first; 
input envi trt block twoWAA fourWAA eightWAA twelveWAA pden pdw yield; 
cards; 
DATA 
; 
proc sort data=first; 
by envi trt block; 
run; 
data second; set first; 
*analvar=twelvewaa; 
 
*title2 'twelvewaa (Square root transformation)'; 
*analvar=sqrt(twelvewaa+0.5); 
 
*title2 'twelvewaa (log transformation)'; 
*analvar=log(twelvewaa+1); 
 
**Use following adjustment for arcsine square root trans; 
title2 'twelvewaa (arcsine sqrt transformation)'; 
analvar1=twelvewaa; 
if analvar1=100 then analvar1=100-0.01; 
if analvar1=0 then analvar1=0+0.01; 
analvar2=analvar1/100; 
analvar=arsin(sqrt(analvar2)); 
 
run; 
 
 
*variable analysis; 
proc mixed covtest; 
classes envi trt block; 
model analvar=trt /outp=second; 
random envi block(envi) trt*envi; 
lsmeans trt /adjust=tukey pdiff; 
ods output diffs=ppp lsmeans=mmm; 
ods html exclude lsmeans diffs; 
run; 
%include 'E:\sasmacros\pdmix800.sas'; 
%pdmix800 (ppp,mmm,alpha=0.05,sort=no); 
run; 
*residual analysis; 
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proc plot; 
plot resi*pred resid*trt resid*block/vref=0; 
run; 
proc univariate normal; 
var resid; 
run; 
proc rank normal=blom out=two; 
var resid; 
ranks zvar; 
run; 
proc plot; 
plot resid*zvar=twoWAA; 
run; 
	

Control in two-pass management strategy 
title1 'Liberty Link contrasts'; 
data first; 
input envi trt block zeroWAA oneWAA twoWAA fourWAA eightWAA twelveWAA pden 
pdw yield; 
if trt= 1 then delete; 
if trt= 2 then delete; 
cards; 
DATA 
; 
 
title2 'cov variance testing'; 
proc sort data=first; 
by envi trt block; 
run; 
data second; set first; 
 
title1 'yield untransformed'; 
analvar=yield; 
 
*title2 'twowaa (Square root transformation)'; 
*analvar=twowaa(yield+0.5); 
 
*title2 'pden (log transformation)'; 
*analvar=log(pden+1); 
 
/* 
**Use following adjustment for arcsine square root trans; 
title2 'pdw (arcsine sqrt transformation)'; 
analvar1=pdw; 
if analvar1=100 then analvar1=100-0.01; 
if analvar1=0 then analvar1=0+0.01; 
analvar2=analvar1/100; 
analvar=arsin(sqrt(analvar2)); 
run; 
*/ 
proc mixed covtest; 
class trt block envi; 
model analvar= trt /outp=second residual; 
random block(envi) envi envi*trt; 
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contrast 'PRE vs POST' trt 1 1 1 -3 0 0 0; 
contrast 'PRE vs PRE fb POST' trt 1 1 1 0 -1 -1 -1; 
contrast 'POST vs PRE fb POST' trt 0 0 0 3 -1 -1 -1; 
contrast 'fierce vs authority supreme' trt -1 1 0 0 0 0 0; 
contrast 'fierce vs boundary' trt -1 0 1 0 0 0 0; 
contrast 'authority supreme vs boundary' trt 0 -1 1 0 0 0 0; 
 
estimate 'PRE' intercept 3 trt 1 1 1 0 0 0 0/ divisor=3; 
estimate 'POST' intercept 1 trt 0 0 0 1 0 0 0/divisor= 1; 
estimate 'PRE fb POST' intercept 3 trt 0 0 0 0 1 1 1/divisor=3 ; 
estimate 'fierce' intercept 1 trt 1 0 0 0 0 0 0/divisor=1; 
estimate 'authority supreme' intercept 1 trt 0 1 0 0 0 0 0/divisor=1; 
estimate 'boundary' intercept 1 trt 0 0 1 0 0 0 0/divisor=1; 
 
lsmeans trt /adjust=tukey pdiff; 
run; 
 
*residual analysis; 
proc plot; 
plot resid*pred resid*trt resid*block/vref=0; 
run; 
proc univariate normal; 
var resid; 
run; 
proc rank normal=blom out=two; 
var resid; 
ranks zvar; 
run; 
proc plot; 
plot resid*zvar=analvar; 
run; 
 
/* 
ods output diffs=ppp lsmeans=mmm; 
ods html exclude lsmeans diffs; 
run; 
*/	


