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Abstract 

Glyphosate resistant Kochia scoparia is a growing concern in Canada, and is increasing in 

incidence. Trials were conducted in naturally occurring glyphosate susceptible kochia 

populations or in areas seeded with glyphosate susceptible kochia seed. By looking at 

herbicides with different modes of action that can control kochia as effectively as 

glyphosate, as well as introducing a new herbicide application window, it may be 

possible to decrease the occurrence of glyphosate-resistant kochia biotypes from 

becoming the majority of kochia populations on the Canadian prairies.  Fluroxypyr + 

MCPA ester (a group 4 herbicide), bromoxynil + 2,4D (a combination of group 6 and 4 

herbicides), saflufenacil and carfentrazone-ethyl (group 14), pyrasulfotole + bromoxynil 

(a combination of group 27 and 6 herbicides) were as effective at controlling kochia as 

glyphosate when applied pre-seeding. It was determined that herbicide effectiveness 

varies according to location. Introducing a new window of herbicide application in the 

fall, post-harvest, was not effective at controlling kochia. 
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Preface 

Included in this thesis is research conducted as part of an investigation into the 

emergence of glyphosate-resistant Kochia scoparia in southern Alberta, and a follow up 

survey to determine its distribution and frequency. Dr. Hugh Beckie and Dr. Robert 

Blackshaw of Agriculture and Agri-food Canada, along with Dr. Linda Hall, the lead 

collaborator at the University of Alberta, led the study.  

The initial survey, appearing in appendix 1, was conducted by myself. Dr. Beckie 

screened all seed for herbicide resistance and wrote the manuscript, which was edited 

by the other authors. It has been published as H.J. Beckie, R.E. Blackshaw, R. Low, L.M. 

Hall, C.A. Sauder, S. Martin, R.N. Brandt, and S.W. Shirriff, “Glyphosate- and Acetolactate 

Synthase Inhibitor-Resistant Kochia (Kochia scoparia) in Western Canada,” Weed Science 

(2013), vol. 61, 310-318. 

  Fifty percent of the survey appearing in appendix 2 was conducted by myself; 

the manuscript was written by Dr. Hall and edited by the other authors. It has been 

published as L.M. Hall, H.J. Beckie, R. Low, S.W. Shiriff, R.E. Blackshaw, N. Kimmel, and C. 

Neeser, “Survey of glyphosate-resistant kochia (Kochia scoparia L. Schrad.) in Alberta,” 

Can. J. Plant Sci. (2014), vol. 94, 127-130. 

The literature review found in chapter 2, data collection and analysis of chapters 

3 and 4, as well as concluding analysis found in chapter 5, are the candidates original 

work. 
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Chapter One: Introduction 

1.1. Background 

Kochia scoparia is one of the most rapidly increasing weed species in the Canadian prairies. 

Since the 1970s kochia has increased in abundance across the prairie provinces and is now listed 

as the 10th most abundant weed species in crop following herbicide application (Leeson et al. 

2005). Kochia is an early emerging weed, surfacing in the spring after >50 growing degree days 

(GDD)(at a base temperature of 0°C)(Bullied et al. 2003; Schwinghamer and Van Acker 2008) 

and therefore is a frequent target for pre-seeding weed control with glyphosate. Under good 

conditions it produces large amounts of seed. It has been reported that between 2,000 and 

30,000 seeds are produced per plant (Friesen et al. 2009). However, kochia has a relatively short 

seed bank persistence, so in the absence of annual seed return, population abundance can be 

reduced (Friesen et al. 2009; Schwinghamer and Van Acker 2008). In the fall, kochia flowers 

indeterminately, with seed production and maturity continuing after the harvest of the 

surrounding crop, which can result in injured/decapitated kochia plants returning seed to the 

seed bank. 

Beckie et al. (2011) reported that 85% of western Canadian kochia populations were 

resistant to Group 2 acetolactate synthesis (ALS) inhibitors and resistance to dicamba has been 

reported (Preston et al. 2009) . There was great concern amongst the agriculture community in 

the United States when kochia was reported to have evolved resistance to the glyphosate 

molecule in 2006, originally identified in three fields in Kansas (Waite 2008).  By the start of 

2011, glyphosate-resistant (GR) kochia had been reported in Nebraska and South Dakota (Heap 

2015). This project was undertaken to prevent or delay GR kochia incidence by proposing 

alternate chemical weed control techniques to reduce the use of glyphosate on kochia.  With 
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the discovery of GR kochia in southern Alberta in 2011, the project scope changed to include a 

survey of the range and extent in the province (Appendix 1 and 2). The experiments became 

more relevant as non-glyphosate control options also delay the selection of resistance. As of 

2015, GR kochia has been reported in the American states of Kansas, South Dakota, North 

Dakota, Nebraska, Montana, Colorado, Oklahoma, and Montana and in the Canadian provinces 

of Alberta, Saskatchewan and Manitoba. 

1.2. Research Objectives 

1.2.1. Compare herbicide options for pre-seeding control of GR kochia including herbicide 

with a diversity of sites of action. 

Since pre-seeding herbicide products have increased in scope and usage, a variety of 

commercially available herbicides were tested for their effectiveness at reducing kochia biomass 

and then compared to glyphosate-treated kochia. The research objective is investigated in 

Chapter 3 and the following hypothesis was made: 

 Herbicides applied pre-seeding would limit kochia biomass at the beginning of the 

growing season equal to that displayed by glyphosate. 

1.2.2. Investigate the utility of post-harvest application on kochia seed banks. 

Utilization of post-harvest applications may control kochia seed production, and may be 

more efficient for producers. A variety of commercially available herbicides were tested for their 

effectiveness at reducing kochia biomass, seed production, and viable seed set at two post-

harvest intervals, and the results compared to kochia treated with glyphosate. The research 

objective is investigated in Chapter 4 and the following hypotheses made: 

 Herbicides applied post-harvest would reduce kochia biomass. 



3 
 

 Herbicides applied post-harvest would  reduce seed biomass produced by kochia. 

1.3. Literature Cited 

Beckie, H. J., S. I. Warwick, C. A. Sauder, C. Lozinski, and S. Shirriff. 2011. Occurrence and 
molecular characterization of acetolactate synthase (ALS) inhibitor-resistant kochia (Kochia 
scoparia) in western Canada. Weed Technol. 25:170-175. 

Bullied, W. J., A. M. Marginet, and R. C. Van Acker. 2003. Conventional-and conservation-tillage 
systems influence emergence periodicity of annual weed species in canola. Weed Sci. 
51:886-897. 

Friesen, L. F., H. J. Beckie, S. I. Warwick, and R. C. Van Acker. 2009. The biology of Canadian 

weeds. 138. Kochia scoparia (L.) Schrad. Can. J. Plant Sci. 89:141-167. 

Heap, I. 2014. The International Survey of Herbicide Resistant Weeds. www.weedscience.org. 

Accessed: January 24, 2014. 

Leeson, J. Y., A. G. Thomas, L. M. Hall, C. A. Brenzil, T. Andrews, K. R. Brown, and R. C. Van Acker. 

2005. Prairie Weed Surveys of Cereal, Oilseed and Pulse Crops from the 1970s to the 2000s. 

Saskatoon, Saskatchewan, Canada: Agriculture and Agri-Food Canada, Saskatoon Research 

Centre Weed Survey Series Publication 05-1CD :395 . 

Preston, C., S. J. Nissen, S. M. Ward, D. S. Belles, and P. H. Westra. 2009. Inheritance of 

resistance to the auxinic herbicide dicamba in kochia (Kochia scoparia). Weed Sci. 57:43-47. 

Schwinghamer, T. D. and R. C. Van Acker. 2008. Emergence timing and persistence of kochia 

(Kochia scoparia). Weed Sci. 56:37-41. 

Waite J. C. 2008. Glyphosate Resistance in Kochia. Masters of Science dissertation. Manhattan 
Kansas: Kansas State University. 
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Chapter Two: Literature Review 

2.1. Biology of Kochia 

Kochia scoparia L. is a member of the Amaranthaceae family, which contains approximately 

2,500 species (Friesen et al. 2009).  Of the 13 to 16 recognized species of kochia found in the 

world, three species are found in North America: K. scoparia, K. americana, and K. californica. Of 

these, only K. scoparia is found in Canada, where it has become a significant weedy species in 

the western provinces. Kochia species are diploid organisms containing 18 chromosomes 

(Friesen et al. 2009). The three kochia species found in North America are found to be 

genetically distinct and there is no evidence to support hybridization or gene flow between the 

species (Lee et al. 2005). 

Kochia is a facultative alkali halophyte (Khan et al. 2001).  Kochia seeds are highly salt 

tolerant and germination occurs over a wide range of temperatures.  It utilizes NADP-ME in the 

C4 photosynthetic pathway, giving the plant an advantage in water-use efficiency and salinity 

tolerance as compared to C3 species.  In addition, kochia is adapted to dry, hot conditions with 

reduced leaves that are composed of a hairy under surface, inconspicuous apetalous flowers, a 

deep taproot, and an extensive lateral root system. 

2.1.1. Distribution and Abundance of Kochia scoparia 

 

Kochia is native to Eurasia and was likely introduced to North America in the mid-1800s as 

an ornamental (Friesen et al. 2009), and is now prevalent throughout the continent, occurring in 

42 of the 48 contiguous United States (with the exception of Arkansas, Alabama, Georgia, 

Florida, North Carolina, and Maryland) (Heap 2015). In Canada, kochia is found in all the 

provinces with the exception of Newfoundland and Labrador. While considered rare in the 
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prairie provinces of Alberta and Saskatchewan in 1948, by 2009 it had become the 10th most 

abundant weed in arable fields in the Canadian Prairies (Friesen et al. 2009). It is the 4th most 

abundant weed in the southern semiarid Grassland region (Leeson et al. 2005). In the 2000s 

residual weed surveys (weeds that were present following in-crop application of herbicides) 

reported that in fields where kochia occurred, densities averaged 4.5 plants m-2 but densities of 

>100 plants m-2 were reported. 

Kochia can tolerate nearly all temperature ranges in Canada, although it has a defined 

northern expansion limit set by the length of the frost-free growing season (Friesen et al. 2009).. 

It is well adapted to arid and semi-arid regions of the prairies and to saline soils that limit or 

prohibit crop growth. Kochia is also tolerant of conditions associated with acidic soils, including 

aluminum and manganese toxicity that are normally toxic to other plants. Kochia is found in a 

wide range of habitats: as an in-crop weed common in direct seeded systems, especially where 

chemical fallow is practiced; as a ruderal weed in disturbed areas with low resource availability; 

and in saline or alkaline areas and in rangeland. 

2.1.2. Morphology 

 

Kochia seed is oval or nearly oval, from 1.5 to 2.0 mm long, flattened and grooved. It is 

enclosed in a papery envelope, formerly 5 winged sepals (Friesen et al. 2009). Seedling 

cotyledons are short, narrow, and bright pink on the under surface. True leaves are sessile, 

linear, and covered in dense hairs. The juvenile has alternatively arranged leaves, on an erect 

and much-branched stem. Leaves on the juvenile appear grayish-green. Flowers on mature 

plants are numerous and inconspicuous, born in the leaf axis.  Pollen production is prolific, 

usually indicating an outcrossing species (see Population Biology, below). Kochia has a deep 

rooting system and lateral roots may extend to a horizontal distance of 7 m (Davis et al. 1967). 
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Morphologically, mature kochia is very diverse, with the environment playing a large part in 

its phenotypic characteristics with growth, height, and seed production influenced by both inter- 

and intraspecific competition within a field (Becker 1978; Friesen et al. 2009). When grown in 

the absence of competition, the growth form is nearly spherical, while in dense stands growth 

form can be erect, tall, and single-stemmed. Growth form and stand densities influence seed 

dispersal distances.  

2.1.3. Life Cycle 

 

Kochia is an annual broadleaf weedy species that emerges very early in the spring after >50 

growing degree days (at a base temperature of 0°C) (Bullied et al. 2003; Schwinghamer and Van 

Acker 2008); however, additional germination can continue throughout the growing season 

(Friesen et al. 2009). Emergence begins prior to crop seeding, before many other common 

weedy species, and may provide kochia with a distinct survival advantage in cropping systems. 

Kochia emergence is influenced by vertical seed placement in soil; 74% of exposed kochia seeds 

on soil germinated compared to 52% of kochia seeds that germinated when planted at a depth 

of 3 mm. No seedlings germinated when kochia seed was planted at a depth in excess of 40 mm 

(Friesen et al. 2009).  

Kochia is a short day plant and will typically start to flower between 8 and 10 weeks after 

emergence; but flowering, seed set, and maturation continues until a frost kills the plant 

(Eberlein and Fore 1984; Mickelson et al. 2004). A typical kochia plant may produce between 

2,000 and 30,000 seeds per plant (Friesen et al. 2009), depending on plant density, 

environmental conditions, and resource availability.  

Kochia disperses seed as it reaches maturity. The seeds drop below the plant, although 

kochia can also disperse its seed over a wide area as a tumbleweed (Baker et al. 2008). As kochia 
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plants reach maturity an abscission zone forms at the base of the plant due to declining internal 

moisture levels. The tumbleweed mechanism occurs when the entire above ground portion of a 

mature plant breaks close to the soil surface and rolls from wind pressure, dropping seed along 

the way.  It is reported that once the plant reaches maturity, wind speeds between 40 and 48 

km hr-1 cause the abscission zone to break at the base of the plant (Becker 1978). Partially as a 

result of the long distance dispersal facilitated by tumbling, kochia has the highest rate of spread 

of any weed in western USA (Forcella 1985) and is one of the most abundant weeds in western 

Canada (Friesen et al. 2009). 

2.1.4. Seed Banks 

 

Freshly harvested kochia seed does not exhibit a high degree of dormancy, and germination 

can be very rapid, within two hours of receiving appropriate conditions (personal observation).  

Kochia seed is relatively short-lived in the seed bank (Schwinghamer and Van Acker 2008).  After 

one spring and summer, the residual seed bank was reported to be less than 10% of the total 

kochia that had emerged over that time period.  The relatively short seed bank life provides a 

mechanism to decrease kochia populations. Should seed deposition be prevented for a single 

year, populations are likely to decline.  

2.1.5. Pollination Biology 

 

Kochia is self-compatible, enabling a single plant to produce seed and facilitating 

colonization of new disturbed areas. However where kochia occurs in proximity, the frequency 

of pollen-mediated gene flow is relatively high. Kochia is a protogynous flowering species, where 

the stigma of the plant becomes receptive to pollen prior to the anther of the plant releasing 

pollen. While self-compatible it is believed that the emergence and deterioration of stigmas 
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occur before anther maturity, reducing self-pollination within the same flower (Friesen et al. 

2009), allowing the plant to be more receptive to foreign pollen and less dependent on self-

pollination (Stallings et al. 1995). In a study using sulfonyurea resistance as a marker, Stallings et 

al. conducted field trials to measure pollen-mediated gene flow in kochia. Short distance (1.5 m) 

outcrossing was 13.1% and declined with distance to 1.4% 29 m away from the pollen source. 

Gene flow was correlated with prevailing wind direction, as expected for wind vectored pollen 

movement.  Mulugeta et al. (1994) reported pollen to be 99.9% deposited within 154.4 m and 

pollen remained viable for <1 day to 12 days.  Therefore, while kochia is primarily self-

pollinated, there is “substantial outcrossing” potential for considerable distances (Friesen et al. 

2009; Mulugeta et al. 1994; Stallings et al. 1995). Cross-pollination facilitates the ability for 

genes to move with pollen, the stacking of resistance genes, and genetic variability within 

populations. 

2.1.6. Genetic Diversity 

 

Genetic diversity is a measure of the variation found in heritable characteristics of a species 

that may vary within a population (in the case of outcrossing species) or between populations 

(in the case of self-pollinating species). Mengistu and Messersmith (2002) examined the 

diversity of 13 kochia populations using 45 ISSR loci and correlation with herbicide resistance 

status. They reported that kochia is a genetically diverse species, with most of the diversity 

found within populations and not among them; indicating “substantial levels of gene flow within 

and among populations” (Friesen et al. 2009). 
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2.1.7. Allelopathy 

 

In laboratory settings, kochia has shown to have allelopathic effects on some crop species, 

including sorghum (Sorghum bicolor L.), soybean (Glycine max), cotton (Gossypium hirsutum L.), 

and sunflower (Helianthus annuus), and at least one native range species, blue grama 

(Bouteloua gracilis) (Friesen et al. 2009). Additionally, it is believed that kochia has autotoxicity; 

where a large kochia population within the geographical region will reduce vegetative and 

reproductive growth throughout the stand (Friesen et al. 2009). There was no direct evidence 

that alleleopathy plays a role under natural conditions.  

2.1.8. A History of Herbicide Resistance in Kochia 

 

Kochia resistant to the photosystem II herbicide triazine was first reported in 1986 (Salhoff 

and Martin 1986), to ALS inhibitor chlorsulfuron in 1990 (Primiani et al. 1990), and to dicamba in 

1994 (Cranston et al. 2001) – all of which occurred first in the United Sates. The first ALS 

inhibitor resistance was cross-resistant to other sulfonylurea herbicides and the imidazolinone 

herbicide imazapyr. The mechanism of resistance to the ALS inhibitors is a genetic change to the 

gene encoding for the ALS enzyme, which reduces the sensitivity of the enzyme to herbicide 

inhibition (Saari et al. 1990).  Subsequent research has shown that target site resistance in ALS 

inhibitors can be conferred at several different positions on the gene, and by several different 

amino acid substitutions (Tranel and Wright 2009; Warwick et al. 2008). The most common was 

a Trp574Leu mutation, followed by a Pro197 mutation by one of nine amino acids. Interestingly, 

30 kochia plants (10% of samples) were identified with more than one ALS target site mutation. 

This suggests that mutations are occurring independently and that pollen gene flow is occurring.  

Later Beckie et al. (2011) reported that 85% of kochia populations were resistant to ALS 

inhibitors.  
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Kochia resistant to glyphosate and ALS inhibitors was reported in 2011 (Beckie et al. 2012; 

Hall et al. 2014) (see below).   

2.1.9. Summary 

Several aspects of the biology of kochia have influenced the selection of herbicide 

resistance.  Firstly, abundance is very high. Although densities >100 plants m-2 have been 

reported in residual weed surveys (Leeson et al. 2005), kochia seedlings can form a dense carpet 

in early spring prior to seeding. This is due in part to the large number of small seeds produced 

and the lack of seed dormancy.  In the absence of a seed bank, kochia populations turn over 

rapidly.  

Kochia has a high genetic diversity from which traits can be selected due to pollen and seed 

mediated gene flow.  Additionally, herbicide resistance traits can be moved long distances by 

seed-mediated wind dispersal from plants, short distances by dehiscence from the maternal 

plant, and short to moderate distances via pollen-mediated gene flow (at least to distances of 30 

m). 

2.2. Glyphosate and Glyphosate Resistance 

2.2.1. Why is Glyphosate Such an Important Herbicide? 

Glyphosate (N-(phosphonomethyl)glycine) is the world’s most widely used herbicide due to 

its low toxicity, non-residual nature, and non-selective activity on both annual and perennial 

weeds. It is widely used in many applications, including agricultural, domestic, forestry, and 

industrial uses such as railway weed control and vegetation management on oilfield leases 

(Duke and Powles 2008).  

As a herbicide it has many positive attributes and few negative drawbacks (Baylis 2000).  
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2.2.2. History of Glyphosate Use in Canada 

Glyphosate was first introduced to Canada in 1974, two years after its first introduction to 

the United States, and marketed as a post-emergence non-selective herbicide (Duke and Powles 

2008; Grossbard and Atkinson 1985). It was widely adopted in chemical fallow and pre-seeding 

in zero-tillage cropping systems to replace tillage as a non-selective weed control and for post-

harvest control.  Due to its non-selective nature, glyphosate use was initially limited in cereal 

and oilseed production to removing weeds prior to crop emergence or after the desired crop 

had been harvested (Duke and Powles 2008). It wasn’t until the introduction of GR crops canola 

(Brassica napus L.), corn (Zea mays L.), soybean (Glycine max L. Merr.), and sugar beet (Beta 

vulgaris L.) that glyphosate was used as a selective herbicide in crop (Beckie et al. 2006; Duke 

and Powles 2008; Duke 2005). 

Since the initial introduction of GR soybeans to the world market in 1995, five major GR 

crop species have emerged including soybean, corn, cotton and  canola, which were planted to 

74.9 million hectares worldwide in 2007. Canada is the fourth largest planter of GR crops in the 

world, and plants approximately 89% of the global GR canola (Dill et al. 2008).  

The use of glyphosate in agricultural settings, both in Canada and around the world, has 

been consistently increasing. In 1995 there was a global demand for 51,078 tonne (Woodburn 

2000); however, by 2012 the global demand had risen to 500,000 tonne (Székács and Darvas 

2012), an increase that is largely attributed to the increased use of GR crops (Duke and Powles 

2008). Another factor contributing to the rise in the use of glyphosate has been a reduction in 

the cost of the herbicide.  

Glyphosate came off patent in 2000, allowing generic manufacturers to produce and sell 

the chemical, resulting in a decline in the price of glyphosate by 40% by 2006 (Duke and Powles 

2009).  
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2.2.3. Use Patterns of Glyphosate 

Glyphosate is used as a desiccant, as a fall applied herbicide for winter annual and 

perennial control, as a pre-seeding herbicide, and as an in-crop treatment. Since the 

introduction of GR crops there has been a shift towards in-crop weed control, attributed to the 

higher fuel and labour costs associated with fall and spring weed control techniques (Givens et 

al. 2009). Although the use of glyphosate has encouraged the adoption of zero-till and low-till 

farming practices, reduced the need for summer fallow, and has aided in soil and water 

conservation by Canadian growers (Holm and Johnson 2010), it has increased the number of 

applications of a single herbicide mode of action in a growing season (Givens et al. 2009). 

2.2.4. Physio-chemical Properties 

Glyphosate is a crystalline solid that is highly soluble in aqueous solutions, but generally 

insoluble in organic solvents as indicated by its low octanol/water partition coefficient (Kow) of 

0.0006-0.0017, and is considered to be hydrophilic. Glyphosate is a zwitterion, having four 

separate dissociation constants (pKa), dissociating its first phosphonic, carboxylate, second 

phosphonic and amine proton at pHs of 0.8, 2.3, 6.0, and 11.0 respectively (Franz et al. 1997).  

Glyphosate is considered a weak-acid herbicide. 

2.2.5. Uptake and Translocation 

Glyphosate is a systemic herbicide that enters the plant via diffusion through the leaf 

cuticle and is dependent on the plant surface intercepting the herbicide spray. The rate of 

uptake is modified considerably by the formulation and the surfactant system of the product 

(Nalewaja et al. 1996). The rate of uptake is variable between species and is believed to confer 

some differences in tolerance. Once inside the plant cells, glyphosate is rapidly translocated 
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primarily in the phloem, with up to 70% of the absorbed chemical translocated out of the leaves 

and concentrating in meristematic tissue (Franz et al. 1997). 

2.2.6. Mode of Action 

Glyphosate is the only Group 9 herbicide, targeting the 5-enolpyruvoylshikimate 3-

phosphate synthase enzyme (EPSPS), preventing the 6th step in the shikimic acid pathway (Franz 

et al. 1997). The shikimic pathway is a sequence of seven metabolic steps and is responsible for 

the metabolism of carbohydrates to chorismate, a precursor for the production of the aromatic 

amino acids phenylalanine, tyrosine, and tryptophan as well as aromatic secondary metabolites 

and pathway intermediates which produce branch point compounds that are substrates for 

other metabolic pathways (Franz et al. 1997; Herrmann and Weaver 1999). While present in 

bacteria, fungi, plants, and some protozoans, the pathway is absent in animals whose dietary 

requirement for aromatic amino acids derived from the shikimate pathway are obtained from 

consuming organisms possessing the pathway (Franz et al. 1997; Herrmann and Weaver 1999; 

Starcevic et al. 2008). 

In plants, EPSPS is a nuclear encoded, monomeric, monofunctional protein located 

predominantly in the chloroplasts and root plastids (Franz et al. 1997).  Its structure consists of 

two “distinct hemispherical globular domains” or sections that are connected by a “double-

stranded hinge” (Franz et al. 1997). When the ligand phosphoenolpyruvate (PEP) binds to the 

enzyme the sections close and the enzyme catalyzes the transfer of the ligand to shikimate 3-

phosphate. Glyphosate, however, acts as a competitive inhibitor to PEP, by binding to the EPSPS 

enzyme and thereby blocks the transfer step (Franz et al. 1997). 
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2.2.7. Environmental Profile 

Glyphosate is considered to have one of the safest environmental profiles amongst 

herbicides in use today. The herbicide binds tightly to soil colloids, limiting its mobility from the 

point of contact with the soil, where it is rapidly degraded into CO2 and aminomethylphosphonic 

acid by microorganisms found in the soil (Simonsen et al. 2008; Sprankle et al. 1975). Once the 

herbicide has come into contact with the soil, it is bound so tightly that there is virtually no soil 

activity; its rapid degradation ensures that there is no residual activity and due to its chemical 

structure the compound is not volatile, preventing atmospheric contamination (Duke and 

Powles 2008). There is no evidence to suggest adverse effects to the environment after the 

application of glyphosate (Duke and Powles 2008). 

In terms of its impact on other organisms, studies have shown glyphosate and its 

decomposition products to have a very low level of toxicity in mammals, birds, and fish, 

attributed to these organisms’ lack of a shikimate pathway, and is not retained in animal tissue; 

making the likelihood of bioaccumulation in the food chain low enough to be considered 

insignificant. The glyphosate molecule itself is considered to be non-toxic, non-mutagenic, non-

carcinogenic, non-teratogenic, and not neurotoxic (Franz et al. 1997).  

2.2.8. History of Glyphosate Resistance in Crops 

The first commercially introduced GR crops were soybean and canola in 1995, followed by 

cotton in 1997, and maize in 1998 (Duke 2005) all of which were adopted over a short period of 

time. One of the greatest driving factors encouraging such rapid adoption of GR crops is the 

economic advantage it presents the grower.  

Dill (2005) reported weed-management cost savings of $25 ha-1 in GR soybean as opposed 

to non-GR soybeans. In addition to the monetary savings presented in chemical weed control, 

applying glyphosate to GR crops provided growers savings in terms of fuel, as they had to make 
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fewer trips to the field to till their soil, which are reported as savings up to 53 L ha-1. This in turn 

not only created benefits such as needing lower horse-powered equipment required in weed 

management, but also promoted soil conservation issues such as water use efficiency, reduction 

in top soil erosion, and maintenance of organic matter content (Dill 2005). While initially 

reported that herbicide-resistant (HR) crops resulted in a reduction in herbicide use, HR crops 

increased herbicide use in the U.S. by an estimated 239 million kgs (527 million pounds) 

between 1996-2011, primarily due to an increasing reliance on glyphosate (Benbrook 2012). 

Additionally, when glyphosate came off patent in 2000, it led to many generic glyphosate 

herbicides becoming available, prompting a decline in the price of glyphosate, making adoption 

of GR crops and increased use of glyphosate more attractive to growers from an economical 

standpoint (Brookes and Barfoot 2014; Duke 2005).  

Farmers planted 0.55 billion hectares of HR corn, soybeans, and cotton from 1996 through 

2011, with HR soybeans accounting for 60% of these hectares. Most of these hectares (ha) were 

GR crops (Benbrook 2012). This has led to the glyphosate chemical being used as the exclusive 

form of weed control in a wide area over multiple years. 

2.2.9. History of Glyphosate Resistance in Weeds 

Glyphosate-resistant Lolium rigidum (rigid ryegrass) was first identified in the state of 

Victoria, Australia in 1996, 20 years after the glyphosate herbicide was first used commercially 

(Pratley et al. 1999). The following year glyphosate-resistant Eleusine indica (Goosegrass) in 

Malaysia was reported (Lee and Ngim 2000), and by 2015 glyphosate-resistance is reported in 

32 weed species across all six continents where agriculture is possible, with many species having 

evolved resistance to multiple herbicides (Heap 2015).  Glyphosate resistance evolved as a result 

of high selection pressure from repetitive use of the glyphosate herbicide. 
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2.2.10. History of Glyphosate Resistance in Kochia 

Glyphosate-resistant kochia was first identified in the state of Kansas, USA in 2007 (Waite 

2008; Waite et al. 2013); the following year it was confirmed in South Dakota, and in 2011 it was 

confirmed in Nebraska and Alberta (Beckie et al. 2011).  It now has been reported in seven 

states and three provinces of Canada (Beckie et al. 2015). Almost all populations were also 

resistant to ALS inhibitors tribenuron/thifensulfuron, but none were resistant to dicamba. 

Resistance level was considered low to moderate, with a resistance factor (the ratio of the rates 

required for 50% control of the resistant and susceptible populations) of 4 to 7. Most of the sites 

where GR kochia were identified were in or close to areas where chemical fallow was practiced 

and glyphosate may have been applied alone several times per season. Some Canadian 

populations were identified in waste areas or in cropped fields, but in Manitoba they were 

identified in GR soybean and corn crops. 

2.2.11. Selection for Herbicide Resistance 

Herbicide resistance is caused by selective pressures, which causes local populations of 

weeds to select for traits that allow them to survive and pass on the enhanced fitness to 

subsequent generations. It is defined to “describe a characteristic of species (as intact plants or 

plant cells in culture) to withstand substantially higher concentrations of a herbicide than the 

wild type of the same plant species” (Powles and Holtum 1994). It requires a heritable mutation 

in the gene or pathway that confers resistance to the herbicide, and is largely based on the 

genetic variation of the species, both within and outside a population. While this may lead to a 

change in the fitness of the resistant biotype as compared to the wild type, it “is directly related 

to the increase in the frequency of the resistance trait (phenotype) in the population” (Powles 

and Holtum 1994). 
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In populations that do not possess the allele(s) that confer resistance prior to the 

application of the herbicide, the probability of acquiring the resistant allele is based on the 

mutation frequency and size of the population being selected; however, if certain individuals 

within the population already possess the required mutation, it will be selected for in 

subsequent generations more rapidly (Powles and Holtum 1994). The time scale at which the 

development of resistance occurs is dependent on the genetic diversity within a population, the 

genetic diversity of any individuals entering the population from other populations, and the 

intensity of selection caused by the herbicide (Powles and Holtum 1994). 

The rate of evolution, from susceptible biotype to resistant biotype within a population also 

depends on the mode of inheritance governing the resistant allele(s), the number of genes 

which confer resistance to the herbicide, the reproductive strategy of the weed (the degree to 

which a species is out-crossing or selfing), the influence of gene flow, and the fitness level 

resistant biotypes have compared to their wild type relatives (Powles and Holtum 1994). 

2.2.12. Mechanisms of Glyphosate Resistance 

Several mechanisms of glyphosate resistance have evolved (Powles and Preston 2006). It 

has been reported that the EPSPS target site resistance to glyphosate is caused by a change to 

the hydrophobic Pro 106 amino acid, which causes a structural change in the active site 

(Sammons and Gaines 2014). Moderate levels of resistance, between 2 to 15 times susceptible 

levels, is caused by this target site mutation. (Sammons and Gaines 2014; Lee and Ngim 2000).  

Non-target site resistance was first reported in Australia in Lolium ridgidum (Pratley et al. 

1999) and the mechanism subsequently investigated by Powles and Preston 2006. In Lollium and 

other weeds including Conyz canadensis, low levels of resistance are conferred by a reduction in 

glyphosate translocation from the treated leaves. The exact biochemical mechanism remains 

elusive but the trait is inherited as an incomplete dominant nuclear inherited trait.  
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In 2006 Palmer amaranth (Amaranthus palmeri) was identified in the USA by Culpepper et 

al. (2000) as resistant to between 6.2 and 8 times the rates of glyphosate needed to kill 

susceptible populations. The mechanism of glyphosate resistance was later determined to be 

gene amplification. Resistance was conferred by multiple duplications (60-100 fold) of the EPSPS 

gene on multiple chromosomes (Douglas Sammons and Gaines 2014; Gaines et al. 2010). 

Further research found this amplification was linked to “miniature inverted repeat transposable 

elements (MITEs)” next to the EPSPS gene copies in resistant individuals (Gaines et al. 2013). 

Vila-Aiub et al. (2014) reported that there was no fitness difference between resistant and 

susceptible plants.  

In 2014, Jugulam et al. reported the mechanism and inheritance of glyphosate resistance in 

kochia. Glyphosate-resistant kochia was collected in Kansas in 2007, 2010, and 2012. The 

arrangement of EPSPS gene copies within the chromosome was determined. Plants collected in 

2007 were shown to have an average of 9 EPSPS copies. By 2012 populations collected were 

shown to have between 12 and 16 copies, and a corresponding increase in tolerance of the 

glyphosate herbicide. Multiple copies of the gene encoding for EPSPS were located only on two 

chromosomes. This is different from the EPSPS amplification seen in Amaranthus palmeri, where 

EPSPS copies were distributed on many chromosomes across the genome (Gaines et al. 2010). 

Jugulam et al. (2014) reported that tandem amplification of a target gene is the basis for 

glyphosate resistance in kochia.  They suggested that the mechanism of the EPSPS amplification 

was due to unequal crossover, as the EPSPS gene occurs at the telomere region of the 

chromosome. Sammons and Gaines (2014) reported that in several instances, when glyphosate 

selection was removed from subsequent plant lines, duplicate copies of EPSPS were not 

maintained; suggesting that the duplicated genes were either unstable or conferred a fitness 

penalty to the plant.  Subsequent research into duplicate copies of EPSPS in Palmer amaranth by 
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Giacomini (2015) found no evidence of a fitness cost to the plant and, although there has been 

no research done to date on fitness penalties in kochia, it is reasonable to assume this would be 

true for any species exhibiting this type of gene amplification. The gradual development of 

resistance by multiple copies accumulating suggests that reduction in herbicide rates due to 

incomplete spray coverage and less-than-required spray volumes will result in subsequent 

generations becoming more resistant to glyphosate (Jugulam et al. 2014) and the long term-loss 

of glyphosate as a control option. 

 

2.2.13. Summary 

The selection of herbicide resistance to multiple herbicides including glyphosate has 

initiated research into alternative approaches to weed control, including new herbicides 

(reviewed in (Burton et al. 2014; Shaner and Beckie 2014), alternative time of application of 

herbicides, mechanical destruction of weed seeds (Walsh and Newman 2007; Walsh et al. 2013; 

Walsh and Powles 2014), RNAi technologies targeting specific herbicide resistant mechanisms 

(reviewed in (Shaner and Beckie 2014), and biological control. However, ultimately the 

appropriate use of the tools for chemical weed control is the responsibility of the grower. 

Unfortunately with widely dispersed weed such as kochia, the poor decisions of one grower can 

become the problem weed for the community.  
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Chapter Three: A comparison of pre-seeding herbicides for 
control of Kochia scoparia 

3.1. Introduction 

Kochia scoparia is the 10th most abundant weed found on arable fields in the Canadian 

prairies. It is well adapted to arid and semi-arid regions, saline soils that limit crop growth, and is 

tolerant of acidic soils (Friesen et al. 2009).  Kochia is a weed of agricultural fields, ruderal areas, 

and rangeland, facilitated by tumbleweed seed dispersal. As the plant reaches maturity, an 

abscission zone forms at the base of the plant. Wind speeds of between 40 and 48 km h-1 cause 

the abscission to break at the base of the stem, allowing the mature kochia to deposit its seeds 

across large distances as a tumbleweed (Becker 1978). 

A typical kochia plant may produce between 2,000 and 30,000 seeds per plant (Friesen et 

al. 2009). Kochia seed has low innate seed dormancy, with seed viability decreasing significantly 

after 4 months in the soil (Zorner et al. 1984). Kochia is an early emerging plant, germinating 

after 50 GDD (Bullied et al. 2003; Schwinghamer and Van Acker 2008), with additional flushes of 

new seedlings continuing throughout the growing season. Abundance, early emergence and a 

lack of seed dormancy result in large numbers of kochia seedlings prior to crop emergence. In 

the absence of control by glyphosate and to reduce the selection of GR kochia, alternative pre-

seed herbicides are required to provide control of kochia in cereal, pulse, and oilseed crops.  

Glyphosate-resistant kochia was identified in Kansas in 2007 (Waite 2008), and by 2015 was 

reported in eight U.S. states (Heap 2015). The first reported incidence of kochia with resistance 

to multiple herbicide modes of action (ALS-inhibitors and glyphosate) in Canada was in southern 

Alberta in 2011. Three populations were identified on chem-fallow fields, with an additional 

seven populations identified during a survey later that year within a 20-km radius of the initial 

sites (Appendix 1). A subsequent survey was conducted in southern Alberta in 2012 to 
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determine the distribution and abundance of the GR biotype that was identified in 13 additional 

populations (4% of fields surveyed) (Appendix 2). Further delineation was required to determine 

the geographical extent of GR kochia in Canada, and concurrent surveys were conducted in 

Saskatchewan and Manitoba in 2013. Seventeen of the 342 populations sampled in 

Saskatchewan and 2 of the 283 populations sampled in Manitoba were found to be glyphosate 

resistant (Beckie et al. 2015). In areas where kochia is common and glyphosate has been used 

repetitively over many years, glyphosate resistance should be a key consideration for growers 

making decisions on herbicides for kochia control. 

3.2. Materials and Methods 

3.2.1. Site Description   

Six trials were conducted in Saskatchewan and Alberta in 2011 and 2012 to determine if 

herbicides applied pre-seeding would have a similar effect as that of glyphosate on kochia 

biomass.  In 2011, trials were established in a naturally occurring kochia population at the 

Agriculture and Agri-food Canada research station in Scott, SK (52°21’38”N 108°50’15”W) and in 

a manually established trial in Ellerslie, AB (53°25’37”N 113°32’45”W). In 2012 trials were 

established in a naturally occurring kochia infestation near Lethbridge, AB (49°45’28”N 

112°55’26”W) and manually established in trials near Ellerslie, AB (53°25’13”N 113°32’29”W), 

Olds, AB (51°45’59”N 114°00’56”W) and St. Albert, AB (53°41’34”N 113°37’16”W). All trials were 

conducted in fields that had crop stubble from previous years. Ten composite soil samples from 

a depth of 0 to 6 inches were taken from each trial using a hand soil auger and submitted for  

soil analysis.  

In trials where naturally occurring populations of kochia were not present, kochia was 

seeded manually by hand, spreading the seed evenly across the entire trial area.  Manually 

seeded kochia was obtained from a natural population near Brooks, Alberta in 2010. Although 
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this seed was not tested for glyphosate resistance as resistance at this time had not been 

reported. The lack of resistance was confirmed in trials as the glyphosate treatment alone was 

effective. Herbicides were applied uniformly at all sites when kochia seedlings were at the 3-leaf 

stage (BBCH scale 13-15), when they were large enough to intercept the herbicide spray. One 

week after herbicide application, spring wheat (Stettler) was direct seeded using a Wintersteiger 

Plotseed XXL with no-till openers at a rate of 200 seeds m-2 using a drill seeder with 6 inch row 

spacing and a depth of 2 inches.  

Trials were designed as a randomized complete block design with four replicates. Plot size 

was 2 m by 7 m. Three 0.25 m2 quadrats were randomly established in each plot prior to 

herbicide application, at the front, middle and back of each plot. Locations, soil properties, 

planting date, herbicide application date, and density at time of application are listed in Table 3-

1.  

3.2.2. Herbicide Treatments   

Herbicide treatments were selected from contact or residual herbicides that could be 

applied pre-seeding: pyrasulfotole + bromoxynil, 2,4D 700 ester, saflufenacil, carfentrazone-

ethyl, fluroxypyr + MCPA, bromoxynil + 2,4D 700 ester, diquat, glufosinate ammonium, dicamba 

and diflufenzopyr + dicamba, and were compared to glyphosate (Tables 3-2). Clethodim (0.125 L 

ha-1) was applied as a maintenance herbicide in Lethbridge to control wild oats. 

All herbicide treatments were applied using a backpack sprayer with CO2 calibrated to 

deliver 100 L ha-1 water volume at 275 kPa. The boom was 1.5 m long and equipped with four 

Air Bubble Jet low drift 80015VS nozzles. Herbicides were applied 38 cm above the plant canopy. 
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3.2.3. Effect of Herbicide Treatments   

Kochia control was visually assessed on a scale of 0 (no control) to 100% (plant death) at 1, 

2, and 4 weeks after application (WAA). Four WAA all kochia vegetation from within each 

quadrat was  clipped at the soil surface, and was placed into cloth bags. The bags containing the 

kochia vegetation was dried at 50° C in an air oven for 60 hours, and weighed to determine the 

biomass. 

3.2.4. Statistical Analysis   

Data was analyzed in SAS software (ver. 9.3 SAS Institute, Inc, Cary, NC). Biomass and visual 

data were analyzed using the PROC MIXED procedure for ANOVA analysis. Variances were 

divided into random replication (block, plot, and quadrat) and fixed effects (herbicide 

treatment). Data was tested for homogeneity of variance, although the data was not normal. 

Arcsine, logarithmic and square root transformations of the data were explored in an attempt to 

normalize the data; however, in the absence of normal data, untransformed data was used. The 

Z-test was used to test the significance of the random interactions and the F-test was used to 

test the significance of fixed effects. Plant count data was analyzed using the PROC GENMOD, 

with treatment as a continuous variable. Data was tested for homogeneity of variance, although 

the data had negative binomial distribution. Arcsine, logarithmic and square root 

transformations of the data were explored in an attempt to normalize the data; however, in the 

absence of normal data, untransformed data was used.  Means were separated using a Dunnett-

Hsu adjustment at P<0.05.  

3.3. Results 

 

Sites varied in soil parameters including organic matter, pH and EC, and herbicides varied in 

their soil residual activity (Table 3-1). The average monthly temperatures of the sites were 
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similar but the amount of rainfall sites received varied widely (Table 3-2), and may have 

influenced the available soil moisture and possibly the activity of soil active herbicides.  Because 

soil organic matter and soil moisture may have influenced the activity of pyrasulfotole + 

bromoxynil, saflufencacil, and to a lesser extent the auxinic herbicides, sites were analysed 

separately. Glyphosate, carfentrazone-ethyl, diquat and glufosinate ammonium have no soil 

residual activity and thus are less like to be affected by soil parameters. Kochia susceptibility to 

herbicides may have been influenced by weather, including humidity and soil moisture. 

Sites also varied in the density and origin of kochia populations; at Scott, and Lethbridge, 

natural populations were present but populations were manually established by seeding in 

Ellerslie (2011 and 2012), Olds (2012), and St. Albert (2012). Natural stands were more spatially 

variable but manually seeded stands were slower to emerge and resulted in delayed herbicide 

application (Table 3-1).   

At Scott in 2011, soil organic matter was low (2.9%) (Table 3-1), and substantial rainfall was 

received in June (307-fold the long term average) (Table 3-2). Visually 2-4D, 700 ester, 

saflufenacil, and bromoxynil + 2,4D – 700 ester performed as well as glyphosate (Table 3-4). In 

untreated controls, kochia biomass averaged 54 g m-2 4 WAA while averaging 11 g m-2 4 WAA in 

plots treated with glyphosate. No herbicide significantly reduced kochia biomass (Table 3-5). 

This is possibly because of the recovery of kochia in response to rainfall (Table 3-2).  

Ellerslie had high soil organic matter (12 and 11.2% in 2011 and 2012, respectively) (Table 

3-1) and in June and July of 2011 received rainfall 147- and 158-fold the long-term average 

(Table 3-2). At Ellerslie in 2011, kochia densities prior to application averaged 99 plants m-2 in 

untreated controls at the time of application and had increased to 111 plants m-2 4 WAA (Table 

3-3). Kochia biomass 4 WAA was 36 g m-2 in the untreated checks (Table 3-6). Visually,  

pyrasulfotole + bromoxynil, carfentrazone-ethyl and fluroxypyr + MCPA ester performed as well 
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as glyphosate (Table 3-4). Most herbicides, with the exception of dicamba, diquat, and 

glufosinate ammonium, had similar reductions in biomass as the glyphosate treatment (Table 3-

6).  

At Ellerslie in 2012, rainfall was lower than normal (Table 3-2). Kochia densities at the time 

of application averaged 46 plants m-2 in the untreated checks. However, by 4 WAA densities had 

increased to 276 plants m-2 (Table 3-3), suggesting that kochia populations were sprayed early 

relative to peak emergence. Kochia biomass in untreated checks averaged 92 g m-2, while plots 

treated with glyphosate averaged 9 g m-2 4 WAA (Table 3-7). At this site all herbicides, with the 

exception of diquat, were as effective as glyphosate in reducing kochia biomass (Table 3-7).  

Similar to Ellerslie, the St. Albert 2012 site had high organic matter (11.9%) and below 

normal rainfall that may have influenced herbicide efficacy. Kochia densities at the time of 

herbicide application averaged 102 plants m-2 and had densities of 109 plants m-2 at the end of 

assessments, 4 WAA (Table 3-3). In untreated checks kochia biomass averaged 53 g m-2 while 

averaging 17 g m-2 4WAA in plots treated with glyphosate. Pyrasulfotole + bromoxynil, 2,4D - 

700 ester, saflufencacil, carfentrazone-ethyl, fluroxypyr + MCPA Ester, and bromoxynil + 2,4D - 

700 ester all provided similar control to glyphosate (Table 3-8).   

In Olds soil organic matter was 8.1% and rainfall near historical averages. Kochia densities 

in the untreated checks averaged 187 plants m-2 at the time of herbicide application and 

increased to 309 plants m-2 4 WAA (Table 3-3), suggesting kochia populations were sprayed early 

relative to peak emergence. Kochia biomass exceeded 273g m-2 4 WAA in untreated checks 

(Table 3-9). In this site only fluroxpyr + MCPA provided similar control as glyphosate (Table 3-9). 

Pyrasulfotole + bromoxynil, saflufencacil, carfentrazone-ethyl, bromoxynil + 2,4D, diquat and 

glufosinate ammonium provided similar efficacy to each other and 2,4-D, dicamba and 

diflufenzopyr + dicamba were similar to the untreated checks (Table 3-9). 
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In Lethbridge in 2012 soil organic matter was also low (3%). Kochia densities in the 

untreated checks averaged 191 plants m-2 at the time of herbicide application and increased to 

701 plants m-2 (Table 3-3), suggesting kochia populations were sprayed early relative to peak 

emergence. Kochia biomass averaged 28 g m-2 in the untreated check 4 WAA. No herbicides 

were effective at this site (Table 3-10). 

3.4. Discussion 

 

Pre-seeding herbicides are limited to products that either have no residual activity or are 

safe to the crop. In addition to products currently registered for use pre-seeding (carfentrazone, 

2,4-D, bromoxynil), we included products with kochia efficacy that are generally applied in crop 

(fluroxypyr, diquat, glufosinate, dicamba and diflufenzapyr + dicamba). Group 10 and 22 

(glufosinate and diquat) have no residual activity and can be used for vegetation control in the 

absence of a planted crop. Group 4 and 19 products (fluroxypyr, dicamba and diflufenzapyr + 

dicamba) were included because of the limited resistance to this mode of action. However, 

auxinic herbicides may affect cereal crop when applied pre-seeding or early in crop. Further 

research on crop tolerance should be considered for fluroxypyr applied pre-seeding.  

Treatment effects across all sites were variable; no herbicide was effective at every trial in 

the study and, in the case of the trials in Lethbridge and Scott, no herbicide was effective at 

reducing kochia biomass compared to the untreated check. Lack of control could not be 

explained by rainfall following herbicide application. It is possible that the high precipitation in 

Scott in 2011 allowed the kochia to overcome the herbicide effects over the course of the study, 

while at Lethbridge the high populations of kochia, and subsequent flush of weeds after the 

herbicide application may have masked herbicidal effects (Figure 3-1). 
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Of the other four trials in the study, fluroxypyr was as effective at controlling kochia 

biomass as glyphosate in all trials; bromoxynil + 2,4D, saflufenacil, carfentrazone-ethyl, and 

pyrasulfotole + bromoxynil controlled kochia biomass as effectively as glyphosate in 3 trials, 

diflufenzopyr + dicamba controlled kochia biomass as effectively as glyphosate in 2 trials, and 

glufosinate and dicamba were as effective at controlling kochia biomass as effectively as 

glyphosate in 1 trial each. These results differ from a greenhouse study looking at the response 

of GR kochia, which reported dicamba as the least effective herbicide at suppressing kochia 

biomass (Burton et al. 2014). 

It is likely the differences between sites, such as soil organic matter, rainfall, and the 

emergence timing and flushes of kochia compared to the spray timing, influenced herbicide 

control of kochia. Effective tank mixes (a combination of two or more herbicides which can both 

control kochia and possess different sites of action (Wrubel and Gressel 1994) will have the 

greatest influence on the control of kochia populations and seed production, slowing the 

selection of GR kochia. While not consistently effective, tank mixes of glyphosate and 

bromoxynil + 2,4D, saflufenacil, carfentrazone-ethyl, and pyrasulfotole + bromoxynil should be 

considered for pre-seeding control of kochia in areas where glyphosate resistance has not been 

identified. 

These results are similar to those found by Kumar and Jha (2015) who found that herbicides 

applied pre-seeding could serve as a foundation for kochia control. In their experiment, fourteen 

treatments containing a total of a combination of 18 herbicides were evaluated for visual kochia 

efficacy at 8, 10, and 12 weeks after treatment. Although the treatments and visual assessments 

cannot be directly compared, the study supports the idea that effective tank mixes will have the 

greatest influence on kochia populations that emerged early in the growing season. 
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Table 3-1. Location, soil characteristics, spray date and density for pre-seeding 

studies in 2011 and 2012. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Location Year

Soil

texture Soil OM

Soil

pH EC

Application

date Kochia density 

% dS m-1 # m-2

Scott, SKb 2011 Loam 2.9 5 n/a June 1 32

Ellerslie, ABa 2011 Clay loam 12 6.3 0.46  June 13 99

Ellerslie, ABa 2012 Clayloam 11.2 71 0.44 June 14 46

St. Albert, ABa 2012 Clay 11.9 7 0.30 June 12 102

Olds, ABa 2012 Loam 8.1 7.6 2.04 June 11 187

Lethbridge, ABb 2012 Sandy clay 3 8.1 0.62 May 18 191
a Kochia seeded into trials
b Trials seeded into natural kochia populations
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Table 3-2. Mean monthly air temperatures and precipitation during May, June 

and July at trial locations for pre-seeding studies in 2011 and 2012. 

Location Year

May June July May June July

Scott, SKb 2011 10.1 (10.8) 14.4 (15.3) 17.0 (17.1) 30.8 (84.0) 190.2 (307.0) 76.2 (95.0)

Ellerslie, ABa 2011 11.0 (10.6) 15.1 (14.6) 17.2 (17.0) 15.6 (31.0) 128.2 (147.0) 150.4 (158.0)

Ellerslie, ABa 2012 11.1 (10.6) 15.1 (14.6) 17.2 (17.0) 37.7 (76.0) 72.4 (83.0) 104.8 (110.0)

St. Albert, ABa 2012 10.9 (10.6) 14.8 (14.6) 16.9 (17.0) 43.3 (86.0) 75.7 (87.0) 90.2 (95.0)

Olds, ABa 2012 9.3 (9.4) 13.3 (13.3) 15.7 (15.4) 57.7 (54.6) 91.6 (89.6) 81.4 (87)

Lethbridge, ABb 2012 11.0 (11.3) 15.2 (15.5) 18.1 (18.0) 50.9 (49.4) 78.4 (63.0) 39.0 (47.5)
a Kochia was seeded into trials
b Trials took place in natural kochia populations

Precipitation Air Temperature

---------C (Long term average)--------- ----- mm (% of Long term average) -----

Weather data was obtained from Alberta Agriculture and Forestry's 

Current and Historical Alberta Weather Station Data Viewer located at:

http://agriculture.alberta.ca/acis/alberta-weather-data-viewer.jsp
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Table 3-3. Kochia plant densities, at time of herbicide application and 4 weeks after application for all study sites.     

 

Treatment Rate

g ai ha-1 W 0 W 4 Pr>|z| W 0 W 4 Pr>|z| W 0 W 4 Pr>|z| W 0 W 4 Pr>|z| W 0 W 4 Pr>|z|

Untreated Check 99 111 0.9434 46 276 <0.0001 191 701 <0.0001 187 309 <0.0001 102 109 0.4473

Glyphosate control 900 98 5 <0.0001 42 5 <0.0001 86 102 0.7248 125 9 <0.0001 115 1 <0.0001

Pyrasulfotole + bromoxynila 205 86 3 <0.0001 47 24 <0.0001 170 377 <0.0001 197 114 <0.0001 44 7 <0.0001

2,4D - 700 ester 560 90 16 <0.0001 44 118 <0.0001 146 571 <0.0001 177 330 <0.0001 38 14 <0.0001

Saflufenacil 18 108 1 <0.0001 64 29 <0.0001 109 192 <0.0001 234 89 <0.0001 55 4 0.0008

Carfentrazone-ethyl 8.9 97 14 <0.0001 52 97 <0.0001 146 259 0.0003 285 360 0.1188 108 80 0.0001

Fluroxypyr + MCPA ester 107 + 556 167 10 <0.0001 48 61 0.3148 178 318 0.0005 118 137 0.4483 86 23 <0.0001

Bromoxynil + 2,4D - 700 ester 280.3 + 280.3 143 6 <0.0001 52 106 0.0002 90 230 <0.0001 135 147 0.9661 47 8 <0.0001

Diquatb 637 72 1 <0.0001 58 15 0.8254 177 56 0.7027 200 23 <0.0001 75 15 0.0349

Glufosinate ammoniumc 300 27 24 <0.0001 8 14 0.0004 43 221 0.5027 47 26 <0.0001 22 53 <0.0001

Dicamba 139 107 24 0.083 50 14 <0.0001 130 221 0.5893 217 26 <0.0001 42 53 0.8076

Diflufenzopyr + dicambaa 28.6 + 71.4 185 112 0.0008 36 233 <0.0001 88 171 0.0181 174 232 0.0437 58 55 0.5865

W 0 = plant counts prior to herbicide application

W 4 = plant counts at 4 WAA
a Merge (0.5% vol/vol)
b AMS (1.25% vol/vol)
c Agsurf (0.1% vol/vol)

# m-2 # m-2 # m-2 # m-2 # m-2

Ellerslie / 2011 Ellerslie / 2012 Lethbridge / 2012 Olds / 2012 St. Albert / 2012
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Table 3-4. Visual estimates of kochia control at 4 WAA for all study sites. 

 

Treatment Rate Scott/2011 Ellerslie/2011 Ellerslie/2012 St. Albert/2012 Lethbridge/2012

g ai ha-1 WAA VA S.E. VA S.E. VA S.E. VA S.E. VA S.E. VA

1 0a 7.1 0a 7.1 0a 7.1 0a 7.1 0a 7.1 0a

2 0a 14.1 0a 14.1 0a 14.1 0a 14.1 0a 14.1 0a

4 0a 0.0 0a 0.0 0a 0.0 0a 0.0 0a 0.0 0a

1 30b 7.1 30b 7.1 94c 7.1 94c 7.1 40b 7.1 83c

2 100c 14.1 100c 14.1 94c 14.1 94c 14.1 83c 14.1 99c

4 83c 0.0 100c 0.0 98c 0.6 99c 0.0 92c 3.0 95c

1 75b 7.1 75b 7.1 85c 7.1 89c 7.1 52b 7.1 90c

2 98c 14.1 96c 14.1 93c 14.1 95c 14.1 59b 14.1 90c

4 46b 6.4 96c 6.4 81c 6.4 88c 6.4 56b 6.4 61b

1 18b 7.1 18b 7.1 45b 7.1 50b 7.1 39b 7.1 68b

2 85c 14.1 79b 14.1 71b 14.1 51b 14.1 26b 14.1 82b

4 86c 6.4 73b 6.4 50b 6.4 73b 6.4 39b 6.4 50b

1 100c 7.1 100c 7.1 98c 7.1 99c 7.1 73b 7.1 98c

2 95c 14.1 98c 14.1 98c 14.1 99c 14.1 83c 14.1 99c

4 86c 6.4 83b 6.4 92c 6.4 99c 6.4 64b 6.4 84c

1 79b 7.1 79b 7.1 71b 7.1 53b 7.1 86c 7.1 80b

2 65b 14.1 98c 14.1 78b 14.1 58b 14.1 79b 14.1 91c

4 58b 6.4 98c 6.4 73b 6.4 83b 6.4 73b 6.4 63b

1 26b 7.1 25b 7.1 60b 7.1 73b 7.1 50b 7.1 81b

2 65b 14.1 92c 14.1 80b 14.1 83b 14.1 78b 14.1 96c

4 75b 6.4 97c 6.4 79b 6.4 93c 6.4 54b 6.4 91c

1 86c 7.1 87c 7.1 78b 7.1 65b 7.1 38b 7.1 81b

2 78b 14.1 67b 14.1 76b 14.1 70b 14.1 61b 14.1 90c

4 92c 6.4 37a 6.4 76b 6.4 93c 6.4 56b 6.4 50b

1 94c 7.1 93c 7.1 40b 7.1 20b 7.1 58b 7.1 90c

2 91c 14.1 90c 14.1 40b 14.1 23b 14.1 76b 14.1 91c

4 73b 6.4 79b 6.4 48b 6.4 63b 6.4 60b 6.4 49b

1 45b 7.1 42b 7.1 46b 7.1 50b 7.1 80b 7.1 88c

2 80b 14.1 73b 14.1 68b 14.1 53b 14.1 87c 14.1 95c

4 79b 6.4 50b 6.4 89c 6.4 78b 6.4 91c 6.4 84c

1 5a 7.1 16a 7.1 40b 7.1 35b 7.1 30b 7.1 25a

2 50b 14.1 40b 14.1 45b 14.1 43b 14.1 79b 14.1 43b

4 53b 6.4 45b 6.4 45b 6.4 58b 6.4 54b 6.4 25a

1 18b 7.1 23b 7.1 39b 7.1 45b 7.1 60b 7.1 69b

2 71b 14.1 70b 14.1 65b 14.1 46b 14.1 79b 14.1 69b

4 72b 6.4 81b 6.4 70b 6.4 65b 6.4 74b 6.4 53b

e Merge (0.5% vol/vol)
f AMS (1.25% vol/vol)
g Agsurf (0.1% vol/vol)

Olds/2012

Means followed by the same letter are not significantly different to visual ratings of the same location and week of observation according to a Dunnett-HSU adjustment where P < 0.05
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Table 3-5. Kochia biomass per m-2 at 4 WAA in Scott, Saskatchewan – 2011. 

 

 

 

 

 

 

 

 

 

 

Treatment Rate Kochia biomass S.E.

g ai ha-1 g m-2

Untreated check 54.17a 18.80

Glyphosate control 900 11.72a 18.80

Pyrasulfotole + bromoxynilc 205 19.94a 18.80

2,4D - 700 ester 560 42.21a 18.80

Saflufenacil 18 16.35a 18.80

Carfentrazone-ethyl 8.9 19.61a 18.80

Fluroxypyr + MCPA ester 107 + 556 20.51a 18.80

Bromoxynil + 2,4D - 700 ester 280.3 + 280.3 21.48a 18.80

Diquatd 637 11.45a 18.80

Glufosinate ammoniume 300 28.20a 18.80

Dicamba 139 18.99a 18.80

Diflufenzopyr + dicambac 28.6 + 71.4 17.54a 18.80

c Merge (0.5% vol/vol)
d AMS (1.25% vol/vol)
e Agsurf (0.1% vol/vol)

Means followed by the same letter are not significantly different according to a 

Dunnett-HSU adjustment where P < 0.05
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Table 3-6. Kochia biomass per m-2 at 4 WAA in Ellerslie, Alberta – 2011. 

 

Treatment Rate Kochia biomass S.E.

g ai ha-1 g m-2

Untreated check 36.72a 5.53

Glyphosate control 900 11.02b 5.53

Pyrasulfotole + bromoxynilc 205 10.27b 5.53

2,4D - 700 ester 560 11.00b 5.53

Saflufenacil 18 10.93b 5.53

Carfentrazone-ethyl 8.9 8.16b 5.53

Fluroxypyr + MCPA ester 107 + 556 8.54b 5.53

Bromoxynil + 2,4D - 700 ester 280.3 + 280.3 10.50b 5.53

Diquatd 637 17.17ab 5.53

Glufosinate ammoniume 300 13.28ab 5.53

Dicamba 139 20.89a 5.53

Diflufenzopyr + dicambac 28.6 + 71.4 7.70b 5.53

c Merge (0.5% vol/vol)
d AMS (1.25% vol/vol)
e Agsurf (0.1% vol/vol)

Means followed by the same letter are not significantly different according to a 

Dunnett-HSU adjustment where P < 0.05
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Table 3-7. Kochia biomass per m-2 at 4 WAA in Ellerslie, Alberta – 2012. 

 

Treatment Rate Kochia biomass S.E.

g ai ha-1 g m-2

Untreated check 92.06a 11.83

Glyphosate control 900 9.32b 11.83

Pyrasulfotole + bromoxynilc 205 24.62b 11.83

2,4D - 700 ester 560 22.57b 11.83

Saflufenacil 18 16.37b 11.83

Carfentrazone-ethyl 8.9 27.05b 11.83

Fluroxypyr + MCPA ester 107 + 556 7.01b 11.83

Bromoxynil + 2,4D - 700 ester 280.3 + 280.3 21.41b 11.83

Diquatd 637 47.25a 11.83

Glufosinate ammoniume 300 13.79b 11.83

Dicamba 139 15.72b 11.83

Diflufenzopyr + dicambac 28.6 + 71.4 26.65b 11.83

c Merge (0.5% vol/vol)
d AMS (1.25% vol/vol)
e Agsurf (0.1% vol/vol)

Means followed by the same letter are not significantly different according to a 

Dunnett-HSU adjustment where P < 0.05
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Table 3-8. Kochia biomass per m-2 at 4 WAA in St. Albert, Alberta – 2012. 

 

  

Treatment Rate Kochia biomass S.E.

g ai ha-1 g m-2

Untreated check 53.50a 10.37

Glyphosate control 900 17.42b 10.37

Pyrasulfotole + bromoxynilc 205 18.10b 10.37

2,4D - 700 ester 560 19.02b 10.37

Saflufenacil 18 16.08b 10.37

Carfentrazone-ethyl 8.9 3.98b 10.37

Fluroxypyr + MCPA ester 107 + 556 7.24b 10.37

Bromoxynil + 2,4D - 700 ester 280.3 + 280.3 17.32b 10.37

Diquatd 637 30.15ab 10.37

Glufosinate ammoniume 300 22.64ab 10.37

Dicamba 139 44.13ab 10.37

Diflufenzopyr + dicambac 28.6 + 71.4 46.17ab 10.37

c Merge (0.5% vol/vol)
d AMS (1.25% vol/vol)
e Agsurf (0.1% vol/vol)

Means followed by the same letter are not significantly different according to a 

Dunnett-HSU adjustment where P < 0.05



41 
 

Table 3-9. Kochia biomass per m-2 at 4 WAA in Olds, Alberta – 2012. 

 

  

Treatment Rate Kochia biomass S.E.

g ai ha-1 g m-2

Untreated check 273.86a 40.60

Glyphosate control 900 15.33c 40.60

Pyrasulfotole + bromoxynilc 205 48.37b 40.60

2,4D - 700 Ester 560 134.41a 40.60

Saflufenacil 18 32.69b 40.60

Carfentrazone-ethyl 8.9 96.62b 40.60

Fluroxypyr + MCPA ester 107 + 556 19.82c 40.60

Bromoxynil + 2,4D - 700 ester 280.3 + 280.3 31.05b 40.60

Diquatd 637 47.78b 40.60

Glufosinate ammoniume 300 46.29b 40.60

Dicamba 139 161.97a 40.60

Diflufenzopyr + dicambac 28.6 + 71.4 205.95a 40.60

c Merge (0.5% vol/vol)
d AMS (1.25% vol/vol)
e Agsurf (0.1% vol/vol)

Means followed by the same letter are not significantly different according to a 

Dunnett-HSU adjustment where P < 0.05
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Table 3-10. Kochia biomass per m-2 at 4 WAA in Lethbridge, Alberta – 2012. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Treatment Rate Kochia biomass S.E.

g ai ha-1 g m-2

Untreated check 28.39a 9.83

Glyphosate control 900 19.97a 9.83

Pyrasulfotole + bromoxynilc 205 12.79a 9.83

2,4D - 700 ester 560 34.34a 9.83

Saflufenacil 18 12.57a 9.83

Carfentrazone-ethyl 8.9 16.23a 9.83

Fluroxpyr + MCPA ester 107 + 556 28.90a 9.83

Bromoxynil + 2,4D - 700 ester 280.3 + 280.3 43.73a 9.83

Diquatd 637 14.37a 9.83

Glufosinate ammoniume 300 9.82a 9.83

Dicamba 139 28.81a 9.83

Diflufenzopyr + dicambac 28.6 + 71.4 17.55a 9.83

c Merge (0.5% vol/vol)
d AMS (1.25% vol/vol)
e Agsurf (0.1% vol/vol)

Means followed by the same letter are not significantly different according to a Dunnett-

HSU adjustment where P < 0.05
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Figure 3-1. Herbicide symptomology 2 WAA. A: Untreated; B: Glyphosate control; 

C: Pyrasulfotole + bromoxynil; D: 2,4D – 700 ester; E: Saflufenacil; F: 

Carfentrazone-ethyl; G: Fluroxypyr + MCPA ester; H: Bromoxynil + 2,4D – 700 

ester; I: Diquat; J: Glufosinate ammonium; K: Dicamba; L: Diflufenzopyr + 

Dicamba. 
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Chapter Four: Post-harvest applied herbicides do not reduce 
kochia seed production or viability. 

4.1. Introduction 

Herbicide-resistant weeds are ubiquitous in major crops in western Canada, infesting 29% 

of western Canadian farmlands (Beckie et al. 2011). The reliance on non-selective herbicide in 

agricultural and vegetation management systems and the lack of cropping system diversity, 

including frequent use of GR crops, has selected for GR weeds in many parts of the world 

(Powles 2008). Kochia scoparia was the first weed identified as GR in western Canada (Beckie et 

al. 2013; Hall et al. 2013). Because 85% of kochia populations in western Canada were resistant 

to ALS inhibitors, many of the identified populations were also cross-resistant with ALS 

inhibitors (Beckie et al. 2013; Warwick et al. 2008). Glyphosate-resistant kochia populations 

from these studieswere associated with areas where chemical fallow was practiced. In chem-

fallow, glyphosate may be used alone and repeatedly within a growing season to control 

relatively mature kochia. In addition, glyphosate may be used in the cropping phase as a pre-

seeding herbicide for kochia control or, if GR crops are grown, as an in-crop herbicide.  

Kochia is the 10th most abundant weed in western Canadian agricultural fields, common in 

ruderal areas and industrial sites in arid to semiarid regions (Leeson et al. 2005).  Seedlings are 

numerous and emerge early (Friesen et al. 2009; Schwinghamer and Van Acker 2008), often 

before other weed seedlings and the planted crop.  Plant morphology is variable, influenced by 

density, and varies from erect single stemmed plants grown in high density or competitive crops 

to spherical shapes. Kochia flowering is photoperiod controlled and is indeterminate, with seed 

set and maturation continuing until the plant is killed by frost. Although kochia is primarily self-

pollinating, it has sufficient pollen-mediated gene flow to acquire multiple resistance genes or 
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alleles (Warwick et al. 2008) and spread resistance over short distances (Mulugeta et al. 1994; 

Stallings et al. 1995). Kochia may produce between 2,000 to 30,000 seeds per plant (Stallings et 

al. 1995). At maturity an abscission layer forms at the plant base that permits it to break in the 

wind and tumble (Becker 1978). Seed dispersal can occur over long distances when spherical 

plants tumble across the landscape, whereas erect plants are less likely to be widely dispersed. 

Kochia seed has little dormancy, with most germinating in the year following dispersal. Seed 

banks and kochia populations may be rapidly reduced in abundance if seed production could be 

reduced or eliminated. 

While the seedling stage of kochia has been the primary target for herbicide intervention, 

the late maturation of kochia opens the option of later herbicide intervention, targeting the 

reduction of seed production (Mickelson et al. 2004; Young and Whitesides 1987). Harvest of 

cereal and pulse crops often decapitates kochia plants, removing immature seeds, although 

flowering and seed set continue on the remaining portion of the plant (personal observation).  

The effects of pre- and post-harvest herbicide application on seed set and viability have 

been examined for some herbicides and weed combinations. Seed set of wild oat has been 

reduced by flamprop-m-methyl application at plant maturity (Medd et al. 1992). Young and 

Whitesides (1987) reported that seed germination of Russian thistle (Salsola iberica) was 

reduced when glyphosate, paraquat, or chlorsulfuron were applied post-harvest. Mickelson et 

al. (2004) reported that glyphosate and paraquat effectively reduced seed production in kochia, 

although effects were dependent on the time of application. It is believed the time of 

application, leaf area, phloem mobility of the herbicide, seed sink strength relative to seed 

maturity, and the climate may all influence the effectiveness of post-harvest herbicides.  
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In anticipation of the spread of GR kochia, we explored the option to apply herbicides post 

harvest to reduce kochia seed set and viability. Experiments were conducted at 4 sites in 2011 

and 2012 in southern and central Alberta, using a range of herbicides. 

4.2.  Materials and Methods 

4.2.1. Site Description 

Trials were conducted on naturally occurring kochia populations in wheat fields near 

Huzzar, AB (50°57’28”N 112°50’30”W) and Cluny, AB (50°55’18”N 112°51’59”W) in 2011. The 

Hazzar and Cluny sites were chosen for uniform kochia populations with 20, and 100 plants 

m-2, respectively. Fields were seeded to wheat by the landowners. In 2012, to improve 

kochia population uniformity, kochia seed was spread by hand, spreading the seed evenly 

across the entire trial area, in the spring after the planting of CDC Patrick peas near Lethbridge, 

AB (49°45’28”N 112°55’26”W) and the University of Alberta St. Albert research station 

(53°41’34”N 113°37’16”W).  Manually seeded kochia was obtained from a natural population 

near Brooks, Alberta in 2010. Although this seed was not tested for glyphosate resistance as 

resistance at this time had not been reported. The lack of resistance was confirmed in trials as 

the glyphosate treatment alone was effective. Peas were direct seeded using a Wintersteiger 

Plotseed XXL with no-till openers at a rate of 25 plants m-2 using a drill seeder with 12 inch row 

spacing and a depth of 1 inch.  

All trials were conducted in fields that had crop stubble from previous years. No in-crop 

herbicides were applied to wheat or pea crops, with the exception of clethodim (0.125 L ha-1) 

applied uniformly to all plots at Lethbridge.  

Ten soil samples were taken from each trial and composited to assess the kochia seed bank 

and soil properties (Table 1). To simulate harvest, plants were cut to 15 cm by swathing and 
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plots (2 m by 7 m) were established after harvest. Three 0.25 m2 quadrats were randomly 

established in each plot prior to herbicide application, at the front, middle and back of each plot 

and initial kochia densities quantified prior to herbicide application.  

4.2.2. Herbicide Treatments 

Herbicide treatments were chosen from PRE and POST herbicides with known efficacy on 

kochia: pyrasulfotole + bromoxynil at 205 g a.i. ha-1; dicamba at 139 g a.i. ha-1, saflufenacil at 18g 

a.i. ha-1; carfentrazone-ethyl at 8.9 g a.i. ha-1; fluroxypyr + MCPA at 107 + 556 g a.i. ha-1, 

glufosinate ammonium at 300 g a.i. ha-1; diquat at 410 g a.i. ha-1 and diflufenozopyr + dicamba at 

21.3 and 55 g a.i. ha-1 were compared to glyphosate at 900 g a.i. ha-1 and an untreated control. 

Treatments were applied immediately after harvest (IAH) and three weeks after harvest (WAH) 

using a backpack sprayer with pressurized CO2 calibrated to deliver 100 L ha-1 water volume at 

275 kPa. The boom was 1.5 m long and equipped with four Air Bubble Jet low drift 80015VS 

nozzles, and herbicides applied 38 cm above the plant canopy. 

4.2.3. Assessments of Herbicide Activity 

Kochia control was visually assessed on a scale of 0 (no control) to 100% (plant death) at 1, 

2, and 4 WAH for the herbicide applied IAH. The same scale was used to assess kochia control at 

3, 4, and 5 WAH for applications made 3 WAH.  Seven WAH, kochia from within each quadrat 

was harvested, dried at 50° C for 60 hours and weighed. Dried kochia was hand threshed and 

sieved to 2.00 mm using a Fisher Scientific Number 10 Testing Sieve. In 2012 at Lethbridge 

and St. Albert, seed and soil in the 0.25 m2 quadrats was collected using a shop vacuum and 

placed into cloth bags, dried at 50° C for 60 hours, and sieved to 2.00 mm using a Fisher 

Scientific Number 10 Testing Sieve. 
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4.2.4. Post Harvest Fecundity 

Viability of seed on the remaining harvested vegetation was assessed using a 

subsampling strategy in which 3, 1 g samples of seed from each quadrat were germinated. 

Where seed from the quadrat was <1.0 g, all seed was tested. Seed was placed in a 

transparent germination box on a single sheet of Blue Blotter paper, produced by Hoffman 

Manufacturing, Inc., moistened with 30 mL of a 0.02% Helix solution and placed in the dark 

at 24 C.  Seedlings were counted and removed every 2 days for 18 days, after which seeds 

had stopped germinating. Seeds were considered germinated when the seed had uncoiled 

and emergence of the white radicle had occurred. Seedlings were removed after counting. 

Seeds that did not germinate were considered non-viable.   

4.2.5. Soil Seed Bank 

Kochia seed bank densities were determined prior to and following herbicide 

application by sampling 10 bulked, 7x7x1 cm soil samples per trial taken prior to 7 WAA.  

To quantify the seed loss to soil in 2012, seed on the soil was collected by vacuum from 

the quadrats and quantified to estimate the total seed production. 

Soil samples were spread evenly over the bottom of a germination box and moistened 

with 30 mL of water. Germination boxes were placed in ambient light, and germinated 

seeds were recorded and removed every two days for 18 days after which germination had 

ceased. Seeds were considered germinated when the seed had uncoiled and emergence of 

the white radicle was observed. Seeds that did not germinate were considered non-viable. 

4.2.6. Statistical Analysis 

Trials were designed as randomized complete block design (RCBD) with four replicates, and 

two application timings. Data was analyzed in SAS software (ver. 9.3 SAS Institute, Inc, Cary, 
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NC) using the PROC MIXED procedure for ANOVA analysis. Variances were divided into 

random replication (block, plot, and quadrat) and fixed effects (herbicide treatment). Data was 

tested for homogeneity of variance, although the data was not normal. Arcsine, logarithmic and 

square root transformations of the data were explored in an attempt to normalize the data; 

however, in the absence of normal data, untransformed data was used. The Z-test was used to 

test the significance of the random interactions and the F-test was used to test the significance 

of fixed effects. Data was tested for homogeneity of variance, although the data had negative 

binomial distribution. Arcsine, logarithmic and square root transformations of the data were 

explored in an attempt to normalize the data; however, in the absence of normal data, 

untransformed data was used.  Means were separated using a Dunnett-Hsu adjustment at 

P<0.05.  

4.3. Results 

Soil organic matter varied from 3.0 to 12.0% and soil pH was high (>8.0) at the three 

southern Alberta sites. 

Cluny soil EC was 11.0 dS m-2, sufficient to limit wheat growth (Table 4-1) and to reduce the 

speed and germination of kochia (Steppuhn and Wall 1993). 

There were no significant differences in the relative effects of herbicides between sites or 

years for all measured parameters, and therefore data from all sites were combined for analysis.  

4.3.1. Visual Estimates of Kochia Control 

 After swathing to 15 cm, kochia basal leaves remained green and flowering. Only 

green (immature) seeds were present.  Treatments applied IAH caused visual injury 

compared to untreated controls (Table 4-2) but during visual evaluations, herbicide control 

was difficult to separate from natural senescence of the plants. Both naturally occurring and 
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seeded kochia populations were susceptible to glyphosate. At 1 WAA both diquat and 

glufosinate application resulted in rapid necrosis of leaves.   

By 2 WAH, in mid-September, kochia plants were beginning to senesce, seed was 

maturing, and there were no significant differences between herbicides in visual injury. 

There was no evidence of re-growth from the apical meristem or leaf axis in any of the 

treatments, including the untreated control. Seed set was not the result of new flower 

initiation. Because of the maturity of the kochia plants and the relatively cool temperatures, 

it was expected that plants would not recover from cutting injury at harvest.  

Herbicides applied 3 WAH were applied to kochia plants that had begun to senesce, 

lose leaves, and undergo seed maturation. No regrowth was observed and therefore the 

biomass was not expected to change.  Visual symptom differences were apparent between 

herbicides, however the effects of the herbicide were difficult to differentiate from the 

senescence (Table 4-3, Figure 4-1).  

4.3.2. Plant Biomass from Applied Herbicides 

Kochia plant biomass was highly variable, averaging 35.02 m-2 in untreated controls 7 

weeks after harvest.  Herbicides applied IAH or 3 WAH did not significantly reduce kochia 

biomass (Table 4-5). Because kochia injured by harvest did not regrow, herbicides had no 

impact on biomass.  

4.3.3. Seed Production of Kochia 

Kochia had high and variable seed production.  In untreated control an average of 5.65 

g m-2 of hulled seed was separated from plant residue (Table 4-6). Kochia seeds are not 

easily removed from the hulls but we estimate that this is equivalent to 4,707 seeds using 
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the calibration reported by Liebman and Sunberg (2006). Herbicides applied either IAH or 3 

WAH did not reduce the kochia seed remaining on the plant. 

4.3.4. Soil Seed Bank 

Bulked soil samples of the seed bank taken from each trial demonstrated to have, on 

average, 671 seeds m-2 (Table 4-7).  Herbicides applied either IAH or 3 WAH did not reduce 

the kochia seed found below the plants on the soil’s surface.  

4.4. Discussion 

Most of the herbicides applied post-harvest have efficacy on kochia when applied to 

immature plants.  Glyphosate, carfentrazone and suflufenacil are registered for pre-seeding 

control. Dicamba, fluroxypyr/2,4-D and pyrasulfotole/bromoxynil, and glufosinate are 

registered for kochia control in crop (with size restrictions). Burton et al. 2014 reported 

that dicamba/fluroxypyr, MCPA/bromoxynil and glufosinate were effective on GR kochia 

under greenhouse conditions.  

In this experiment, crop harvest reduced the seed production potential of kochia 

because the vegetation removed at harvest is unable to produce viable seed. Decapitated 

kochia 15 cm in height have reduced lateral branching, and are unlikely to move in wind 

because of their height and lack of spherical shape (Figure 4-1). Soil in the uncontrolled 

check had an average of 671 seeds m-2 at the time of harvest, while 4,707 seeds m-2 

remained on the plant, indicating that even the small kochia plants found in the trials would 

be able to regenerate the population in subsequent growing seasons. The treatments 

included in this thesis, despite exhibiting visual vegetative damage, had no significant 

difference on seed viability compared to the untreated check. It is believed that due to the 

late spray application window, visual assessments were not a good measure of control. 
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Seed production of kochia following harvest is similar to a study conducted by 

Mickelson et al. 2004, who found an average of 4,100 seeds per plant were produced 

between harvest and late September, although their study indicated that treatments of 

glyphosate and paraquat applied in early August or September were able to reduce kochia 

seed production. This is likely due to the differences in spray timings of the post-harvest 

applied herbicides in Montana.  

Additionally, Kumar and Jha conducted two similar studies in 2015 (2015a; 2015b), 

which found that multiple herbicides applied in the fall were effective at controlling kochia 

biomass as compared to the untreated check. Furthermore, they found that several 

herbicides, when used in combination, were effective at reducing kochia seed production. 

This is likely due to the difference in spray timings of the post-harvest applied herbicides, 

occurring in June and early September respectively.  

Due to geographical location, it is believed that post-harvest applied herbicides are not 

an effective tool in western Canada for the reduction of seed production of kochia. In 

contrast to Kumar and Jha, the kochia populations in this study had stopped vegetative 

growth by this application window and abundant viable seeds mature and are returned to 

the soil bank following harvest, which are sufficient to maintain the populations. 
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Table 4-1. Location, soil characteristics, spray date and density for post-harvest 

studies in 2011 and 2012. 

Location Year
Soil

texture
Soil OM

Soil

pH
EC

Planting 

date

IAH

Application Date

3WAH

Application Date
Kochia density

% dS m-1 # m-2

Cluny, ABa 2011 Clay loam 3.4 8.2 11 - August 25 September 18 20

Hazzar, ABa 2011 Clay 4.0 8.5 1.22 - August 25 - 41

Lethbridge, ABb 2012 Sandy clay 3.0 8.1 0.62 May 1 August 14 September 4 84

St. Albert, ABb
2012 Silty clay 12.0 6.9 0.27 May 17 August 23 September 13 76

a Trials seeded into natural kochia populations
b Kochia seeded into trials
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Table 4-2. Temperature and precipitation data for post-harvest studies in 2011 and 2012. 

 

Location Year

May June July August September October May June July August September October

Clunya 2011
9.0 

(10.4)

13.0 

(14.5)

16.0 

(17.0)

16.0 

(16.6)

14.0 

(11.1)

6.0 

(5.2)

41.7 

(69)

34.0 

(75)

34.3 

(60)

27.1

(61)

27.7

(64)

8.1 

(72)

Hazzar, ABa 2011
9.0 

(10.4)

13.0 

(14.5)

16.0 

(17.0)

16.0 

(16.6)

14.0 

(11.1)

6.0 

(5.2)

41.7 

(69)

34.0 

(75)

34.3

 (60)

27.1 

(61)

27.7  

(64)

8.1 

(72)

Lethbridge, ABb 2012
10.0 

(11.1)

14.0

 (15.2)

19.0 

(18.2)

16.0 

(17.7)

12.0 

(12.6)

0 

(6.6)

40.2 

(68)

81.4 

(87)

23.5 

(58)

17.3 

(46)

23.6 

(57)

6.1 

(30)

St. Albert, ABb 2012
9.0  

(10.2)

14.0  

(14.1)

17.0 

(16.2)

16.0 

(15.2)

12.0 

(10.2)

0 

(3.8)

23.1 

(226)

48.0 

(66)

86.1 

(90)

73.4 

(133)

19.8

(50)

15.2 

(67)
a Trials seeded into natural kochia populations
b Kochia seeded into trials

Precipitation 

----------------------- mm (% of Long term average) --------------------------------------------C (Long term average)------------------------

Air Temperature
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Table 4-3.  Visual estimates of kochia control, when herbicides were applied IAH 
for post-harvest studies in 2011 and 2012. 

 

 

 

 

 

 

 

  

Treatment Rate

g ai h-1 % S.E. % S.E. % S.E. % S.E.

Untreated check 0 0.0 0a 13.3 0a 0.0 19a
12.5

Glyphosate control 900 0 0.0 38a 13.3 68b 12.6 81b
12.5

Pyrasulfotole + bromoxynil 205 0 0.0 33a 13.3 55b 12.6 69b
12.5

Dicamba 139 0 0.0 32a 13.3 49b 12.6 70b
12.5

Saflufenacilc
18 0 0.0 42b 13.3 67b 12.6 69b

12.5

Carfentrazone-ethyl 8.9 0 0.0 29a 13.3 46b 12.6 76b
12.5

Fluroxypyr + MCPA ester 107 + 556 0 0.0 49b 13.3 50b 12.6 70b
12.5

Glufosinate ammoniumd
300 0 0.0 78b 13.3 83b 12.6 86b

12.5

Diquate
410 0 0.0 68b 13.3 71b 12.6 82b

12.5

Diflufenzopyr + dicambad
21.3 + 55 0 0.0 35a

13.3 55b
12.6 79b

12.5

d Merge (0.5% vol/vol)
e AMS (1.25% vol/vol)
f Agsurf (0.1% vol/vol)

Week 3Week 0 Week 1 Week 2

Means followed by the same letter are not significantly different according to a Dunnett-HSU adjustment where P < 0.05
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Table 4-4. Visual estimates of kochia control, when herbicides were applied 3 
WAH for post-harvest studies in 2011 and 2012. 

 

 

 

 

 

 

 

  

Treatment Rate Week 3 Week 4

g ai h-1 % S.E. % S.E. % S.E.

Untreated check 0 0.0 42a 4.6 59a 4.1

Glyphosate control 900 0 0.0 87b 4.6 96b 4.1

Pyrasulfotole + bromoxynil 205 0 0.0 69b 4.6 88b 4.1

Dicamba 139 0 0.0 82b 4.6 92b 4.1

Saflufenacilc
18 0 0.0 83b 4.6 91b 4.1

Carfentrazone-ethyl 8.9 0 0.0 80b 4.6 93b 4.1

Fluroxypyr + MCPA ester 107 + 556 0 0.0 76b 4.6 94b 4.1

Glufosinate ammoniumd
300 0 0.0 89b 4.6 96b 4.1

Diquate
410 0 0.0 90b 4.6 96b 4.1

Diflufenzopyr + dicambad
21.3 + 55 0 0.0 76b

4.6 94b
4.1

d Merge (0.5% vol/vol)
e AMS (1.25% vol/vol)
f Agsurf (0.1% vol/vol)

Week 5

Means followed by the same letter are not significantly different according to a Dunnett-HSU adjustment where P < 0.05
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Table 4-5.  Dry weight biomass of kochia when herbicide was applied IAH and 3 
WAH for post-harvest studies in 2011 and 2012. 

 

 

 

  

Treatment Rate

g ai ha-1 g m-2 S.E. g m-2 S.E.

Untreated check 44.32a 10.49 25.73a 9.67

Glyphosate control 900 42.08a 10.49 25.00a 9.67

Pyrasulfotole + bromoxynil 205 20.98a 10.49 33.60a 9.67

Dicamba 139 32.05a 10.49 42.81a 9.67

Saflufenacilc 18 44.03a 10.49 42.10a 9.67

Carfentrazone-ethyl 8.9 39.91a 10.49 39.37a 9.67

Fluroxypyr + MCPA ester 107 + 556 36.31a 10.49 41.73a 9.67

Glufosinate ammoniumd 300 36.15a 10.49 35.38a 9.67

Diquate 410 39.69a 10.49 32.95a 9.67

Diflufenzopyr + dicambad 21.3 + 55 36.43a 10.49 42.21a 9.67

c Merge (0.5% vol/vol)
d AMS (1.25% vol/vol)
e Agsurf (0.1% vol/vol)

Means followed by the same letter are not significantly different according to a Dunnett-HSU adjustment where 

P < 0.05

Immediately After Harvest Three Weeks after Harvest
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Table 4-6.  Seed biomass remaining on kochia plants when herbicide was applied 
IAH and 3 WAH for post-harvest studies in 2011 and 2012. 

 

 

 

 

 

  

Treatment Rate

g ai ha-1 g m-2 S.E. g m-2 S.E.

Untreated check 6.61a 1.23 4.69a 1.83

Glyphosate control 900 3.87a 1.23 4.89a 1.83

Pyrasulfotole + bromoxynil 205 2.78a 1.23 5.40a 1.83

Dicamba 139 6.32a 1.23 5.85a 1.83

Saflufenacilc 18 9.27a 1.23 5.17a 1.83

Carfentrazone-ethyl 8.9 7.58a 1.23 6.34a 1.83

Fluroxypyr + MCPA ester 107 + 556 5.08a 1.23 9.09a 1.83

Glufosinate ammoniumd 300 5.74a 1.23 5.86a 1.83

Diquate 410 5.82a 1.23 5.62a 1.83

Diflufenzopyr + dicambad 21.3 + 55 4.71a 1.23 6.59a 1.83

c Merge (0.5% vol/vol)
d AMS (1.25% vol/vol)
e Agsurf (0.1% vol/vol)

Immediately After Harvest Three Weeks after Harvest

Means followed by the same letter are not significantly different according to a Dunnett-HSU adjustment 

where P < 0.05
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Table 4-7.  Number of kochia seeds from the seed bank that germinated over a 
period of 18 days from post-harvest studies in 2012. 

 

 

 

 

 

 

 

 

 

Treatment Rate

g ai ha-1
# of germinated 

seeds per m-2 S.E.
# of germinated 

seeds per m-2 S.E.

Untreated check 531a 125.6 810a 223.4

Glyphosate control 900 372a 125.6 527a 223.4

Pyrasulfotole + bromoxynil 205 518a 125.6 1036a 223.4

Dicamba 139 793a 125.6 1216a 223.4

Saflufenacilc 18 724a 125.6 1360a 223.4

Carfentrazone-ethyl 8.9 630a 125.6 1293a 223.4

Fluroxypyr + MCPA ester 107 + 556 440a 125.6 972a 223.4

Glufosinate ammoniumd 300 577a 125.6 741a 223.4

Diquate 410 781a 125.6 888a 223.4

Diflufenzopyr + dicambad 21.3 + 55 510a 125.6 949a 223.4

c Merge (0.5% vol/vol)
d AMS (1.25% vol/vol)
e Agsurf (0.1% vol/vol)

Means followed by the same letter are not significantly different according to a Dunnett-HSU adjustment 

where P < 0.05

Immediately After Harvest Three Weeks after Harvest
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Figure 4-1. Herbicide symptomology 1 WAA when sprayed IAH. A: Untreated; B: 

Glyphosate control; C: Pyrasulfotole + bromoxynil; D: Dicamba; E: Saflufenacil; F: 

Carfentrazone-ethyl; G: Fluroxypyr + MCPA ester; H: Glufosinate ammonium; I: 

Diquat; J: Diflufenzopyr + Dicamba. 
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Chapter Five: General Discussion and Conclusions 

5.1. Biology of Kochia scoparia 

 Kochia is a pernicious weed with the potential to become a driving influence on 

the cropping systems of the Canadian prairies. It is a facultative halophyte with C4 

metabolism that allows it to withstand hot and dry conditions, often where crop 

competition can be limited. It has a plastic growth habit that allows adaptation to 

agricultural, ruderal, and disturbed native environments. Ruderal locations become 

refuges for kochia, allowing for re-infestation of crop areas. It has the potential for high 

fecundity as well as seed dispersal at both short and long distances. Seed dormancy is 

low and large numbers of seedlings emerge early in the spring where populations were 

present in the previous year. It has been selected for resistance to many common 

herbicides, including ALS inhibitors and glyphosate. Integrated weed control options are 

limited because early emergence and late seed production occur outside of the 

temporal range of crop competition. Researchers have repeatedly turned to new 

herbicides, and herbicide mixtures, to control kochia. This thesis examined alternative 

herbicide modes of action applied pre-seeding and the use of alternative herbicide 

timings. 

Research presented in this thesis supports the use of multiple herbicides with 

different modes of action to be used to control Kochia scoparia at early pre-seeding 

application timings; however, the herbicides included in this thesis, when applied post-

harvest, were not an effective tool in the reduction of seed production of kochia 

following harvest.  
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5.2. Results Summarized by Research Objective 

5.2.1  Develop herbicide recommendations for pre-seeding application of 

herbicides to reduce kochia seed production 

 The over use of glyphosate as a pre-emergent herbicide has been detailed in 

Chapter Three. This overutilization has selected for GR kochia populations across 

Western Canada and the United States. Six split plot trials were established at 5 

locations over 2 years using a pre-emergent application timing consisting of 11 

herbicides. Control of kochia was evaluated through visual assessments and kochia 

weights. An ANOVA was used to determine the effect of herbicide efficacy based on 

fresh weight biomass by location. Results indicate that different herbicides controlled 

kochia at varying rates depending on the location of the trial; however, there are 

herbicides that can provide kochia control equal to that of glyphosate.  

5.2.2  Investigate the utility of post-harvest application on kochia seed banks and 

seedling establishment 

 Effectiveness of post-harvest applications was investigated and compared in the 

trials described and discussed in Chapter Four. It was determined that herbicides 

included in this study applied post-harvest were not an effective tool in western Canada 

for the reduction of kochia seed production.  

5.3. Future Research 

Many stakeholders will need to work together in the near future to tackle the 

growing problem of herbicide resistant weeds, including growers, agrochemical 

companies, governments and educational institutions. While the use of multiple 

herbicides for kochia control will continue to be developed as a short term solution for 
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control in-crop, weed control based on alternatives to existing herbicides need to be 

developed for pernicious weeds such as kochia. Some of these ideas were reviewed by 

Shaner and Beckie (2014) and include: 

 Commit more resources to research and educate growers on IWM techniques which 

include mechanical, cultural and biological, and does not focus exclusively on 

chemicals;  

o Ensure this research is published and becomes available to growers; 

 Continue to develop herbicides with new sites-of-action (SOA), and novel herbicides 

such as RNAi technology to manage weeds that have developed resistance to 

existing modes of action;  

 Advocate and educate growers on the need for pre-emergence herbicides, and to 

provide data to show their effectiveness at controlling weed establishment to 

reduce the need for multiple in-crop herbicide applications; and, 

 Research the effectiveness of site-specific weed management in which the 

distribution of weed populations within a field can be recorded and tracked so that 

a variety of IWM techniques (such as mechanical weed control and targeted 

herbicide application) can be used at multiple periods of time over the growing 

season to control undesirable species prior to them setting seed in the fall.  

However, effective strategies to manage and control kochia will be difficult to develop 

until the biology of kochia and the ecological niche it occupies is more fully understood. 

Further areas of research that will aid in the understanding of this weed include: 

 Investigate the ecological relationship between kochia and domesticated crops that 

may act to reduce, and are competitive against, kochia populations. This research 
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could be conducted by establishing long-term research sites using different crop 

rotations and seeding rates; 

 Conduct long-term studies specifically looking at the management of kochia seed in 

the seed bank; 

 Model the distance viable kochia seed can travel on a tumbleweed under various 

wind conditions to give a better understanding of the range at which gene-flow may 

occur between separate kochia populations; and, 

 Investigate kochia population genetics to determine the rate of mutation for 

resistance, and if resistance comes from a single or multiple plants within a 

population. 
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Appendix 1: Glyphosate and Acetolactate Synthase 
Inhibitor – Resistant Kochia (Kochia scoparia) in Western 
Canada 
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Appendix 2: Survey of glyphosate-resistant kochia (Kochia 
scoparia L. Schrad.) in Alberta  
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