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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.



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 10" 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



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:

e 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:

e Herbicides applied post-harvest would reduce kochia biomass.



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



prairie provinces of Alberta and Saskatchewan in 1948, by 2009 it had become the 10" most
abundant weed in arable fields in the Canadian Prairies (Friesen et al. 2009). It is the 4™ 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?2but densities of
>100 plants m™ 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).



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



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. Itis reported that once the plant reaches maturity, wind speeds between 40 and 48
km hr? 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



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).



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 Il 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.



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 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 (Székacs 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 agueous 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 6% 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 CO,; 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™ 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. 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.

15



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 kil
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 10®" 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™ 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 m2using 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 m? 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-

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') was applied as a maintenance herbicide in Lethbridge to control wild oats.

All herbicide treatments were applied using a backpack sprayer with CO; calibrated to
deliver 100 L ha 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
qguadrat 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 m2 4 WAA while averaging 11 g m2? 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 m2in
untreated controls at the time of application and had increased to 111 plants m2 4 WAA (Table
3-3). Kochia biomass 4 WAA was 36 g m 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?2in the untreated checks. However, by 4 WAA densities had
increased to 276 plants m (Table 3-3), suggesting that kochia populations were sprayed early
relative to peak emergence. Kochia biomass in untreated checks averaged 92 g m?, 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* and had densities of 109 plants m™ at the end of
assessments, 4 WAA (Table 3-3). In untreated checks kochia biomass averaged 53 g m? while
averaging 17 g m2 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 m2at the time of herbicide application and
increased to 309 plants m24 WAA (Table 3-3), suggesting kochia populations were sprayed early
relative to peak emergence. Kochia biomass exceeded 273g m 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 m2at the time of herbicide application and increased to
701 plants m™(Table 3-3), suggesting kochia populations were sprayed early relative to peak
emergence. Kochia biomass averaged 28 g m 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.

Soil Soil Application
Location Year texture Soil OM  pH EC date Kochia density

% dSm™ #m?>
Scott, SK” 2011 Loam 2.9 5 n/a June 1 32
Ellerslie, AB® 2011 Clay loam 12 6.3 0.46 June 13 99
Ellerslie, AB® 2012 Clayloam 11.2 71 0.44 June 14 46
St. Albert, AB® 2012 Clay 11.9 7 0.30 June 12 102
Olds, AB* 2012 Loam 8.1 7.6 2.04 June 11 187
Lethbridge, AB® 2012 Sandy clay 3 8.1 0.62 May 18 191

? Kochia seeded into trials
" 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 Air Temperature

Precipitation

May June July May June July
Scott, SK” 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, AB* 2011 11.0(10.6) 15.1(14.6) 17.2(17.0) 15.6 (31.0) 128.2 (147.0) 150.4 (158.
Ellerslie, AB* 2012 11.1(10.6) 15.1(14.6) 17.2(17.0) 37.7 (76.0) 72.4(83.0) 104.8 (110.
St. Albert, AB* 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, AB* 2012 93(94) 13.3(13.3) 15.7(15.4) 57.7 (54.6) 91.6 (89.6) 81.4(87)
Lethbridge, AB" 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

? Kochia was seeded into trials
" Trials took place in natural kochia populations
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 Ellerslie / 2011 Ellerslie / 2012 Lethbridge / 2012 Olds / 2012 St. Albert / 2012
gaiha™ W0 W4 Pr>|z] WO W4 Pr>|z] W0 W4 Pr>|z] WO W4 Pr>|z] W0 W4 Pr>|z|
#m? #m? #m? #m? #m?
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 + bromoxynil® 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 <0.0001 52 106  0.0002 90 230 <0.0001 135 147 0.9661 47 8 <0.0001
Diquatb 637 72 <0.0001 58 15 0.8254 177 56  0.7027 200 23 <0.0001 75 15  0.0349
Glufosinate ammonium® 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 + dicamba® 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
# Merge (0.5% vol/vol)

® AMS (1.25% vol/vol)
“Agsurf (0.1% vol/vol)
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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 Olds/2012

gaiha’  WAA VA S.E. VA S.E. VA S.E. VA S.E. VA S.E. VA
Py

1 0? 7.1 0 7.1 0 7.1 0 7.1 0’ 71 0
Untreated check 2 0° 14.1 0* 14.1 0? 14.1 0? 14.1 0* 14.1 0*
4 0* 0.0 0 0.0 0 0.0 0 0.0 0’ 0.0 0
1 30° 7.1 30° 7.1 94¢ 7.1 94¢ 7.1 40° 71 83°
Glyphosate control 900 2 100° 14.1 100° 14.1 94¢ 14.1 94¢ 14.1 83¢ 14.1 99°
4 83¢ 0.0 100° 0.0 98¢ 0.6 99¢ 0.0 92¢ 3.0 95¢
1 75° 7.1 75° 7.1 85¢ 7.1 89° 7.1 52° 7.1 90°
Pyrasulfotole + bromoxynil® 205 2 98¢ 14.1 96° 14.1 93¢ 14.1 95¢ 14.1 59° 14.1 90°
4 46° 6.4 96° 6.4 81° 6.4 88° 6.4 56° 6.4 61°
1 18° 7.1 18° 7.1 45° 7.1 50° 7.1 39° 7.1 68°
2,4D - 700 ester 560 2 85° 14.1 79° 14.1 71° 14.1 51° 14.1 26° 14.1 82°
4 86° 6.4 73° 6.4 50° 6.4 73° 6.4 39° 6.4 50°
1 100° 7.1 100° 7.1 98° 7.1 99° 7.1 73° 7.1 98°
Saflufencacil 18 2 95¢ 14.1 98¢ 14.1 98° 14.1 99° 14.1 83° 141 99°
4 86° 6.4 83° 6.4 92° 6.4 99° 6.4 64° 6.4 84°
1 79° 7.1 79° 7.1 71° 7.1 53° 7.1 86° 7.1 80°
Carfentrazone-ethyl 89 2 65° 14.1 98° 14.1 78° 14.1 58° 14.1 79° 14.1 91°
4 58° 6.4 98° 6.4 73° 6.4 83° 6.4 73° 6.4 63°
1 26° 7.1 25° 7.1 60° 7.1 73° 7.1 50° 7.1 81°
Fluroxypyr + MCPA ester 107 +556 2 65° 14.1 92° 14.1 80° 14.1 83° 14.1 78° 14.1 96°
4 75° 6.4 97° 6.4 79° 6.4 93¢ 6.4 54° 6.4 91°
1 86° 71 87° 71 78° 71 65° 71 38° 7.1 81°
Bromoxynil + 2,4D - 700 ester ~ 280.3+280.3 2 78° 14.1 67° 14.1 76° 14.1 70° 14.1 61° 14.1 90°
4 92¢ 6.4 37° 6.4 76° 6.4 93¢ 6.4 56° 6.4 50°
1 94¢ 7.1 93¢ 7.1 40° 7.1 20° 7.1 58° 71 90°
Diquat’ 637 2 91° 14.1 90° 14.1 40° 14.1 23° 14.1 76° 14.1 91°
4 73° 6.4 79° 6.4 48° 6.4 63° 6.4 60° 6.4 49°
1 45° 7.1 42° 7.1 46° 7.1 50° 7.1 80° 71 88°
Glufosinate ammonium® 300 2 80° 14.1 73° 14.1 68° 14.1 53° 14.1 87¢ 14.1 95¢
4 79° 6.4 50° 6.4 89° 6.4 78° 6.4 91° 6.4 84°
1 5° 7.1 16° 7.1 40° 7.1 35° 7.1 30° 71 25°
Dicamba 139 2 50° 14.1 40° 14.1 45° 14.1 43° 14.1 79° 14.1 43°
4 53° 6.4 45° 6.4 45° 6.4 58° 6.4 54° 6.4 25°
1 18° 7.1 23° 7.1 39° 7.1 45° 7.1 60° 71 69°
Diflufenzopyr + dicamba® 28.6+714 2 71° 14.1 70° 14.1 65° 14.1 46° 14.1 79° 14.1 69°
4 72° 6.4 81° 6.4 70° 6.4 65° 6.4 74° 6.4 53°

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

“ Merge (0.5% vol/vol)
fAMS (1.25% vol/vol)
& Agsurf (0.1% vol/vol)
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Table 3-5. Kochia biomass per m2 at 4 WAA in Scott, Saskatchewan — 2011.

Treatment Rate Kochia biomass S.E.
gaiha? gm?

Untreated check 54.17% 18.80
Glyphosate control 900 11.72% 18.80
Pyrasulfotole + bromoxynil® 205 19.94% 18.80
2,4D - 700 ester 560 42.21% 18.80
Saflufenacil 18 16.35% 18.80
Carfentrazone-ethyl 8.9 19.61° 18.80
Fluroxypyr + MCPA ester 107 + 556 20.51% 18.80
Bromoxynil + 2,4D - 700 ester ~ 280.3 + 280.3 21.48° 18.80
Diquat® 637 11.45° 18.80
Glufosinate ammonium® 300 28.20° 18.80
Dicamba 139 18.99° 18.80
Diflufenzopyr + dicamba® 28.6+714 17.54° 18.80

Means followed by the same letter are not significantly different according to a
Dunnett-HSU adjustment where P < 0.05

¢ Merge (0.5% vol/vol)

4 AMS (1.25% vol/vol)

¢ Agsurf (0.1% vol/vol)



Table 3-6. Kochia biomass per m?2 at 4 WAA in Ellerslie, Alberta — 2011.

Treatment Rate Kochia biomass S.E.
gaiha’ gm?
Untreated check 36.72° 5.53
Glyphosate control 900 11.02° 5.53
Pyrasulfotole + bromoxynil® 205 10.27° 5.53
2,4D - 700 ester 560 11.00° 5.53
Saflufenacil 18 10.93° 5.53
Carfentrazone-ethyl 8.9 8.16" 5.53
Fluroxypyr + MCPA ester 107 + 556 8.54" 5.53
Bromoxynil + 2,4D - 700 ester  280.3 + 280.3 10.50° 5.53
Diquat* 637 17.17% 5.53
Glufosinate ammonium® 300 13.28% 5.53
Dicamba 139 20.89° 5.53
Diflufenzopyr + dicamba® 28.6+ 714 7.70° 5.53

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

Dunnett-HSU adjustment where P < 0.05
“Merge (0.5% vol/vol)
4 AMS (1.25% vol/vol)
¢ Agsurf (0.1% vol/vol)
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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.
gaiha® gm?

Untreated check 92.06% 11.83
Glyphosate control 900 9.32° 11.83
Pyrasulfotole + bromoxynil® 205 24.62° 11.83
2,4D - 700 ester 560 22.57° 11.83
Saflufenacil 18 16.37° 11.83
Carfentrazone-ethyl 8.9 27.05° 11.83
Fluroxypyr + MCPA ester 107 + 556 7.01° 11.83
Bromoxynil + 2,4D - 700 ester 280.3 + 280.3 21.41° 11.83
Diquat® 637 47.25° 11.83
Glufosinate ammonium® 300 13.79" 11.83
Dicamba 139 15.72" 11.83
Diflufenzopyr + dicamba® 28.6+71.4 26.65" 11.83

Means followed by the same letter are not significantly different according to a
Dunnett-HSU adjustment where P < 0.05

¢ Merge (0.5% vol/vol)

4 AMS (1.25% vol/vol)

¢ Agsurf (0.1% vol/vol)



Table 3-8. Kochia biomass per m? at 4 WAA in St. Albert, Alberta — 2012.

Treatment Rate Kochia biomass S.E.
gaiha’ gm?

Untreated check 53.50° 10.37
Glyphosate control 900 17.42° 10.37
Pyrasulfotole + bromoxynil® 205 18.10° 10.37
2,4D - 700 ester 560 19.02° 10.37
Saflufenacil 18 16.08" 10.37
Carfentrazone-ethyl 8.9 3.98" 10.37
Fluroxypyr + MCPA ester 107 + 556 7.24° 10.37
Bromoxynil + 2,4D - 700 ester 280.3 + 280.3 17.32° 10.37
Diquat* 637 30.15% 10.37
Glufosinate ammonium® 300 22.64% 10.37
Dicamba 139 4413% 10.37
Diflufenzopyr + dicamba® 28.6+714 46.17% 10.37

Means followed by the same letter are not significantly different according to a
Dunnett-HSU adjustment where P < 0.05

“Merge (0.5% vol/vol)
4 AMS (1.25% vol/vol)
¢ Agsurf (0.1% vol/vol)



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

Treatment Rate Kochia biomass S.E.
gaiha? gm?

Untreated check 273.86% 40.60
Glyphosate control 900 15.33° 40.60
Pyrasulfotole + bromoxynil® 205 48.37° 40.60
2,4D - 700 Ester 560 134.41° 40.60
Saflufenacil 18 32.69" 40.60
Carfentrazone-ethyl 8.9 96.62° 40.60
Fluroxypyr + MCPA ester 107 + 556 19.82° 40.60
Bromoxynil + 2,4D - 700 ester 280.3 + 280.3 31.05° 40.60
Diquat* 637 47.78° 40.60
Glufosinate ammonium® 300 46.29° 40.60
Dicamba 139 161.97° 40.60
Diflufenzopyr + dicamba® 28.6+71.4 205.95% 40.60

Means followed by the same letter are not significantly different accordingto a
Dunnett-HSU adjustment where P < 0.05

¢ Merge (0.5% vol/vol)

4 AMS (1.25% vol/vol)
¢ Agsurf (0.1% vol/vol)



Table 3-10. Kochia biomass per m? at 4 WAA in Lethbridge, Alberta — 2012.

Treatment Rate Kochia biomass S.E.
gaiha® gm?
Untreated check 28.39% 9.83
Glyphosate control 900 19.97° 9.83
Pyrasulfotole + bromoxynil® 205 12.79° 9.83
2,4D - 700 ester 560 34.34° 9.83
Saflufenacil 18 12.57° 9.83
Carfentrazone-ethyl 8.9 16.23° 9.83
Fluroxpyr + MCPA ester 107 + 556 28.90% 9.83
Bromoxynil + 2,4D - 700 ester 280.3 + 280.3 43,732 9.83
Diquat* 637 14.37° 9.83
Glufosinate ammonium® 300 9.82° 9.83
Dicamba 139 28.81° 9.83
Diflufenzopyr + dicamba® 28.6 +71.4 17.55% 9.83

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

HSU adjustment where P < 0.05

¢ Merge (0.5% vol/vol)
4 AMS (1.25% vol/vol)
¢ Agsurf (0.1% vol/vol)
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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; |: 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 10" 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 m2using 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?)

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 m?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; dicamba at 139 g a.i. ha?, saflufenacil at 18g
a.i. hal; carfentrazone-ethyl at 8.9 g a.i. ha; fluroxypyr + MCPA at 107 + 556 g a.i. ha’®,
glufosinate ammonium at 300 g a.i. ha; diquat at 410 g a.i. ha*and diflufenozopyr + dicamba at
21.3 and 55 g a.i. ha* were compared to glyphosate at 900 g a.i. ha™ and an untreated control.
Treatments were applied immediately after harvest (IAH) and three weeks after harvest (WAH)
using a backpack sprayer with pressurized CO, calibrated to deliver 100 L ha* 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 m? 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™, 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 m2 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 m2 (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 m2 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.

. Soil . Soil Plantin IAH 3WAH . .
Location Year texture Soil OM pH EC date ’ Application Date Application Date Kochia density
% dSm’” #m®
Cluny, AB* 2011 Clay loam 3.4 8.2 11 - August 25 September 18 20
Hazzar, AB® 2011 Clay 4.0 8.5 1.22 - August 25 - 41
Lethbridge, AB® 2012 Sandy clay 3.0 8.1 0.62 May 1 August 14 September 4 84
St. Albert, AB” 2012 Siltyclay  12.0 6.9 0.27 May 17 August 23 September 13 76

? Trials seeded into natural kochia populations

" 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 Air Temperature Precipitation
------------------------ C (Long term average) mm (% of Long term average) --------------------
May June July August September October May June July August  September  October
. 9.0 13.0 16.0 16.0 14.0 6.0 41.7 34.0 343 27.1 27.7 8.1
Cluny 2011 (104)  (145) (17.0) (166) (11.1)  (5.2) (69) (75) (60) (61) (64) (72)
R 9.0 13.0 16.0 16.0 14.0 6.0 41.7 34.0 343 27.1 27.7 8.1
Hazzar, AB 2011 04 (145 (1700 (166) (111)  (52) (69) (75) 60)  (61) (64) (72)
, . 10.0 14.0 19.0 16.0 12.0 0 40.2 81.4 23.5 17.3 23.6 6.1
Lethbridge, AB” 2012 (100 (452)  (182) (177) (126)  (6.6) (68) (87) (58) (46) (57) (30)
. 9.0 14.0 17.0 16.0 12.0 0 23.1 48.0 86.1 73.4 19.8 15.2
St. Albert, AB 2012 q02)  (141) (162) (152) (102)  (3.8) (226)  (66) (90)  (133) (50) (67)

 Trials seeded into natural kochia populations

b Kochia seeded into trials
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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 Week 0 Week 1 Week 2 Week 3
gaih? % S.E. % S.E. % S.E. % SE.
Untreated check 0 0.0 (o 133 0° 0.0 19° 12.5
Glyphosate control 900 0 0.0 38? 133 68° 12.6 81° 125
Pyrasulfotole + bromoxynil 205 0 0.0 33° 133 55° 126 69° 125
Dicamba 139 0 0.0 32° 133 49° 126 70° 125
Saflufenacil® 18 0 0.0 42° 133 67° 12.6 69° 12.5
Carfentrazone-ethyl 89 0 0.0 29° 133 46° 126 76° 125
Fluroxypyr + MCPA ester 107 + 556 0 0.0 49° 13.3 50° 126 70° 125
Glufosinate ammonium* 300 0 0.0 78° 133 83" 126 86° 125
Diquat® 410 0 0.0 68° 133 71° 12.6 82° 12.5
Diflufenzopyr + dicamba’ 213+55 0 0.0 35° 13.3 55° 12.6 79° 12.5

Means followed by the same letter are not significantly different according to a Dunnett-HSU adjustment where P < 0.05

d Merge (0.5% vol/vol)
¢ AMS (1.25% vol/vol)
ngsurf (0.1% vol/vol)



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 Week 5
gaih® % S.E. % S.E. % SE.
Untreated check 0 0.0 42° 4.6 59° 4.1
Glyphosate control 900 0 0.0 87° 46 96° 41
Pyrasulfotole + bromoxynil 205 0 0.0 69° 4.6 88" 4.1
Dicamba 139 0 0.0 82° 46 92° 4.1
Saflufenacil® 18 0 0.0 83" 46 91° 4.1
Carfentrazone-ethyl 8.9 0 0.0 80° 46 93° 41
Fluroxypyr + MCPA ester 107 + 556 0 0.0 76" 46 94° 4.1
Glufosinate ammonium? 300 0 0.0 89° 4.6 96° 4.1
Diquat® 410 0 0.0 90° 4.6 96° 41
Diflufenzopyr + dicamba* 21.3+55 0 0.0 76° 46 94° 4.1

Means followed by the same letter are not significantly different according to a Dunnett-HSU adjustment where P < 0.05

d Merge (0.5% vol/vol)
€ AMS (1.25% vol/vol)
fAgsurf (0.1% vol/vol)
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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 Immediately After Harvest Three Weeks after Harvest
gai ha'l g m'2 S.E. g n’l'2 S.E.
Untreated check 44.32° 10.49 25.73° 9.67
Glyphosate control 900 42.08° 10.49 25.007 9.67
Pyrasulfotole + bromoxynil 205 20.98% 10.49 33.60° 9.67
Dicamba 139 32.05% 10.49 42.81° 9.67
Saflufenacil® 18 44,03% 10.49 42.10° 9.67
Carfentrazone-ethyl 8.9 39.91% 10.49 39.37° 9.67
Fluroxypyr + MCPA ester 107 + 556 36.31° 10.49 41.73? 9.67
Glufosinate ammonium* 300 36.15° 10.49 35.38° 9.67
Diquat® 410 39.69% 10.49 32.95% 9.67
Diflufenzopyr + dicamba® 21.3+55 36.43° 10.49 42.21° 9.67

Means followed by the same letter are not significantly different according to a Dunnett-HSU adjustment where
P <0.05

“Merge (0.5% vol/vol)
4 AMS (1.25% vol/vol)
¢ Agsurf (0.1% vol/vol)



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 Immediately After Harvest Three Weeks after Harvest
gai ha'1 g m-2 S.E. g rn'2 S.E.
Untreated check 6.61% 1.23 4.69° 1.83
Glyphosate control 900 3.87° 1.23 4.89% 1.83
Pyrasulfotole + bromoxyni 205 2.78° 1.23 5.40° 1.83
Dicamba 139 6.32° 1.23 5.85% 1.83
Saflufenacil® 18 9.27° 1.23 5.17° 1.83
Carfentrazone-ethyl 8.9 7.58° 1.23 6.34° 1.83
Fluroxypyr + MCPA ester 107 + 556 5.08° 1.23 9.09% 1.83
Glufosinate ammonium® 300 5.74° 1.23 5.86° 1.83
Diquat® 410 5.82% 1.23 5.62% 1.83
Diflufenzopyr + dicamba® 21.3+55 4.71° 1.23 6.59° 1.83

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

where P < 0.05

“Merge (0.5% vol/vol)
4 AMS (1.25% vol/vol)
¢ Agsurf (0.1% vol/vol)
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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 Immediately After Harvest Three Weeks after Harves
4 # of germinated # of germinated
gaiha 2 S.E. 2 S.E.
seeds per m seeds per m
Untreated check 531° 125.6 810° 223.4
Glyphosate control 900 372? 125.6 5272 223.4
Pyrasulfotole + bromoxyni 205 518° 125.6 1036° 2234
Dicamba 139 793% 125.6 1216° 2234
Saflufenacil® 18 724% 125.6 1360° 2234
Carfentrazone-ethyl 8.9 630° 125.6 1293* 2234
Fluroxypyr + MCPA ester 107 + 556 440° 125.6 972% 2234
Glufosinate ammonium? 300 577° 125.6 741% 2234
Diquat® 410 781° 125.6 888? 2234
Diflufenzopyr + dicamba® 21.3+55 510° 125.6 949° 2234

Means followed by the same letter are not significantly different according to a Dunnett-HSU adjustment
where P < 0.05

¢ Merge (0.5% vol/vol)
4 AMS (1.25% vol/vol)
€ Agsurf (0.1% vol/vol)



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:

e 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;

e 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;

e 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,

e 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:

e 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

BIWSSA

Glyphosate- and Acetolactate Synthase Inhibitor-Resistant Kochia
{Kochia scoparia) in Western Canada

Hugh [. Beckie, Robert E. Blackshiw, Fyan Low, Linda M, Hall, Connie A. Saeder, Sara Martin, Randall M. Brandt, and
Scoer W Shirriff*

Wea Soiamee W13 GLAIO-2 IR

I summer, 3 1, we invesigared suspecred ghyphosane-rssisant (GR) kadhia i theo: cherefallie fields (designared 7

F2, F3, men farmed by a ditferses proser] i souchern Alberra, l1'|.| smady characterzes ghphosate resistance i Ih.lw
populasions, based oo data frai des—resporee eqperiments. [na preenbause sxpericient, the three pepulations exhisived a
resseanee fectar ranging from 4w £ hased oa skout biomas: re sponss (5 Ry ratio), 60 5 o 7 basad on 5ml-'l~‘ﬁ| Icspouse
(LLhss ratiosd, Similar results were Found in o fig'd dose=response esperimen: at Lechbridge, AB, in spring 2002 wsing the
T2 kechia population. In &1l 2001, we surayed 46 Relds withia & 3-km radiug of rl'.e these chem-fallom: I:m.:h for GIL
lanwchia. [n the preenhouse, populations were sercenod with plyphosne o S0 g a ha™ '%f-.ﬂn. populariens were conbirmed
aa G, the Farthest sire locared abous 13 ki from the theee orsgnally confirmsd populidions, An sddisaral CR populacar
meae than 100 ken away was laer confirmed. Populations were screened dur sl synifuse (ALS1-inhikine
chifensulfunan ; erile thi eesis i the greemhouss, with maleculas dameoerizasion of ALS-inkibitor
resistance in the F1, F2, and F3 pur,||;||'.|||l. Al GR. pepuliricns were resistane o the Al S-inkikiting berbidde. bt

wl and

suzsceprihle oo dicamba, ALS-inhiboor oimance in kodkia was confersd Dy Progee,
phnmisars. Based 1 e g s mp|: rmplnc.ll miedel with a [pammeser far sehecn
abandarar and glyphesate dficacy, and & paramersr for seedbank lengevicy, kockia, wild car, .nllg;\c,l: 1 fimta

, or Tipsrg amine acid
v wend relative

wone the o

three weeds, "“Fm""l]‘ prochicid at risk alf Mllxl.{ll fisr plyphesars resisrance in the semiand Cirasslind regiom of che

Canadian praisies; wild ou, green foxtail, and clovens species ware predicred ar grearsse risk in e schham
This svady condiems che Free ocourrence of 2 SR wood in wesern Canada, Pl seearch an SR kechi will
menicoring, hialogy and ecolagy, fimess, mechanism of resistance, and best management practices

E} \,;mb;. wyphosate; ahifensidfisron: cribenuron: clevers:

MNomenclanrs:

Farkland

= dEH‘Eﬁ. |1IIJII'W ‘:ﬁ”"kn’\l Lo

carchweed hedstraw, Clafinnr aparine Lo groen fuxiail, Sevards weidhs (L0 Beaare kechia, Sooia seoperiz L) Scarad.

KCHSC, synonyir:
h.cywwds: ALS-

Kodua s an anoual brosdleal woad spt‘tiﬁ native 10
surasia. and introdeced as an ocnamestl o the Americas in
the mid- 1 lase 1H00x {reveewed in Breser ex al. 2009, This
naturalized species is a comman and ccnnnm'.ca]l]r imporans
weed in crop productien sverems and muderal (noncran
disrurhed) ares in semiarid 1 arid repions of Marth America,
Ivis one of the rop L mose ahurdant AprIC swleural weeds in the
Caradian prairics {Lecson er al. 20051, Kachia 1 reported o
have che highest rave ofipread amang ik alien weed species in
the nomhwestern United Stares (Forcella 1983, and has
expanded northward in the Canadian prairies during the past
40 pr {Beclde e al. 2012; Thamas and Leeson 2007}, Kochia,
a Oy species. s highly competicive in cropping systems
hecause of i abslity w gereinate ar low soil rer pesamures and
emerge eadyr prow mpidls wlerte bear,  drosgh, and
salininy; and exerr alldopachic effects an Beighboing specic
Friesen er al., 2004).

In cercal or pulsc [annual legume) coops in WS Canada.
ALS-inhibating herbicides ar symthetic ausins § . dicambs}
are commanly wsed o contie] Joekia ["aslau.hman M nisory

L0160 1300040,
autheer: Wead Aclentian, Apricalmire andd Apri-Foad Canada IAATC,
Iznoe Mece, Saakeroon, SE S 081 Conady
e, 0L B

Al
Ao ane Toofospor, Agric
Bulding, Urlversi of Al

| ansd Obesd Resesrch Cene, KN, Weschy Beilding,
Farzz, Diae OF K14 006, Casaday seveadh authon
AL |¢.:h|1u:,n. Lethaeidps Romarcs Crnire, PO Bea 3000, 5403 1 Aseaiue

Lethbaldge. AB T1] -1h Canads eighth suthear AARC Techrician,
moe Forsranch Bad SE STR 02, Cusada,
Cocresponding e

I« Weal Sdence 61, Apdl-June 20175

A Seom wild oat, dvems femer L
. [\-_I:\.lpi'wn..ﬂ resistance, herhicice ressance, ml;il:lp|= russtane tanget-se

o

of Agricubrure H012). AlS-inhibitar lerbicide-resiaeant (HE)
pnpl,ﬁu ons of the species were first reported in the United
Suees in 1987 (Primiani et al. 1990 Saari ec al. 1990;
Thempsan et al. 1994), and io Canada (prairics) in 1784
(Marrizan and Devine 1004]. T arpen-site mutztion: at Pro ur
with Thr, Ser, Arg, Lew, Gle, and Ala substinations were
r['Flel'E‘d ﬁ'_lr l'hlnrslllF-l“l“ HR le.'lll: P“l"Jlul.iUl:! [FRETE
Fanss (Gt ev al. 1992, 1993), A Trpszglen mumrion
of the ALY gere was icentified in ALS-inhibirer-HR pop-
ularons from linois (Foes e all 1999 and the Czech
Rxpl.:hli-. [Salavs er al. 2004}, A field survey in kdan:-toba,
Carada, in 2004 found widespread, broad cross-resistance
{acrmxs Al Scinhihitar clases) o 102 of 114 kochia pop-
ulariens colleced (B, Murrsy and L. Friesen, unpublished
datz). The bmad cross-resistance in those pj-"llI|J'.' oA
sipgested o mrger mueaton, such as Tepspalew, which
imparts plars with  high-level, broad-spactrum  reslstance
(Beckie aed Tandil’ 20120,

The malecular basis for ALS-inhibitor resistapes  was
determined for 24 HE kochia popalinors fram western
Cargda (Warwick et al. 2008). ALS gene sequences revealed
thiee targec-sice mucatians ('rogez, Aspazg. and Traszy). The
TrpazgLiw mutation was found in 70% of plans, whereis the
remaining plants had the highly variable cesidue Progas, with
mhsnnlrnn by ane of nine aming acids, or AspazaGla and
Trpsrsrg substimurians. This study akse repormed the first
ficld-selecred presence of o ALY mrger-site murcons in
indivichzal kochia plants, These in|.'||.|c||.'|.:| combinations Proje
t Thpazy (23 HR plais) and Proger + Aspass (7 HE plans).
Kechiz 15 predominently selfed but capable of outerossing,
with pollen-rediared pene flaw documented @ o distane of
29 . {Seallings <t al, 19350, The deteerion of Projor, Asparg,
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and Trpeze mutations, 18 well as both combimations, from

raphically separate regrons suggeseed muldple ongins of
m mutarions, A mowe recent survey of 109 fields was
conduced acrass western Canada w decermine the eoent of
AlS=inhibicor and dicamba resistance in kachia (Becke e al.
2009, 20116). All kechia populasiens were susceprible o
dicamba, ALS-Inhibitoe—HR kochia was foued in B3% of the
felds surveyed in western Canada ALS sequence data (Projsq
and Aspyzs musmsions] and penotyping daea (Trpgzy muca-
tien} confirmed the presence of all three miger-sire mutations
as wiell a8 ewo mumeional combirations [Prow: + Trp-g,
Aspazs + Trpsngl in HE individuals.

Fram 1974 to 1995 in Canada, glyphosate was commonly
applied preseeding (burndown creatmens), preharvese (pei-
miarily in cereals and pulsssl, or w 4 lesser exment, postharvest.
With the inuoducion of GR crops beginhing in 1994,
ghyphosate usige increased markedly {Beckie et al, 201 1a). In
M1 in Canada, GR canola {(Srasta acpes L), soybean
[Gilwine max (L) Merr], and corn (e smaps L) comprised
47, 72, and 0% of che respechve area (R Ripley, B
Senft, M. Heidy, persansl communication), Western Canada
account for 99% (8.5 million ba) of the natien’s canola area,
20% of sovbeun area (344,000 hal, and %% of grain corns area
(122,000 ha) {Statisties Canada 20120, [n western Canada,
soybean and corn are grown mainly in southern Maniteha
because of sufficizne hear unie lie., growing degrec-days,
GO, In Cinada, the ficse report of a GR weed was glane
rtagweed (Ambrogia mifids L) in 2008 in GE soybean in
astern Canada Gsewdveestern Onnariols 2 survey conductsd in
W09 and 20190 documented the HR hi.m.jrp-: in 47 oew
Ipcazins in three counties in che province (VMink ec al. 2012},
In 2000, 3B horsewesd [n-.FﬂrrmI as Canada flmshane in
Canada; Carsper canadensis Crong.) was documented in the
same !EE.iDn {Sikkema ec al. 2013).

Warddwide, GR hochia wss firss reported in Kansi in
2007, tollawed by South Dakoea in 2009, and Mebraska in
20171; chese HR lations were selecred primarily in GR
coen and M}bﬁn%dﬁ (Heap 20123, In Augase 2011, we
investigated suspected GR kochia in theee chem-falow fields
[each farmed by a different grower) in souchern Albers, This
study chamcrerizes ghyphaosare resistance in those papulations,
based on data from dose—resporss experinpenrs. We alsa
describe the resule of a GR kechia surecy comprising 46 felds
within a 20-km radivs of those three chemefallow fields,
which was conducted in the Bl of 2001, Confirmed CR
kochia popularans were screensd far ALS-inhibicor and
dicamba resistance in the  greenhouse, with molecelar
characrerization of AlS-inhibior resistance in populations
in the three chem-fallow fields. Looking abead, we estimare
the GR risk for the mest abundint weed species in the
semiarid Grassland and subhumid Parkland regions of the
Canadsan prairies {Agioutuee and Agri-Food Canada 2003)
u.ﬁing a 5in1p|r. r:mpirira| mindel,

’Hmmhlu and Methods

Plani Macerial. 1 hu.gus: 211, 15 kochia [:|nm.s I:v:ganﬁve
stage) were randamly selocted theoughaur sach of thiee chem-
fallow felds {swrveyed asing o W™ partesn; Felds labeled FI,
FZ, I'3], which were locared within 3.5 km of each other in the
Cauney of Warner in southern Alberta, The ro-iill cropping
systerns wsed inoche Aelds were wheat | Trigicum asevam L) or

musard [Siwapds wite Looor Brawics gweeve (L) Crern,
atermating with chem-fallow, For the larer, lgl}'phmnt
[alone) was n[lp|iad p:r'mdia:a]h‘ cver the 2111 FNOWInE season
ar 1.5 @ ren fimes che recommended  (1E] nane
450 & ac ht_]]. GR Lrops bad now bean By i the three
fields. Plants were transplanced inta 10-L pots, watered, and
Tmrur\nrmd m saskaronon, 5K [n che g,r::nEmme. r||nn|:s weans
covered with pollen hags (Chanter Packaging, Mississags,
ON) and grown eo marerity, at which dme the selfed soeds
were hareested over a 3wk period. For the dose—response
experiments, seads from each plant collected in o Aeld were
combined into a composics sample (rogal of theee samples ar
papulaters Fl, B2, and F3),

Greenhonss Dnla-hlpunm iment. The dosc—re-
sponse guperiment was conducted in che greenhouse ar
Saskatoon, SK, i Mevember 2000, and repeaed  the
following month, The experiment was armanged o2
mmp|¢l:§|:; randamizec design with four replicanions (one
pert per replicare) per crearment. In additdon 1o the suspecrsd
Alberta populatians—F1, F2, and F3—ewa known herbicide-
sumep:lm (HS} pepdations from Hanley, 5K, and Hays, K5,
and three known GE populations fram Phillip, Scarr, and
Busssell, K5, were includad in the experiment, Five seeds wers
planted 1 em deep in 10-cm square pots containing a mistre of
snal, peat, vermiculite, and sand {3 1 20 2 0 2 by volume) Ell.uu
conrrolled-relesse ferrilizer (15-9-12, 150 g 73 L7 Sooms
Oharecats FLUS,  Missiza OM] The cxperiment was
conducted under a 20016 C daynight eemperatire regime widh
a 16-h phoweperiod supplemenree. with 230 pmol m™* 57!
illzminaren. Pogs were warered daily o field capaciry,

G]:.- hosaibe {Ruuu.d.u? W‘ﬂﬁtr."\-{uz., B salr 54 G ac L =1
farmulasion, Menmnto Canada Tre, Winnpeg MB) was
app]icd ] med“ngs when 7 o B cm all, The herhicide was
applicd using a maving-nozels cabiver spraver equipped wich
a Har-fan nazzle r.ip -:'rmj'er BOAVE, Epn}'in Sy:::m: Cr.,
Whearan, 1L} calibrarsd to deliver 200 L ha™' of spray
solution ar 275 kPa in a single pass over the foliage.
Celyphosaee was applied ar ape-eighth (00125 ), ane-quarmer,
one-half, ane [450 g 2 ha™ "), tw, theee, four, and Fve times
the field-recommended race, plus a nentreated corerol. Three
weeks after rearment (WAT), planc resporse ta herhicide
application was viguslly scored a3 HE: ﬁn:a.{f'flil] or nearly dead
(13 ar GR: some injury bue pew groweh (Jevel 2 or no injury
(lewel 3). Assessrents were made relarive 1o hericide-rrearsd
and -untreated HE and GR check popakaions, Although the
scaring system is lkely related w dese, rating levels were
distiner when visually evaluasng plano in the greenhouse.
Following herbicide injury rating, shoot biomass was har-
vested., Harvested biomas was immediaely weighed [fresh
wuighﬂ. deaed 2 60 C For 3 o, then welghed again,

GR Kochia Swrvey. A field survey was conducred in Jars
Sepeember and Ocober 201) in the Counrye of Warner,
Alberta, inan area wichin a 20-kin radias of Gelds F1, F2Z, and
F3. An approximarely smilar number of sices (ol of 46) in
cach of the cardinal direcricna were surveyed (Figure 1), Ficlds
with kochia were mandom'y selecied when driving along
prhnar:( qr.s&'.unllary roads, Between 19 and 20 marare kochia
plants [i.e., warger of 1,000 viable sceds) were collected from
cach Field, bulked in a cotwon bag, and air-dried, Plants from 2
aine were hand-threshad w avoid gmple cross-coneminacion,

Beckic ool Mubtiple-nesisnun kocha 511
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Figure 1. bezmbet of Relds mmplad Soe bocka, by
& surery conducoed in Al 2001 in cbe Coumy of Warr
within & 20-kee radivn of fields F1. FL and B3 lmnl of 46 fdils)

Ins Pebruasy 2013, sceds were planted in 52 by 26 by 5—cm flats
coneaining a potting mistuee as descibed  previously, A
minimum teml of 100 |"_ secd“nlu i3 o 8 em owll) per
pnpl,:larinn irhree flars ar N!_Tl|i|'.;|r£i T eRpEriment mn and
reacated) were spraved with gyphosare ar 900 g z2e ha”!
according w proceduncs deseribed previowsly, Plans were
visually rated for ardival 3 WAT usieg ehe abave-rentioned
soaring system, Kreown GR and HS pepulatons seved s
positive and nepative conrals, respecrivehy,

ALS-Inhibitor Resistance in GR Kochia Populations and
Maolecnlar Characterization. All kachia popalations (F1, F1,
F3, plus those surveyed) confirmed as GR were sereened in
March 2002 for resistance o & synrheric ausin herbicide,
diczamba, ard an ALS-inhibitiag herbicide, chitensuliuron - -
triberzron premizrere, wsing procaduses described previgusly
for the surveyed populations. Flerbicides were sprayed
plants 3 to % em eall wing Banvel 11 (450 g 1 -| l‘|5<‘:lfﬁ!‘-\-=.
BASF Canada, Misssauga, OM) ar 140 g ai ha™ or Refine
SG (rhifensulfuron ar 10 5 ab ha™" and wibenuron ae
5 ai ha™', dulfonr, Misszssanga, ON) plus a nenionsic
surfacrne (Agral 3k Morss Conceper Inc., Umavwa, CIM} ac

0250 wiv, Known HR and FS conerols were inclisded in beth
EEETIMENT rurs,

ALY G Segmencing. Sequence dara of the enrire ALY gene
were gererated for 20 ke parental-gencration plans of
Alberra papulasions F1, F2, F3, and Karsas GR population
Phillip (pluz 10 plans of TS popaation Flanleyl. ORA was
extracted From Freese-dried leat tissue (10 10 20 mg) of
r_l 'ph.nm'.r-l:r:al::i (F1, B, B3, Phillip) ar unteeaved (Hanley]
pl?]l,'ll:_" using Fast DINA SPIN kit (QBiolzen, MP Biomedseals,
Salan, OH) following the manufacourer’s instrecrions,

Twa sers of primers were wsed o amplify che encire ALS
gene (Table 1), Polvmesase chain reaction (PCH) amplifica-
tions of the ALY gene were performed wsing Ready-To-GCo (GE
Halrheare UE Limiced, Lirde Chalfont, I.'!-1'.:|.:in.__-.'"|'.1n1shin.'.
UK PCHR beads with ugpl'm.'inur:"l:.' 25 ng al pEnnmic LI A
arnd 400 oM of cacl: primer in a ol of 25 ml, PCE was
perfarmed urder the following condirens 2 min inobation at
05 C; 40 cwcles of 30 5 at 54 C, W s at 58 C. W 5 ac 68 C;
Fisllewed by 5 min at 72 C. PCR fragments were purified using
the F-Gel iBase Power Swrem wich (8% CloneWell SYER
Safe pels (Tevierogen Corpararion, Carlshad, € equencing
used ABI BigDye Terminasor Beacion Mix (v, 3.1 PE
Corpomution, FE Blogvsiems, Foseer Clry, CA) Primers usec
for ssquencing were the same a5 thase wsal fe PCR
;meli:'E;:]l:i.cn, ard a Further rwa internal primers wene usec
e oensure compleee coverage (Table 13, Poalymerphisms or
nuclenrids I'-.-:rrm.]gmiry was hased an the appeannc: of twu
pezks ar a simgle nucleotide posider, Amine acid and
nueleotide posttions are numiberad based an the amino acid
sl nH ALN from Anafiaapesr (Sathasivan exal. 19900,

Rish Assessment of Glypliosate Resisance in Canadian
Praivie Weeds, W wanted o Jook ahead o oy o iderify
other Canadian prairie wesd species chat may be at greares:
rish b evolve glyphosace resistance. Bacause we have an
carensive and unique weed survey dacabase of thousands of
prairiz |:|np|mm Fm]h']: spanring vz, ws urilized chis dara et
in conjunction with an empirical model o estimare the top
trer weed s;_u.'l.'il.'s in the seeniasid {soushein) Grassland and
sushumid {narthem) Parklind regions of the praires az
potential ik af glyphosae resistance

A cassic model of herhicide resistanee evolution was
describad L‘l_'\-' Ciresaed ame -‘i"—"‘l L1982

ED

MNo=N1+(F = 8] 1]

where N, is the properion of FIR individuals in the
p-clpuh'.n:-u after @ hesbicide 1p|.~'|ia:an:i<:n=_. N, e the inidal

Talz L. Prirezs foo amplifying ind sequencing kuchio ALY pere fagmmrs )

Primers Hegisa of bemnboge
bl=F T CAAATECE i
ElaFw® & oG TS

P Th-F-1h (LE LR

&r / TTGCALALL

ReTh-E GACACATGEGETTGCTTATT TTO

Ae=Th -3 AACTTITT CATCACCTIOS

e GAAATCTTTO A CAA TATAGLAACATE

® Fe et &l 1992,
¥ Wacwck er al, 2GR
*Warsick o1al. 21k

A2 e Wend S

&1, April-June 2013
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Erl:q of HE planrs priar w herbicide us:.j_m dhe reladve
firness of HE v, FIS biorpes, & is che av weed seedbank
I,onac‘l']l:y, and a is the selecrian pressure, Lirtle is known ahouwt
how A, and [ vary by weed species resismane m glyphosare;
selecrian pressure and seedbark ]un_gwit_r can be beteer
estimared.

Glyphosare selection pressure was eszimated for the mp 10
st abuncdant praitie weed species [eacluding Canada thistle,
Crrrdroe avvense (L) Seop., bur incuding wild musmard,
Stmapir areensic L] in two main agroscological regions of the
prairies [Agricaloare and Agri-Food Capada 2003). Selecdon
pressure wis quantified as che product of (1) relasve
abundance of a weed in each regian; (2) propertiorz] weed
ervergence ag a functon of seil GDD 0 C under
comservacion llage (Bullied ot al. 200%; Schwinghamer and
Van Acker ZDDE ar Elgt?hmnu.' :pplimtiun ak ceding
{earhy Bay, 250 G, owice in-crop Cearly June, 630 GDIY
latz June, 850 GO, and poscharvest (Seprember, > 1000
GDD): and (3) ghyphosire efficacy for each weed based on

rt apinion. Belative sbundance of 2 weed s & composioe
index based on Feld Feaquency, Tedd uniformit, and weed
dx;nxu::,r‘ these dara are collecred in July and .".uEJ:: after all
kerbicide trearnents heve been applisd (Lesson ec al. 200%),
Total selection pressure is simply relarive abundance multi-
plicd by cfficacy, since weed emergence in a growing season
totals 10 Besuse of the spased-our peemination ob weeds,
glyphasmre resistance risk rating for cach speeics was caleulaed
w toral selecrion pressure divided by seedbank longeviey
(Equarkan 1) wing dara from Van Acker {2009).

Dose-Response Data Analysia, Creenbouse dama were
combined across uns wpon eonfirmarion of hemogeneity of
variarces (Sreel and Torre 1980}, Statistical analysis of shoot
hiormass (fresh ar dry weight! dose-respanse curves followead
the precedure derailed by Sesfeldr e al, (1993], Dam were
fiezed to the lop-logistic model [Equarion 2]:

e [ =) (14 explbllnfe] — In{GRap))  [2]

where ¥ = shoas fresh o dry weight (percentage of nonerezted
control), & = glyphosare dose (g ha” 'y a valug of 1.0 was
added to cach dose o cabeulste magural lhgarithme, In).
¢ = lower limic (asymprote) of the sesponse curve, 4 = upper
Limir, & = sope, and GRay = dose (g ma” ") of berbicide dhat
reduced shoot fresh ar dry weighe by 50% relarive 1o che
nontreated contral. Howeser, the survival doseresprnse
curves were best cescribed using the quadraric (suspeced or
known GR pupul::i.uns] IEquati.nn 3 or capon.cm‘ﬂl dm}'
mieded (HS populations) [Equation 4]:

y=ixt o+ bt [3

where ¥ = survival (percentage of conerel), & = glyphosae
dose g ha'), & = intercept, & = linear coefficient, and
¢ = curvilingar coefficiens;

yde™® g
where v = survival {percentige of contml), & = glyphosare
diase ':E ha_']., o = 'mte'mept. and 4% = inical sk-pc.

[Chama were fined o the models nsing s derivative-free
nanlinear segression procedure, provided with PROC NLIN
[SAS 19549, sbon analyss were Furﬁ.‘-::‘nﬂd ol tredtment
MEANS FYeragec over mp|'nmﬁnru 2 recormmended by Gomes
and Gomez [1984), Crefficients of determination (R were
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Figure L Hochis shan binman e srighy, F9OA) s dry seight, D%

[} pespense e increasing dose of glhpioswe in 2 geerhouss operimere:
suazptible populatioes, Hasley snd Hape ghephmaresssan [GR) prpobaieas
fram Kanss, Fhillip, Scom, and Rusell amd wapoial GR populigons Tom
sorzdkern Albeta, Bl F2oard B3 Ohher abbredaiione: G, plyphoa dose
reweling in o 30% reducrion in bomassi 2F, ressianas S, cdiailaed = GRay
of 3 CR popdation dirided by svetage G of e suceprinle popalacone, See
tear for pegrestion eqvavmn and Table I bor pararsser aitimoes,

calcclared as describad by Ewalicth (1985) wsing the residual
s of squares value from che SAS aurpur. Standard errars of
the patarseter eatinmates were caleulaed, Parameter estimates
are considered significane ac the 005 level i che standard srrec
is less than ane E:df'r]'le value of the ssimare [Koutseyiannis
1877). Tndividual resporse corves were spstemarically com-
pared for comman parameters using the Gok-of-fe F test ar
the 0,05 level of a.'lgniﬁnm.. as outlined h‘,‘ Secfelde er al.
(1995), The resismnce index o Faceor (RE) was caloulared a5
Cilay (hinmass] o LD, (survivall of a ssspected o1 krown
GR population divided by average GRag or LD s of che owo
HE populations, where GRyy and LDsy s the dose resuling
e 509 reduction in aboveground biomass asd sarvival,
respectively, relative ma the nontrestsd caneral.

Results and Discussion

Glyphosate Dose—Response Experiments, Based on shoar
hiomass (fresh weight) resporae to ncressing doss of
g|'.7phmi|r¢. the chree (xR Kansas pnpul:uiuns exhibited a RF
af 4 1w § (Figuse 24 Table 21, The three Alherta popula-
wons—F1, F1, and Fid—mnspended oo glyphosae similarly as
the Karsas popelations: BF of 4 to 5. Therefare, these three
Albera populitions can be considered o have 2 low level of
resisrance to ghyphosate, Le. BE = 5 [BF cucgerization
derailed in Beclde and ‘Tardif ll'l'li}. Simiular results wene
obralned when shoor dre weight was regressed  agains:

Bockic ct al.: Maltiple-reimant kechia 33
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glpphosare dose [Figuere 2B Table 2). Bach cthe Kansas GR
populations and Alberia pepulaions had o BF angiog fraom 4
6 (a low oo moderace level of resastorce]. Based on supvivil
response o increasing doses of ghphosine, RE fas che fhnee
Bany prpulations ranged from & w 6, wheres RE fior The
thiee Albera popelaions ranged from 5 o 7 (Figure 3
Table 2i. '?-reﬂlmpﬁ af ghe three Alberma popularions survived
Sl B ha !, whereas there were ta survivon from the oaa
15 puﬁﬂmlnm ar thar dos=. Therefare, dhe three Albem

RF
RLid
¥ ]
& :
08
‘5 m 5.3
2 54
1 ;
a.n
a " e

0 RO @

Glyphosata (g a8 har'}

o ]

Eigure 3 Kochia sundval is 2 funaion of incmaing doss of ghvphmor in s
pracchie cxperisene wsospuble popuscons, Fanbey ard Flags: gyphose
regierane (G popriarions frem Earsas, Philip, Sooct, aed Ressell; s sispasicd
LR populariors fram suthemn Abem., FIL B and F3, Cohor abzorvinion: RF,
resistancz [uctnr, cakealael as 10, of & GR popuadon Sesded by aeenge LD,
of the susceprihb popuisions), Sov neey for segesdnn cquatinm aml Tasle 2 fur
[ATRTIZLED E5TANES.
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.’nm.nnr pnpmr.m divided by EDyg mean of ssccpeizle posulatioes: sanlird smae not asailable T surival pegressdon madels,

populazicns are indeed GR, responding similarly az the
Kansas populations te increasing dose of glyphosase,

Far other GR weed species, BF valaes generally are = 14
[Becleie 20121, Target-site mutation generally confers a lower
level of sesistance w plyphosie than ."Fi""l'“ﬁl""‘] oy
tesulting in reduced ransiocatian, rtﬂnug;h evels can be
similar o rigid reeprass (Caffus deerm Ciauding {Preston
et al. 2009), Regardless, the three Hbtrm poputations wauld
ot be controlled in the Reld |:n' realizie g]yphmil:t‘
applicacion rates, When sampled in Aspuse 2001, Jc was
apparent that the kochia populations in the glyphosae-rreats:d
chem-fallow felds were likely GR. with linear swips of
mnl'wi:ns plants ariented in 2 southwess 1o portheast direcrion

iling winds fram e sowthwest) (Figure 4. Kochia was
l:. only wesd species moanel Gt was oomman w obseres
live plants rexe md.ﬂ.I;]E::lnu throughout che three felds, The
three Alberes papulatians may indeed be a single rulq]:e
with the wmbleweed dispessing seeds across opan
landscape a5 ehserved previowsly with r‘;T..E-inh.b.lmr—HR
kachia. The relarive roles of GR kodhiz seed i.mm.i'_qmﬁo.ll.
(gene flow) vs, evolutien throngh gvphosate selection in each
of the three fields i presently wnknown,

Jn examine the response of GR kochia o increasing e

b te ineler fi ﬁ‘d canditions, a dose—response erial was
:mb ished in spring 2002 ar Lernbridge. AR (the same trial a
a site in Saskarchewan was cerminaced because of poar
s:adJ mergenes due to Booding). The trial was arcanged in
L:ilnd{ d:ﬂgn wn.'h ﬁnur n:p]l.cutmlm, with q];rpvhnsan:
mt: as main plot fecrar—che_same rares a3 hase in |:h:
preenhosse experiment plus 2,700 (63] and 3,150 g ha™
(73], applicd w0 seedlings 4 con tall—and kechia pepulstion
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Figure 4. Soebern Albena chemefaliow ek = Augwse 2001, wheee the Pl
popuksion was meplet diphenr had beer appinl cxlier in ihe gring
seasn il 570 g ae ba

(LR-F2 ancl a non-GR population] as splie-block faceor, The
kochia pepulations were q'l:nu'd. May 15 intor Fallorw land ata
0,5-con deprn using & small-plot seeder, The expanertial decay
madel best deseribed the response of aboveground biomass of

Fgmr 3.

donnte the chametallie: lisks shere G lechin sas list oondimec

the rwo kochia populatons m %il:lhlmn:' [vegetarive plamus
harvesned & wh after planting), The RF equaled 6.2 based an
aboveground biormass dose fesponse aof the 12 papularian
[GRey, = 330 and 53 p ha™' for GR and non-GR kachia
pﬂpulﬂ:inns. r\c:.]:c::h\cl}':l. .-'Jrhm.sh the toial was  nat
successful'y repeated in the £eld, che computed RF was
similar to thar derermined in the greenhouse experiment

(RF = 4.1},

GR Kochia Survey, 0O the 46 populations sceened for
ﬂ'rhnsm reastanoe {!-:II:II”J ]u_'] seveny were coilirimed as GR
Figure 51, The seven h§:'||:|: had beern chem-fallvwed ar
aogped o small-prain cereals in 2071, The frequency of GIL
plants in o populaticn ranged from 18% (mmple poiod [SP) 21
o 79 (8F22) (Table 3), The siee (SF27) Farthest from the
:hﬂnn&"m\r felds (F1, FZ, F3) was locared about 13 km oo the
seashieast, Al of the sites were lacared east of the three chem-
[llow Feids, The mame prower fasmed fields F1oand SP23;
anspther grawer felds F2 and SP20, and another grower fidds
512 and 5122, Therefore, kochia sood may have been spread by
farm equipment, in addicen m wind, Melscular mackers will
m:\jct o derermine the relarive cantribution of evelction
thuvugh sebociion and gene fow, primarily seed dispersal.
Tr zddition o the seven confirmed GR kechia populaticns
found in this sureey, an additioeal populstion more than

ey

||1I 14‘,~ iy

Sreen sac (hizdod 5F1 in the Coury of Wamer in southem Albec o fall, 22101 wiih confumed glyphosaie-coisan (GR) Bockia; PHL, FOL and FO2

Gieckie 2 al: Mulsiple-cesisn kachia = 315



Table % Frgemey nf glyponsie- aed = 1l:|lmlm: AL uinkiki

reptint plants in Alena kochia popelatons”

Fopalaiinn Glyphisaie sedsance AlS lahibaer rsbiance
o

¥l §Lx) 13

F2 1 10

B 102 bl

Pz " 5

ar4 33 o

AlEa BE B3

021 1% (L)

aP2L 3 (i)

P23 il o

-l e L L
'l:,lrph-m: applisd ar 900 g ac la " and cuifessaliumon : oiberuson

pressbroe spplisd a1 15 g ai ba™ . A simimum of 100 plans per pepubibon

were sreered with esch Rerbicde.

100 km northwest of these survey populazions was recently
confirmed us GR. An expanded sureey (300 sites] was
compleced in the fll of 2012 thioughour sauthern Albera o
estimate the prevalence of GR kachia i the reglon. Tn the
peighboring province of Sas
GR kochia populations in chem-fallow fields covering a wids
peograpbic arca were confirmed [Beckie, unpublighed data).
Survevs will be conducted in cenral and sourhern Saskarche
ewnn and sourhern Manieeba in 2003w determine the
incidence of GR kachia.

ALS-Inhibiter Resistance in GR Kochia Populations and
Molecular Characterization, When the confinmed GR
keechia ]'\-npuhhnr..s were screened wnJL J'uFenathunm ribe-
nuran premixiure ar 15 g ha”", all of dem were ALS-
iohibitor HE {Table 3). These nesuls were scpacted,
provious surveys had documented about 9% of Canadian
prairie kochis populaions exhibidng resisance o ALS-
inhi hmng herbicides {Bndu.e et al. 2011b) Most af the GR
populations had s high frequensy of ALS-irhibimoe-HE
plants, excepr sites F1 (1380 and 5P2 (52%). However, all
populations were susceprible 1o dicamba, an auxinic herbicide
ldata noe shown). Dicamba-HRE kochia har nor yer heen

in 2012, a aumber of

repormed i Canada, altheugh numerous popuelaions anc
fourd in the morthwestern United Stares (Heap 2012}

1he ﬂ1|erulin.g aming acd subsdtutions chae :.\m-rjnu.il:.-'
were known o confer ALS-inhibitor resistance were found in
this ::uﬂy? Prupp. .‘"n:ip_q;s. and TI'?SM sites (Tabde 4], Pr\'?'_y:r
murations resulting i aming acid subsaerons conferrin
resisance were the Fallowing: OO0 Pro o CAG Gln, UG
Pro to T'f'f' Ber, and COG Pro oo CEG ."dg. At the .I'I.'spps
sice, & '] i (: mucation m|md. 1 an amine acld subsititoen

of GAT Asp ro GAG Glu, At che Trpgys amino acid site, 2

mutatian of 7 ta T readeed in an amine acid substination of

TGG Trp o TIG Lew

In che Alberra F2 population, 10 of the 20 iadividuals
vestedd had amino acid substirrions conferring ALS-inhibsesr
resistance (Table €], Chie individual in the F2 popularion was
homompgous far Lewsyy, whereas cight jodividuals om har
pqpqh.l:lnn revealed  the Carger-site mutation  TT/AGIG,
resuleng in a TipdLeugzy aming acid substimron, The
polymarphism GATT/G) results in che substimdon Asps
Glusze. and was found i o individuals in che B2
Pugu]atinn. Three individuals possessad  the PrafGlnggs

ricucion. Three individuals had twe amioo acid sebstio-
tions: owo individuals with both ProtGloggr and TrpdLeasy,
substisucons, and one individual with barh Asp/Gluyes and
TrpfLeuss, substimutions.

In the Alberea F3 population, five of the 20 individuals had
the polymorphism CICAAIG, resuling o e amioo acid
substituton ProfGlnggs, One ndividual in the Kansas
(Phillip) population kad a polymesphism (THCHC:, resulting
in a FrofSerjen substicution, whercas a polyinorphism ©
VOIGIG resulting inoa ProdArg,y: substnzion wes found in
unother individual, A thind individual revealed the rarger-sice
muaration TG, resuling (o the armine acid substimion
Tip!Leusrq, 4s expecied, na rargec-site mutations were found
in the 10 sequenced plants of the Hanley HE popalation {dam
nor shown},

Unexpectedly, no trpet-site mutition sere found in the
M seguenced Iﬂ.‘.nu af the Alserm B Pu]a.t:n‘n {dam mat
shown), The low frequency of ALS-inhisieor—HR individuals
in the Alkersa F1 population (13%; Table 3] likely explains

Tahbs 4, Aemclacta mmihae L8 cugeedie sustons @ gliphosos reaan (GRS Albens kochi poprdaccns F2ard F1, and 2 GR Xanas popubiion, Phillip
dial of 20 individuals por pagubiion sguemeedl,”

. Prali? AT T

T LG Prals? GaT Asp TITHEG Tep/les
F2 ARG FaalGln GAT Asp TGS T‘-I_'!J

F1 05 Pm GATTIG) Ap'Gla Trp/leu
F1 CEG Pro GAT fup Trr.lr}{. Tepilies
F2 LA Paalla GAT Asp TGN Trp/lew
F2 2CG P AL A Gl TG Tip

Fi CLG o ! GaT fap TGS Toples
Fz CEG Pm GAT Asp TTC L

Fi CCT Pro GAT Aap TITIG S Topilen
F LILFATL Pintlala GAT fap TTHGEG Trples
Pz CEG Pro AT Asp TiTHEG Tiplles
F3 - CIEYAYG T Gla GAT Aap TG Trp

F3 CICAG PGl GAT fap TG Tm

15 CICAMG PineGle GAT fAsp TGETm

F3 CICAIG TroCle GAT fap TG Tip

F4 S ProdGle GAT map TG Tm

Phillip [THCIE PrudSer GAT Asp TGEG Trp

Ihillip L3 P GAT dap IE G Trpilen
Phitip CICAGYS Pty GAT fep TEE Ty

* A dadh 10 herseser nudeoicks indicns e body reclzotides dre preent al G posiien, L., heemepgnainy,
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* R relatier shundsnce (demived from Lemson ar al, 20661 see nox for dosciiptize.
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“ &P, selectloe pressme, cakoulaml ar RA % eficacy,
9 Dresined from Vi Ackes (21090,
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e lack of detccrian of trger-sine murarions in rissus-mmpled
GR plan=.

Hisk Amessment of Glyphosate Resistance in Prairie
Weeds, Faochia, which emergss :arl}' in the g‘:mij IS0,
was the only weed examined in which presesd gl?;i'[ll'lmibe
selectinn pressure was grearer than in-crap selecrion

(Tahle 5 calume §1: In~rap/preseal = 3.7), In the Grassland
regian of the pracries, the mp throe weods prodicied an greasst
risk of gyphosre resisance were kachia, wild vat, and ther

e Fowil, Lo the Parkland reginn, wildl car and freen Frasctaal,
allowed by cleavers spocies were the mp thres species, Hased on
MILIMEraUs sSUrvcys af HR weeds in ﬂm praj fies simes 193!.“‘##{"-

opubition abundence is 2 key HE risle Bueeor, The tisk raring
or kochia was rwice thar of any other species. Those predicriong
were originally presenred in a paser proscoted 2t the 2010
Camadian Weed Science Sodery annual meecing (Beckic 20107
i response o repeated questions of prairie wesds 2t greatese
risk af glyphosute redstana.

For predicring invasive weed species, 2 history of invazion
elsewhere i probably the best indicarnr, Thus, the risk of GR
leewchia in the prairics was elevared following the repore of GR,
knchiz in Karsas in 2007 (Heap 2012}, Regardless of whether
the predictians prove sccurate of nat (othet than kochial, @e
simple empirical modeling exercise was successfil in raisin
awarenss among all regional sakcholders, via te media, of
the rigk of selection of GR weeds znd che urgency of proactive
management—which was the original intent of che projece.

Herbicides ta contrel ALS-inhibiwr (group 2-L1R kockia
ar groap X ]||.||.5 g|:.r|_:|h|:.s=tu igroup o-HR kochia in Feld
crops in Canada are lsted in Appendix. Table l—ar

E«mjug [bermdewis), in-crap, or in chem-fallow sicuations.
ged o previows survey results, growers must ssume lochia
pepulations are group 2-HR. There are sufficienr alwmarive
herbicides w0 contol grosp 2 = 9-1R kochia i mos cereal
crops, However, thare cuu::nd;r are oo n.}'qiﬂtn:d -crop
hethicides to contral the muhiple-HR hiogpe in musasd,
sunflower  (Hefentrer aneewr L), leoci]l  (less culingrs
Medik}, chickpea {Cavr arienimem L), dry ban { Pvearadus
sudatrir L), sowbean, or poram (Selessa scberssae L1
Firnadleal crops wich wery fow altemnative herbicides include
sugar et [ B .'m@'.avi; | ) pher.m:d'lp&uln + desmediphane,
& poup % herbicide); ficld pea (Miane secese Lo MCPA,
Broup ]: 9nd canala [!du‘ﬁ:smafe, pﬂup Jl:l] Wi ane prns:ntl}r
cxplosing vatious herbicide trearments to control GR koclia
under feld comditione.
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Appendix 2: Survey of glyphosate-resistant kochia (Kochia
scoparia L. Schrad.) in Alberta

SHORT COMMUNICATION

Survey of glyphosate-resistant kochia
(Kochia scoparia L. Schrad.) in Alberta

Linda M. Hall', Hugh J. Beckie®, Ryan Low', Scott W. Shirrill®, Robert E, Blackshaw®,
Nicole Kimmel®, and Christoph Meeser®

' Agriciitural, Food and Mutritional Science, 410 AgriculfureForeslny, University of Alberta, Edmonton, Alberta,
Canada TEG 2P5 fe-mail: kinda hall@ vaibeda.ca);: “Agricuiiur and Aga-Food Canada (AAFC), 107 Science
Place, Saskstoon, Saskatchewsan, Canada STN X2 “Agriculture and Agn-Food Canada, Lethbridge Research
Cenire, PO, Bex 5000, 5405 1at Avenue 5., Lethbridgs, Alborta, Canada T1J 481, *Albarta Agrizuliure
ang Ruwral Development, 17507 Fort Road AW, Edmonton, Atberta, Canada THY 8H3 amd "Albarra Agrcuwhure
ang Rural Davadopment, 307 Hoicuifura) Station Road E., Brooks, Albsra, Canada T1R 1E8
Received 13 June 2013, scoepled 28 August 2013,

Hall. L. M., Beckie, H. )., Low, R., Shirmff, 5. W, Backshaw, R, E, Kimmel, N, and Meeser, ©, 3014, Survey of
glyphosabe-resistand kockia [Kochis seaporda 1. Sehrad.) in Alberin. Can. 1 Plant Sci 84 127150 Glyphaosa ie-restanl
G} kochin was identified i Warner county in southern Albemn in 2000, Te determine che scale of the diserivution and
Mecuency of GR kochia, @ mndomized siratified suevey of more than 35X laeaens fane popalation per Ircation) in
seuthern Alberin was conducted in the Rl of 2002, Mutare plants wene collectad, seed separatad, and By seedlings screened
b apraving with glyphosate ot 900 g 2.2, ha™ ' under greenhouse conditions. Screeniog conlinmed 13 GR kochin sites
seven in Warnier cownty, five in Vilsan eoupty, sod ong in Taber couney. The frequency of GR indivkluals in & population
ranged from 0U3 ta 98%. GR kechia were found in ard areas wheee chemical fallow is o significant component of the
retation. Economiz nod agronomic impact of this GR weed botype is compounded Deesume ol multipie resistance o
niztobitang aynibwse-inhibiting herbicides

Key words: Chomical fallew, Kechiv sonpevda (L) Scled., glypheases resistonce, moultiple hericide resistanoe

Hall, L. M., Beckie, H. 1., Low, B.. Shirrill, 8. W, Bluckshaw, B E., Kimmel, N, & Neeaer, O 20604, Ermde de 1a kochic
[Kockin scoparda L. Schrad,) risistante su glypbosaic en Albentn. Can. ). Plant 54, e 127-1300 En 2001, des plas de
kachie résistants au giyvpbosite (RG) doben identiliéa dans le comsé de Warner, dons b sud de PAdberta, Pour avair une
milleure idée de Timpartance de la distrihetion et de f récuence 32 la kochie KOG, les guicurs ont proegds doane &ude
stpatifibe randomiste 4 plus de 300 emplacements (une papulatian por emplacement) du sud de Al & Faulosne 2002,
s ent recueilld des plants adulies, ont sépant s graines puis sélecrionné les planfules en les aspergeant aves 9 g de
matiére avive de glyphosate prar bociare, en seeve, Laséhetion o confirmé Pexisterce de 13 sites ol pousse In kochie RG,
st sepr dans le comté de Wirner, cing dans le camite de Vulean et un dans e camié de Taber La frécquence des plants BRG
am sen de In population varie de 0.3 & 98 %o Lo kechio RO 2 e divouverls dans ks Geun arkdes ob on rezearn
abeadamment & & jachére shimique dans les pesalements, Limpact Sconantigque et agronamicue de cetle advesige RG es
d'mlint plus importanl gue celle-d sbsiate nuasl nux nerbdchdes qui inhibent neénlacmie synihase,

Mots clés: Jachére chimique, Kochie soaparia (L) Schrad., rsislanes au plyphosace, rslstance multipls any herbizides

. I, Plint Sci. Downlosded from pubs.aic.ca by Universily of Alberta oo D306/15
For personal use only

Cilyphesate is a key herbicide for weed control in
chemical Fullow in oard o semiarid regions of the
prairies, pre-seeding in divect-seedivg systems, pre- and
post-harvest control, und in glvphomateresstant (GR)
cinela {Hrossics agpuy L), sopbean [Gleeine seax (L)
Merr.]. corn {Zea mave L), and sugar beet (St vlgariy
L. Glyphosate was first intreduced in 15974, and is the
maost widely wsed herbavick in the world, Fregueni
glyphosate wse has selected for GRE weeds - over 20
wendl species in several countries, Including sastern
Canada {¥ink et al. 2002 Heap 2013), Until 2011, GR
wesde had not been ideatified in western Canada.

Can. I, Plant Sci. (20041 94: 120130 doi: 194141 /CIPE2013-204

Kochia i a competitve mmblewesd with early
eraigence [Schwingbamer and Van Acker 20087, abun-
dunt seed production, and woleran: ol airess (Fricsen
et al, 20099, It is one of the most common wesds of
southern Alberta, being the fourth most abundan) weed
i the Mived ard Meoist Mixed Grassland ecoregions
(Leeson et ol 2005, A Cy plant, it conlinwes: 1o grow
uader het, dry conditions. Kochia is morpholagically
plustic, and oeeurs in agrcultural areas, waaste lands,

Anbreviations: ALS, peraliciale suchns: GR, glyphoasaiz
resistant
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and rangelands. Kochiz nlse matures later than many
alher weeds, usually after annual crop harvest, Kochin
resistand Lo acetalaciate svethase (ALS) inhibitors in the
]_'rrs,i:'im,' wits reporbad i 19SE. Heckoe ef al (20015,
201 5h) reported that shoul 90% of the praide popula-
tions tested were resislanl. Resislant genes may be
trapsmitted theough pollen mosement (Stallings et al
19951 However, long-distance transport of resisiunt
penes oocwrs via sosd dispersal from mature plants
lumbling neross the landscape.

GR kochin was first identified in Kansas in 2007 [Waite
2008, Waite ¢t al. 2013), followesd by South Dakota in
2004, and Mebraska in 2001 it was selected primarily
in GR corn and seybean felds (Heap 200131 In 2011,
kochia resistant 1o glypliosate and ALS nhibitors (mul-
tiple herbicide-resistant) was discovered in southern
Alberta (Beckie et al, 201 3a), Inttially, three populations
were identified in chemical-Tallow fields, A 20-km survey
around these sites contirmed an additional seken popula-
tens. Reststance bevel was considerad low to moderate,
with o resistance factor (vatio of the rates required for

Va control of the resistant and susceplibls populationss)
af 4 1o 7. Howsver, resistunt plants could nat have been
cotitrolled in the Geld by a reasonable rate of glyphosate,
Tu determine the frequency and distribution of GR
kochin in sovthern Alserta, a random sarvey, steatified
by cropped ares, wis condueted oo the Fall of 2002

MATERIALS AND METHODS

Survey Methodalogy

A random survey of GR kocha was conducted 1o fall,
2012, The number of papulations eollected was stratified,
proportional v cultivated land area per ecodistrict within
the Southers Alberta agricaitural extension region,
covering four agriculiural ecoregions (Leeson et al
2005), Therefore, sne proportiond wilocation of collec
tion sites in each county wus the sume us that of the
peneral weed survey. Surveyors drove w 209 predeter-
mined aites duging a 3-wk post-harvest survey period in
Seplamber und Detaber, 20012, Approximately 20 matare
kochin plants were ramlomly collected al each site,
and placed in o eatien bag e form o compasile sample,
Acsereey form was completed on-sitefor each population,
and & photograph taken with GPS reference. Populutions
were sampled in fizld border wreas and radenil aress such
as roadsides ditches, railway rights-of-way, and oil well
sites

Sample Processing and Resistance Screening

Samples were threshed under contained conditions al the
University of Alberta i Edmanton, and seed samples
sent for sereening o Agriculture ard Agri-Food Canada,
Saskatoon, SK. All rempining materind was autocaved
to prevent distribution of koshia on the University of
Alberta research station. Samples were also received from
prowers in Alberta wmd Saskoichewan who had experi-
eneed poor kochin contraland were ineluded in sereening.

From ewch population, @ minimum of 10 seeds were
planted i fluts filled with potting soil in o greesthouse,
und glyphesute, tribenuron; thifensulfuron, or dicanba
was applied at 900, 15 (5 10), und 480 paoe ni ha ",
reapectively, when sexdlings were 2 12 5 om tall, vsing
u moving-nozele cabiner sprayer eouipped with o fat-
fann noerle tp (Teelet BODZVS, Spraying Systams Co..
Whenton, [L} calibrated t deliver 200 L ha” J of spray
solution al 275 kPa (Beckic et al, 20 3a). Three weeks
after treatment, plant responss to herhicide application
was viswally scored ae susceptible: dead or nearly dead,
ar resslant: seme injury but new growth, oF Bo injury
(Beckie at al. 20030). Asiessments were made relative to
kaown herhicide-treated aod -unireatad susceptible and
resistant populations,

RESULTS AND DISCUSSION

Kochia reststont to glyphosate was identified at |3 of 39
sites surveyed (4.2% of Relds) (Fig. 1) Seven sites were
located n Warner county, where GR kochin was
previously coenficmed at 10 other sites in oo full, 2011
survey {Bockie et al, 2 3a). Five sites were Incated in
Vulean county o the north, and ope site o the east
in Taber county. Desides these 13 conflirmed sites, 9 sites
were also confirmesd in Alberka in 2012 from samples sub-
mitted by prowers: three sites in Warner county, ons site
in Lethbridge county, four sites in Forty Mile county,
and one site in Cypress county (Fig, 23 Moreover, 1
kochia sarples sabmitted by prowers in wesl-centrul and
southwestorn Saskatchawan that year were confirmed as
GRFig. 2. In this survey, teo ol the Jocations where GR
kochia was found were non-ngricaliural areas (ditch and
raifway rights-of-way) adjpcent to agrisullural areas
{Tuble 17. Kechia can ke an abundant weed in ruderal
areng of southam Alberta where glyphosate may be used
Tar moneselective wesl control.

The frequency of glyphesate resistance in confirmed
populationsvaried from 0.3 to 98% (Tahle | ], DhfTerences
may be due to the lime since glyphoesate resistance
was sebected or introduced (either via seed or pollen),
the amount of glephosae selaction thar ocourned in
that population over tme, o the amount of selecticn
that hod eccwrred in 2002 1o reduce the frequency of
susceptible individuvals n the populition. [t should ke
noted that even though plyphosile resistance was
at low bevels in some samples, that frequency would be
expected Lo increase with the use of glvphosate applied
ulone

COly three populations tested were =< 50% resistanl
to the ALS-inlibiting herbicide tribenuronthifensul-
faron (Table 17, High frequency of resistance to ALS
inkibitors in kochia populatons had been previously
reporied in Alberta (Beckbe et al. 2011h). None of the
Gt populations were resistant 1o dicamba, supgesting
that dicunibte can control GR kochia prios 10 seeding of
mest eereal crops and in chemical fallow. Dwamba-
resistant kochia has not been identified previously in
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HALL ET AL, — QLYPHOSATE-RESISTANT KOCHIA IN ALRERTA 128

Tig, 1. Lecation of glphosste-resissant (GR} (large red circled and glyphosate-suseeatible (seall black circle) kochia,
surveyed in fall, 2002: seven populavens in Warser county. five populatiens in Wulean county. and one popalation m Taber
county,

Albertu, bui has been reporied in e oidwestern U8A times during the fallow year 1o contral vegetalion.

{Cranaton el al. 2000; Preaton et al. 2005, Konchia is o very ubundanl weed i these aeid lecations,

In Wulcan, Taker, and Warner countiss, whers resis- The combination of frequant applications of a sngle
tant populations were located, Frequent chemical Fallow herbicide on an abundan! weed population has led o
{atrip enltivation} is practieed. In chemical fallow, selection of herbicide resistance in ether purts of the

elyphosate i tvpically applied alone, and at muliple world. Unforturately, kechia will not be confined o

G R Hazchia L]

e
*:ltm:.: £

Fig. 2. Glwahosue-reststant (GR) kochia condinied in 2002 from samples subemitted by growers. Note: the site at Milk River,
Alberta, represents three onfirmed fields the stk ut Cabel and Kyle, Saakaichewnn represent two confirmed fields sach,
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Tahle 1, Pereentage of planis in a pepulatioa resistant {1} o gl plesale,
dicamha, o tribemmantbifemselfmon, and the Babimt and ARerts
conmiby whore ppuEanens sere leeaied

Glyphomine:  [Dicarehos Trikenuron!

Sitle Coamly Hahilal n H thifessillaroe- B
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2 Vuaoan  Field k] 1] 1
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T Warner  Field m [ 13
" Taker Fiek o Mat MA
4 Wame Fed 0 U o5
17 Warngs  Fald o0 i ai
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12 Wame Feld a7 [ i
12 Wemer Feld K} i 50

e F i
*rA elate ot avallable Gue o limived sampke sz,

P Raiway right-ol-miy

areas where ot was selected. as it s capuble of moving
Tong cistances and infesting other areas — agriculral,
industrinl, and wusie arsas,

This survay shows that GR kochia has established in
discontinuous ureas in southern Alberta where chemical
Fallow (strip cultivation) is practiced. Because of wind
cigpersal, GR kochia & an imminent threat for growers
in southern Alberia who practice chemical fallow,
direst-seading, or grow GR sugar beet, corn, o canola.
All GR populations tzated Tor ALS-inhibitor resistance
were resistant 1o the sulfonyiuren herbicide wibenuion)
thifensalfuren: cross-resistance wonld probably occur o
trllusulloros, marketed ns Upbezet™, the only other
kerbicide that effectivaly controls kechia in supar beet.
In areas where GR kochia may already be presco,
glvphosate should not be wsed along for pre-seeding or
chemical fallow weed contral

Koascluda was the first of severnl species predicted 10 be at
rsk Tor glyphosate resistance (Beckie et al, 2011, 20013a).
Other abundant species, selected during pee-seeding
applications or present in large oumbess i chemical-
fallow fields are also at risk, including wild oat [Avena
Jafiwa L), preen Foxtail (Sefaeio weidie L, Beouy ], and
wild buckwheat (Fofvgorum convalvdis L) (Beckis
et al. 2013a). Like kochia, these weeds hove wlready
heen selected For resistance fo berbicides with differen
modes of petion wied in-crop. Worldwide, the incidence
of multiple-resistant weed biclypes 5 increasieg at an
alarming rate. Across the prames, mulliple-resistant
weeds will continwe to challenge growers und sgrono:
mists, sspecilly when one of thoss modes of action i3
glyphosate,

Peseanciy was funded by Albseria Crop Industry Develapment
Funé [ACIDF} and Monsanio Camada. The authars are
gravefial for e assistance of Fudy Irving, who assised with
apmiple threshing, We thank David Giffen, AATFC, Saskaloon,
lar praducizsg 52 maas,
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