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Canada fleabane is the second glyphosate-resistant (GR) weed species to be confirmed in
Ontario. In 2010, GR populations were identified at eight sites in Essex County. In 2011 and
2012, 147 additional sites across eight counties were confirmed to be resistant. Twelve and seven
sites were identified with multiple resistance (glyphosate and cloransulam) in 2011 and 2012,
respectively, across five counties. In soybeans, preplant tankmixes of glyphosate (900 g a.e.ha-1)
plus saflufenacil (25 g a.i. ha-1), saflufenacil/dimethenamid-p (245 g a.i. ha-1), metribuzin (1120
g a.i. ha-1), or flumetsulam (70 g a.i. ha-1) provided greater than 87% up to 8 weeks after
application (WAA). Glyphosate rates 21 to 48X the label rate (900 g a.e. ha-1) were required for
95% control. Postemergence tankmixes did not provide acceptable control. In dicamba-tolerant
soybean, dicamba applied preplant at 600 g a.e. ha-1 provided the most consistent control of GR
Canada fleabane.
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1.0 Literature Review: Glyphosate-resistant Canada fleabane (Conyza
canadensis (L). Cronq.) in Ontario: Distribution and Control in
Soybean (Glycine max. (L). Merr).
1.1 Introduction
Glyphosate was first commercialized in 1974 as a postemergent, nonselective herbicide
which was applied prior to crop planting, with additional herbicides used in-crop (Franz et al.
1997; Boerboom and Owen 2006). The introduction of glyphosate-resistant (GR) crops resulted
in increased glyphosate use as it provides flexible, economical, and broad spectrum weed control
in-crop (Gustafson 2008). This resulted in a decrease in the use of alternative herbicides in-crop,
reducing the herbicide diversity within cropping systems and increasing the selection pressure
for the evolution of glyphosate resistance.
In 1996, the first glyphosate-resistant weed, rigid ryegrass (Lolium rigidum) was reported in
Australia, and now there are 24 glyphosate-resistant weed species worldwide (Heap 2013).
Glyphosate resistance may be due to a point mutation on 5- enolpyruvylshikimate (EPSPS),
overexpression of EPSPS, reduced translocation, vacuole sequestration, or enhanced metabolism
(Wakelin et al. 2004; Powles and Preston 2006; Shaner 2009; Yu et al, 2009; Nol et al. 2012;
Gonález-Torralva et al. 2012).
Canada fleabane has adapted to herbicide and cropping systems. Canada fleabane has
previously been reported to be resistant to photosystem II inhibitors, cell membrane disrupters,
ALS inhibitors, and amino acid synthesis inhibitors (Heap 2013). Canada fleabane is well
adapted to no-till cropping systems, which concentrate weed seeds on the soil surface (Swanton
et al. 2000); Canada fleabane emergence is greatest at the soil surface due to its access to light
(Nandula et al. 2006). Extensive use of glyphosate in no-till systems to control perennial weeds
1

previously controlled by tillage has placed intense selection pressure on Canada fleabane
populations. In 2000, Canada fleabane was the first glyphosate-resistant broadleaf weed to be
reported in a continuous GR cropping system (VanGessel 2001). GR Canada fleabane is now
found in Brazil, Canada, China, the Czech Republic, Greece, Italy, Poland, Spain, and in 21 USA
states (Heap 2013).
Canada fleabane’s high seed production, wind dispersal of seed, prolonged emergence,
and interference during harvest make it a problem weed. Canada fleabane can produce up to one
million seeds per plant (Royer and Dickinson 2006; Alcorta et al. 2011; Kruger et al. 2010)
which are dispersed by wind, resulting in GR populations becoming a management issue for the
farming community and not simply a single field (Dauer et al. 2007). As Canada fleabane can
emerge up to ten months of the year (Main et al. 2004), it is most consistently controlled with
non-glyphosate herbicides with residual activity (Davis et al. 2007). Bruce and Kells (1990)
reported soybean yield losses from 70 to 90% due to Canada fleabane interference with other
reports of Canada fleabane stems clogging harvesters (Weaver 2001). Therefore alternative
herbicides must be identified for control of GR Canada fleabane in soybean in Ontario.

1.2 Biology of Conyza canadensis
1.2.1 Introduction
A member of the Asteraceae or Compositae family, Conyza canadensis is commonly
referred to as Canada fleabane, horseweed, mare’s tail (Weaver 2001), bitterweed, hog-weed,
blood stanch, colt’s tail and fireweed (Royer and Dickinson 2006). The crushed leaves and stems
have a carrot scent (Royer and Dickinson 2006). It is also synonymous with Erigeron canadensis
(Royer and Dickinson 2006). Native to North America, it is considered the most completely
2

naturalized plant of American origin in Europe (Frankton and Mulligan 1987). As it has few
specialized climatic requirements, Canada fleabane is widely distributed south of latitude N55 in
all Canadian provinces except Newfoundland (Weaver 2001), though it is less common along the
Atlantic coast compared to inland (Frankton and Mulligan 1987). As an early successional
species, Canada fleabane grows in abandoned fields, along roads, in orchards and vineyards, and
in fields where tillage has been reduced or eliminated (Weaver 2001). It is most competitive in
coarse, well-drained soils (Frankton and Mulligan 1987). Canada fleabane habitat covers a wide
geographical area.
Canada fleabane is a host for various plant diseases. Canada fleabane is an alternate host
for Lygus lineolaris (a plant bug causing injury to crops) and Adelphocoris (an alfalfa pest)
(Latson et al. 1977; Al-Ghamdi et al. 1993). Aster yellows, a mycoplasma disease transmitted by
the aster leaf hopper, can infect Canada fleabane and reduce seed production by 53% (Regehr
and Bazzaz 1979). Canada fleabane is also an alternate host for tobacco mosaic and tobacco ring
spot virus (Royer and Dickinson 2006). Canada fleabane can act as a host to harmful crop pests
and diseases.
Canada fleabane contains chemicals which can be irritants or medicinal. Leaves and
flowers of this weed contain the chemical herpene, which irritates the nostrils of horses, as well
as causing skin irritations for some individuals (Frankton and Mulligan 1987; Royer and
Dickinson 2006). The oil from its leaves has previously been used as a diuretic, tonic and
astringent while the aqueous portions have been found to have activity as an antihypersensive
agent (Tehon 1951). Canada fleabane chemicals can be harmful or beneficial.
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1.2.2 Description
Canada fleabane has key structures which allow for its identification. The cotyledons of
Canada fleabane are ovate and hairless, 2 to 3.5 mm in length and 1 to 2 mm in width (Royer and
Dickinson 2006). The first leaves are spatula shaped and hairy on the upper surface and leaf
margin (Royer and Dickinson 2006). The roots are slender, short, and branched (Royer and
Dickinson 2006). Leaves are alternate, oblong to lance shaped and 2 to 10 cm long, with the
lower leaves being short stalked and often hairy with occasional teeth and the leaves reducing in
size towards the upper portion of the plant (Royer and Dickinson 2006). The upper portion of the
plant consists of small flowering branches with leaves 5 mm in width and numerous flower
heads (capitula) 3 to 5 mm in diameter (Frankton and Mulligan 1987), clustered into branched
terminal clusters (Royer and Dickinson 2006). Florets are short, usually hidden by floral bracts
which are 2 to 4 mm long and are in 2 to 3 overlapping rows (Royer and Dickinson 2006). The
florets are white, becoming very puffy at maturity (Frankton and Mulligan 1987). A pappus of 3
to 5 mm is attached to the seed (achene) (Frankton and Mulligan 1987) which is yellowish, hairy,
oblong, flattened, and 1 to 2 mm in length (Frankton and Mulligan 2006). Canada fleabane can
grow up to 180 centimeters in height, with numerous alternate leaves on the stem (Frankton and
Mulligan 1987). These features help to distinguish Canada fleabane from other species.
Canada fleabane may emerge in the fall or spring. Canada fleabane plants that emerge in
the fall germinate and form a basal rosette with dark green, hairy leaves, which have distinct
petioles and are less than a centimeter in width, with a short taproot (Frankton and Mulligan
1987). Canada fleabane that emerges in the spring does not form the basal rosette (Bhowmik and
Bekech 1993). Elongation of the stem occurs in the spring, followed by deterioration of the basal
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rosette (Bhowmik and Bekech 1993). Initial growth of fall and spring emerged Canada fleabane
varies.
1.2.3 Reproduction
Canada fleabane is a primarily self-pollinated, self-compatible, diploid species (2n=18),
Canada fleabane reproduces and spreads by seed (Weaver 2001). Outcrossing within a
population of Canada fleabane in Essex County was estimated to be approximately 4% (Smisek
1995). The pollen is released prior to the opening of the capitula, allowing pollen from the same
plant pollinate the stigma (Smisek 1995). Experiments by Smisek (1995) showed on average
96% of florets were self-pollinated. Canada fleabane’s self-compatibility contributes to the rapid
spread of alleles within a population.
Canada fleabane seeds are primarily dispersed by wind. Wind distribution is aided by the
pappus attached to the seed, while the distance travelled is influenced by the height of seed
release above the ground (Weaver 2001). The pappus decreases the settlement velocity,
increasing the time in which the wind will continue to move the seed (Dauer et al. 2006).
Controlled experiments using both mechanistic and empirical models have predicted seed
dispersal distances from 30 to over 100 meters with some speculation that it could be hundreds
of meters; however, dispersal distances could vary as air movement is very complex in terms of
gusts, updrafts, and boundary layer interactions (Dauer et al. 2007). Wind dispersal over such a
large area therefore makes GR Canada fleabane management an issue not only for the farmer
with the source population, but also for many farmers within a 500 plus meter radius (Dauer et
al. 2007). Seed dispersal could also be much wider, in terms of kilometers, based on source
strength (a patch versus whole field infestation) (Dauer et al. 2007). Additional studies have
collected seed up to 140 m above ground level, suggesting that seed can enter the planetary
5

boundary level, where it is impossible to predict how far it can travel prior to settling (Shields et
al. 2006; Dauer et al. 2009). Canada fleabane distribution via wind is of great concern, especially
seed of resistant biotypes.
Canada fleabane has the potential to produce a large number of seeds. Each flower head
contains approximately 60 to 70 seeds. The number of flower heads per plant and therefore total
seeds per plant has been found to be proportional to plant height (Weaver 2001). Studies have
reported seed production to be 10,000 (Royer and Dickinson 2006), 800,000 (Alcorta et al.
2011), and up to a million (Kruger et al. 2010) seeds per plant. The overall reproductive effort
(seed number per gram of above-ground dry weight) was found to be lower in taller plants,
suggesting that due to their height, taller plants have a dispersal advantage which may increase
their fitness more than increased seed production (Regehr and Bazzaz 1979). It has been
estimated that Canada fleabane that is 40 or 150 cm in height will produce 2000 or 230,000
seeds, respectively (Regehr and Bazzaz 1979). Canada fleabane seed production is influenced by
plant height and plant density.
1.2.4 Germination and Emergence
Canada fleabane can emerge throughout the year. Canada fleabane seed does not require
a dormancy period following maturity, and can germinate readily given suitable conditions (Cici
and Van Acker 2009). Germination may occur before the current year’s seed is mature,
suggesting that seed that germinates carries over from the previous year (Regehr and Bazzaz
1979); however Davis et al. (2007) found that fall seed shed also contributes substantially to
seedling emergence. In Canada, it is considered a facultative winter annual, as it has two peak
emergence periods: April through May and September through October; however these
emergence periods are variable as Canada fleabane may emerge as long as it is provided with
6

temperatures between 10 and 25C, adequate soil moisture (Cici and Van Acker 2009) and
sufficient space for growth (Buhler and Owen 1997). In other areas it may be classified as a
summer annual (Davis et al. 2007) or biennial (Alcorta et al. 2011). In studies by Main et al.
(2006), emergence of Canada fleabane was not strongly correlated with soil temperature
(r2=0.21), air temperature (r2=0.45), or rainfall (r2=0.32), though most of the emergence in this
Tennessee study occurred at daytime temperatures between 10 and 15.5OC. In contrast, Buhler
and Owen (1997) observed Canada fleabane emergence in the spring occurred at the same time
as a period of precipitation. Canada fleabane can germinate in high soil salinity as well as
moderate water stress conditions, though at reduced rates compared to “optimal” conditions
(Nandula et al. 2006). Germination also appeared to be favored in neutral to alkaline conditions
(pH 6 or higher) (Nandula et al. 2006). Canada fleabane’s ability to germinate in a wide range of
conditions without a dormancy period allows it to emerge year round.
Canada fleabane requires light for germination. Nandula et al. (2006) found that
germination was 0 to 15% under dark conditions compared to 0 to 61% germination in light.
Canada fleabane emergence was the greatest at the soil surface, with no seedlings emerging from
seed at a depth greater than 0.5 cm (Nandula et al. 2006). Cici and VanAcker (2009) agree that
Canada fleabane has a shallow recruitment depth due to light requirements for germination.
Therefore, germination of Canada fleabane has been found to be best on the surface of
undisturbed soils, as found in permanent cropping systems such as vineyards (Alcorta et al.
2011) as well as no-till fields. Similarly, studies by Main et al. (2006) found that crop residue
appeared to affect Canada fleabane emergence with emergence being most affected by corn
residue, followed by cotton, soybean, and fallow. Corn residue suppressed Canada fleabane
emergence by 79% (Main et al. 2006). This may suggest that it is light quantity and quality in
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addition to sufficient moisture and reasonable temperature that influence time of Canada
fleabane germination.
Time of Canada fleabane emergence influences plant survival and seed production. The
rosettes produced in the fall can survive low temperatures and respond to the short photoperiods
at the end of the summer in order to prepare for winter (Cici and Van Acker 2009). This
preparation period of photosynthesis and energy storage provides the plants with a competitive
boost in the spring (Regehr and Bazzaz 1979). Fall emerged plants are however at risk of winter
kill from frost heaving, which is influenced by soil type, soil moisture, and rosette root size of
the plant (Regehr and Bazzaz 1979).Though spring emergence provides a competitive advantage
for Canada fleabane in increasing its population size, there is a seed yield tradeoff for plants that
emerge in the spring instead of the fall (Cici and Van Acker 2009). Canada fleabane emergence
patterns may influence the seed bank in the future.
Canada fleabane seed can remain viable in the soil for many years. The longevity of
Canada fleabane seed has not been confirmed, however viable seed has been found in the
seedbank of a 20 year old abandoned pasture though it was not a member of the aboveground
vegetation (Tsuyuzaki and Kanda 1996). In contrast, Davis et al. (2007) reported seed longevity
of less than 2 years, which matches results in the laboratory where it has been found to be only 2
to 3 years (Hayashi 1979). An understanding of Canada fleabane seed longevity will be useful in
the development of long-term weed management strategies to reduce the soil seedbank.
1.2.5 Competition
Canada fleabane interference in crops is influenced by time of emergence and density.
Winter annuals can be very competitive with summer annuals as they grow rapidly in the spring
before some of the summer annuals germinate (Buhler and Owen 1997). Canada fleabane at
8

densities of 100 to 200 plants per square meter can reduce crop yield by 90% and still produce up
to 100,000 seeds per plant, indicating that effective control is highly important (Dauer et al.
2007). Bruce and Kells (1990) reported that Canada fleabane at a density of 100 plants per
square meter reduced soybean yield by 70 to 90%. When competing with soybean, Davis and
Johnson (2008) found that Canada fleabane could still produce as many as 72,000 seeds per
plant. The height of Canada fleabane seed release can be 50 cm higher than the soybean canopy
allowing for increased wind dispersal (Dauer et al. 2007). Canada fleabane also poses a problem
during harvest, as the mature stems can clog harvesters, even at low densities of 1 plant per
meter squared (Weaver 2001). Overall, Canada fleabane’s survival strategy of high seed output
and germination rates allows it to carpet an area, preventing establishment of other species and
providing it with a strong competitive edge (Davis et al. 2007). Canada fleabane is a competitive
weed that drastically reduces crop yields and harvest efficiency.
1.2.6 Control
1.2.6.1 Chemical Control
Emergence time and plant height at the time of herbicide application influence the level
of Canada fleabane control. Fall germinating plants have a competitive advantage in the spring
with rapid growth, potentially escaping control with spring-applied herbicides due to their larger
size at time of herbicide application while spring emerging Canada fleabane plants may emerge
just following herbicide application, and therefore escape control as well (Buhler and Owen
1997). This is of concern as Canada fleabane is not controlled sufficiently by most herbicides incrop (Buhler and Owen 1997; Davis et al. 2007). This is most likely a combination of the weed
size at time of herbicide application as well as the interference of a well-developed soybean
canopy which reduces herbicide contact with the weed (Stougaard et al. 1984). A study by Bruce
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and Kells (1990) highlighted the importance of controlling Canada fleabane prior to soybean
emergence, by either shallow pre-plant tillage or with herbicides applied pre-plant and preemergence. Non-glyphosate herbicides with residual activity were found to provide greater
control than glyphosate used on its own in studies by Davis et al. in 2007. Early weed control
provides an opportunity for the crop to become established without competing with weeds for
moisture and nutrients, providing potential for increased crop yield.
Canada fleabane control with herbicides is dependent on plant size. Keeling et al. (1989)
found that while Canada fleabane was controlled by various herbicides at the rosette stage,
higher rates were required for plants greater than 10 cm in height. Similarly, Moseley and
Hagood (1990) found that herbicides provided effective control when applied early in the season
but control was more variable when Canada fleabane was greater than 30 cm in height. Applying
preplant herbicides when Canada fleabane is small prior to crop planting results in improved
control.
Canada fleabane is difficult to control in no-till crop production systems since it is so
large at the time of spring burndown herbicide applications. Canada fleabane’s behavior as a
summer annual in some areas such as Indiana, also pose challenges for proper control of this
weed species. It is therefore very important to understand the life cycle of the biotype in a
particular area and choose management practices accordingly (Davis et al. 2007). Management
systems using a fall glyphosate application followed by an in-crop glyphosate application
resulted in a higher seedbank density than the other management systems which included springapplied residual herbicides prior to planting (Davis et al. 2007). This highlights the importance of
control not only in the current year, but also for future years, considering both seed bank
management in addition to field control (Stougaard et al. 1984).
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The reliance on herbicides for control of Canada fleabane in no-till systems is
problematic as it is among the top 10 weed species determined by Trainer et al. (2005) of
concern due to its ability to develop resistance to various herbicide modes of action. Though
previously found to provide effective control (>80%) (Keeling et al. 1989), a population in
Delaware was found to have 8 to 13 fold resistance to glyphosate compared to a susceptible
population in 2001 (VanGessel 2001). In 2005, GR biotypes had been reported in 13 states
(Davis et al. 2007). In 2010, the first confirmed GR Canada fleabane in Canada was found in
Essex County in the province of Ontario.
1.2.6.2 Mechanical Control
Tillage affects the recruitment, seed dormancy, seed viability through seed burial (Cici
and Van Acker 2009) and light exposure of Canada fleabane. In addition tillage disrupts emerged
Canada fleabane rosettes. Consequently, Canada fleabane has become a major and increasing
problem in conservation tillage crop management systems (Keeling et al. 1989). As a facultative
winter annual Canada fleabane is unable to complete its life cycle if the soil is disturbed in the
fall or spring using tillage (Buhler and Owen 1997; Main et al. 2006). In areas with high risk of
soil erosion however, tillage may not be a desirable option (Davis et al. 2007). Where tillage is
used, it can be an effective method of Canada fleabane control.
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1.3 Glyphosate
1.3.1 Introduction
Glyphosate (N-phosphonomethylglycine) was first synthesized by Henri Martin, an
employee of a small Swiss pharmaceutical company; however it was John E. Franz of Monsanto
Co. in 1970 who patented it as a herbicide (Franz et al. 1997; Duke and Powles 2008).
Glyphosate was commercialized by Monsanto in 1974 as a postemergent, nonselective herbicide
and is approved for use in over 100 crops for the control of over 300 weed species (Franz et al.
1997). Glyphosate use in glyphosate-resistant (GR) crops was rapidly adopted due to its broad
spectrum weed control, flexibility in weed control timing, and economic advantages (Gustafson
2008). Glyphosate’s unique properties and ability to fill a previous gap in weed control have
brought about its wide spread use today.
1.3.2 Structure
Glyphosate’s unique chemical structure allows for its broad spectrum weed control.
Glyphosate consists of three acid groups and a strong amine base (Bromilow et al. 1993) whose
pKa values contribute to its transport in plants by the phloem pathway to meristems, young roots,
young leaves, storage organs, and any other actively growing tissue or organ (Bromilow et al.
2000; Duke and Powles 2008). Glyphosate’s polarity also aids in its retention in the phloem
(Bromilow et al. 2000). The symplastic pathway brings the herbicide to growing points of the
roots and the shoot apices within 24 hours of application (Bromilow et al. 2000). Glyphosate’s
structure results in its ability to circulate throughout the plant and therefore provide effective
control.
Glyphosate can be formulated as a salt or ester as it is an acid (Baylis 2000). The salt
formulation is more active than the acid formulation since it can precipitate out of solution
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(Baylis 2000). These forms of glyphosate allow for a wider spectrum of control options as it can
be formulated to suit specific needs for enhanced control.
1.3.3 Glyphosate Use
Glyphosate’s wide spectrum of uses has contributed to its wide and rapid adoption.
Glyphosate is rapidly translocated in plants, is rapidly bound to soil colloids and has low toxicity
to other organisms (Amrhein et al. 1980). With its systemic mode of action, glyphosate controls
weeds extensive rhizome systems which previously reduced crop yields (Franz et al. 1997;
Baylis 2000). Since glyphosate enters the plant through leaf tissues, it can provide excellent
weed control in orchards and woodlands without harming the trees (Carlisle and Trevors 1988).
This effective, yet safe herbicidal action contributes strongly to its wide spread use.
Glyphosate was originally used as a preplant burndown herbicide, providing effective
control of emerged annual, biennial and perennial weeds. Other herbicides were used in-crop,
resulting in increased herbicide diversity, thus combating the evolution of herbicide resistance
(Boerboom and Owen 2006). With the adoption of GR crops, glyphosate use has increased since
it is used both as a preplant burndown herbicide and as a postemergence herbicide. The optimal
rate of glyphosate is influenced by weed species and size of the weeds at the ime of application
(Jordan et al. 1997). Glyphosate provides effective control of a wide range of weed species
when applied at the correct rate and application timing.
In addition to weed control, glyphosate has many other uses. Glyphosate can also be used
as a growth regulator, as a desiccant for harvesting high moisture content crops, as a stimulant to
enhance sucrose concentration in sugar cane at harvest, and as a tool to reduce apical dominance
in order to maintain bent grass pastures (Baylis 2000). All of these uses of glyphosate contribute
to its widespread use.
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1.3.4 Mode of Action
Glyphosate’s unique mode of action allows for broad spectrum weed control, which
contributed to its successful introduction and acceptance. Glyphosate enters the plant through
plant surfaces, using diffusion to transfer across the plant cuticle (Duke and Powles 2008);
therefore, surfactants play an important role in increasing herbicide absorption (Sprankle et al.
1975a). Glyphosate is then transported via the phloem, moving to the areas of highest metabolic
activity (Sprankle et al. 1975a). Glyphosate should not be used with highly active foliar
herbicides as it decreases glyphosate’s ability to translocate into the plant tissues (Sprankle et al.
1975a). Glyphosate is slow acting, taking approximately 24 hours to circulate throughout the
plant. Disruption of the root structures by activities such as plowing should wait at least 24 hours
after glyphosate application to allow for translocation of glyphosate throughout the plant and
effective control (Sprankle et al. 1975a). Glyphosate’s mode of action should be considered so it
can be used most effectively with other management practices.
Glyphosate is able to provide effective control without non-target effects as its mode of
action is plant specific. Glyphosate inhibits 5-enolpyruvoyshikimate 3-phosphate synthase
(EPSPS) which is primarily located in plastids; though there is a cytoplasmic form as well
(Baylis 2000).The EPSPS enzyme plays an important role in the shikimic pathway, which leads
to the production of chorismate (Sikorski and Gruys 1997). Chorismate is required for the
synthesis of the essential aromatic amino acids phenylalanine, tryrosine, and tryptophan, as well
as other aromatic plant metabolites (Sikorski and Gruys 1997). The inhibition of EPSPS results
in the overproduction of shikimate which disrupts carbon flow of that pathway, leading to plant
death (Sikorski and Gruys 1997). Glyphosate’s ability to interrupt this vital plant specific
pathway allows for effective control of a broad spectrum of weed species.
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Glyphosate acts in the shikimate pathway by interfering with EPSPS and binding to its
substrate. The role of EPSPS is to facilitate the transfer of the carboxyvinyl portion of
phosphoenolpyruvate (PEP) to the 5-OH of shikimate-3-phosphate (S3P) (Sikorski and Grus
1997). This leads to the formation of EPSPS and inorganic phosphate. Glyphosate however
forms a stable ternary complex: EPSPS-S3P-glyphosate which blocks PEP from binding to S3P
via EPSPS (Sikorski and Gruys 1997). Biochemical evidence suggests that there is an overlap
between the PEP and glyphosate binding domains, making it appear that glyphosate acts as a
competitive inhibitor against PEP (Sikorski and Gruys 1997). This is due to the stronger binding
synergism between S3P and glyphosate compared to S3P and PEP (Sikorski and Druys 1997).
As glyphosate does not interfere with other PEP-dependent enzymes, results show that the
specific allosteric interaction of glyphosate with EPSPS results in a conformation change which
makes the binding domain unavailable to PEP (Sikorski and Druys 1997). Further studies have
shown that this accumulation of shikimate is due to the inhibition feedback of the EPSPS
pathway which leads to a massive carbon flow to shikimate-3-phosphate, which is then
transformed into shikimate (Duke and Powles 2008). The preferential binding of glyphosate to
the S3P-EPSPS complex excludes the binding of PEP, inhibiting EPSPS’s role in the shikimate
pathway.
Glyphosate’s inhibition of EPSPS disrupts the shikimate pathway resulting in reduced
aromatic amino acid production as well as carbon flow required for normal plant function.
Glyphosate blocks the transformation of shikimate to chorismate, resulting in an accumulation of
shikimate (Amrhein et al. 1980), which is greatest in young leaves, consistent with glyphosate
translocation (Lorentz et al. 2011). In 1980, it was recognized that this accumulation of
shikimate resulted in a reduction in the supply of phenylalanine, which is required for
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anthocyanin production (Amrhein et al. 1980). As phenylalanine, tyrosine, tryptophan, and
chorismate production are inhibited by the inhibition of the shikimic acid pathway, the
production of secondary products including lignin precursors, flavonoids, tannins, and other
phenolic compounds is also affected (Carlisle and Trevors 1988). Without the synthesis of these
aromatic amino acids, several plant signaling compounds are not synthesized (Lorentz et al.
2011). This leads to a reduction in photosynthesis, chlorophyll degradation, auxin transport
inhibition, and auxin oxidation enhancement either directly or due to feedback mechanisms
(Baylis 2000). Ultimately, the disruption of this pathway leads to insufficient aromatic amino
acid for protein synthesis, resulting in plant death (Duke and Powles 2008). Additional studies
have shown that the redirection of the carbon flow to the shikimate pathway leads to insufficient
carbon for other vital pathways (Duke and Powles 2008). Glyphosate’s indirect inhibition of the
formation of aromatic amino acids and interruption of carbon flow allows for its effective control
through the shutting down of vital plant pathways.
While the symptoms of herbicide injury may be similar across a wide range of herbicides,
internal effects of herbicides may be more specific. As shikimate accumulation appears to be
specific to glyphosate sensitivity, it may be useful for determining glyphosate resistance as well
as distinguishing between similar visual damage to weeds from herbicides such as
acetohydroxyacid synthase (AHAS) or acetyl CoA carboxylase (ACCase) inhibitors (Singh and
Shaner 1998). Significant increases in shikimate concentration were observed even at low rates
of glyphosate; however shikimate levels declined from 24 to 96 hours in plants exposed to low
glyphosate rates as the plants recovered (Singh and Shaner 1998). This reflects studies which
have demonstrated that once it has entered the plant, glyphosate translocates throughout the plant
and therefore is phytotoxic even in small amounts (Duke and Powles 2008). However, the
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recovery of the plant from shikimate accumulation at low glyphosate doses may have important
implications in light of glyphosate tolerant and resistant weeds in explaining glyphosate’s
inability to provide effective or consistent control of some weed species.
Reduced glyphosate activity or efficacy within the plant may be due to insufficient
concentrations of glyphosate reaching phloem sinks. The mode and extent of glyphosate uptake
is dependent on plant characteristics (species, age, and cuticle properties), environmental
conditions (water status, light, and temperature), the formulation of glyphosate and its adjuvants,
as well as the method of application (Franz et al. 1997). It has been suggested by VanGessel
(2001) that overall weed species response to glyphosate may be correlated with rainfall and soil
moisture. Therefore, preplant applications of glyphosate not only reduces competition from
weeds for crop growth, but may also provide better weed control as early weed growth reduces
soil moisture levels reducing glyphosate effectiveness (VanGessel 2001). Studies have reported
lower glyphosate translocation in water-stressed plants (Carlisle and Trevors 1988). Therefore
glyphosate efficacy is influenced by weed species, weed size and environmental factors which
may result in poor weed control.
1.3.5 Effects of Glyphosate on Plants
Glyphosate injury symptoms develop slowly in plants. Lorentz et al. (2011) reported the
presence of glyphosate in the shoot and root meristems four hours after treatment with
glyphosate; however, plant death did not occur until after 10 days, following a series of plant
symptoms. Chloroplast degradation was observed one day after treatment, followed by
deformation and yellowing of leaves, shikimate accumulation, and phloem degradation at day 4
(Lorentz et al. 2011). The first symptoms were the changing of leaves from a dark green to
lighter yellow-green due to chloroplast degradation (Lorentz et al. 2011). Whole young plants
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wilted, turned brown, and died while only the younger leaves of the older plants wilted and
browned (Lorentz et al. 2011) reflecting the known distribution of glyphosate to metabolically
active tissues. The pith tissue became brown seven days after treatment due to the accumulation
of phenols (Lorentz et al. 2011). As a systemic herbicide, glyphosate may not be effective on
plants that are in a dormant state (Franz et al. 1997). The progression of symptoms and slow
plant death reflect glyphosate’s systemic mode of action.
Shikimate accumulation was not the only physiological factor observed in plants exposed
to glyphosate. Lorentz et al. (2011) found that plant death was a result of factors such as
degradation of the phloem, necrosis in the pith, and the plugging of the xylem in the stem in
addition to accumulation of shikimic acid and lack of aromatic amino acid production. Phenols
exported from the cells to the intercellular spaces are toxic to plant tissues and therefore can be
an additional contributor to plant death (Lorentz et al. 2011). The differences in response from
the shoot and roots further confirm additional factors for plant death besides shikimate
accumulation on its own (Lorentz et al. 2011). Therefore though shikimate accumulation is
specific to glyphosate activity, it is not the only cause of death in plants exposed to this
herbicide.
Glyphosate activity may indirectly reduce nitrogenase activity. De Maria et al. (2006)
reported nitrogenase activity was affected with higher concentrations of glyphosate while
sucrose content increased following the application of glyphosate. The reduction in nitrogenase
activity could be related to the inhibition of phosphoenolpyruvate carboxylase (PEPC), which
provides energy sources to bacteroids, supplies the carbon skeleton for the assimilation of fixed
nitrogen, and recycles carbon dioxide (De Maria et al. 2006). Shikimate is a competitive
inhibitor of PEPC (De Maria et al. 2006). Therefore glyphosate could decrease nitrogenase
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activity indirectly by this mechanism of PEPC inhibition by shikimate, resulting in an
insufficient supply of carbon for bacteroid metabolism (De Maria et al. 2006). De Maria et al.
(2006) suggest that this inhibition of PEPC could explain the tolerance of species such as Canada
fleabane to glyphosate. Glyphosate activity leading to the accumulation of shikimate results in
other vital plant processes being inhibited, leading to plant death.
1.3.6 Effect on Environment
Glyphosate’s low toxicity to non-target organisms has also contributed to its widespread
use. Glyphosate is nontoxic to birds, fish, insects, and most bacteria, as it affects the EPSPS
enzyme which is present only in plants and some microorganisms (Sikorski and Gruys 1997).
Glyphosate does not bioaccumulate and its metabolites are also not toxic to soil fauna,
microflora, or honeybees (Baylis 2000). In mammals its LD50 is >5000 mg/kg, and is therefore
classified as nontoxic to slightly toxic; however the toxicity of glyphosate in its various
formulations varies due to the addition of surfactants (Franz et al. 1997). It is toxic to some fungi
(Duke and Powles 2008). In its chemical formulation it can also affect fish and invertebrates, but
this increase in toxicity is caused by the surfactants (Carlisle and Trevors 1988). Since
glyphosate inhibits EPSPS, which is only found in plants and some bacteria, it has low toxicity to
non-target organisms.
Glyphosate’s rapid adsorption to the soil depends on the clay and phosphate content of
the soil. Glyphosate quickly adsorbs to soil colloids making it immobile, however this binding is
reversible (Baylis 2000). Glyphosate adsorption is greater in clay loam soil than a sandy loam
soils (Sprankle 1975b; Glass 1987). Sprankle et al. (1975b) observed a decrease in glyphosate
adsorption when there were higher concentrations of phosphate in the soil which explains the
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increase in glyphosate mobility with increased soil phosphate levels found by Franz et al. (1997).
The rapid adsorption of glyphosate to the soil decreases its toxicity in the environment.
Glyphosate is also broken down in soil and water by microbes, which further reduces its
toxic effects on both plants and animals. These microbes convert glyphosate first to
aminomethylphosphonic acid (AMPA), which is more mobile than glyphosate in the soil (Duke
and Powles 2008). It is then broken down to ammonia, inorganic phosphate, and carbon dioxide
(Baylis 2000), which allows some bacteria to use glyphosate as their phosphorus source (Franz et
al. 1997). Glyphosate is also quickly degraded in water by microbes and adsorbed to sediments
(Carlisle and Trevors 1988). Glyphosate’s rapid breakdown into non-toxic compounds results in
minimal toxicity in the environment.
This rapid adsorption and breakdown of glyphosate in soil prevents phytotoxicity from
glyphosate after the time of application. Sprankle et al. (1975b) found that autoclaving soil to
destroy microbes still led to glyphosate inactivation indicating that soil adsorption plays a
greater role in preventing injury from glyphosate than microbe degradation. This rapid
adbsorption of glyphosate and therefore lack of soil activity means that glyphosate provides no
residual weed control or crop damage (Boerboom and Owen 2006). Studies by Sprankle et al.
(1975c) found that glyphosate applied at prescribed rates did not inhibit germination of corn,
soybean, or wheat; however it did inhibit wheat shoot elongation. Spankle et al. (1975c) also
found that the fresh weight of wheat plants was reduced in quartz sand treated with glyphosate,
which is consistent with findings of lower glyphosate adsorption and therefore less inactivation
of glyphosate in sandy soils compared to clay. Though this allows for flexible crop rotations, it
also often results in multiple applications of glyphosate to control late emerging weeds.
Glyphosate can however be tank mixed with residual herbicides to ensure full-season control
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(VanGessel 2001). Therefore glyphosate’s low toxicity due to rapid inactivation in the soil
allows for flexibility in-crop rotations while eliminating potential toxic effects to non-target
organisms from residual glyphosate in the soil.

1.4 Herbicide Resistance
1.4.1 Introduction
Herbicide resistance is the ability of a plant to survive and reproduce after exposure to a
previously lethal dose of herbicide (Yuan et al. 2006). In agriculture this definition may focus on
the ability of a plant to survive the registered field rate of the herbicide. Herbicide resistance
covers multiple herbicide groups, with 396 resistant biotypes, 210 species (123 dicots and 87
monocots) and over 670,000 fields affected (Heap 2013).
Mechanisms of herbicide resistance can be either target-site (altered site of action of
herbicide, gene application) or non-target-site (reduced absorption, enhanced metabolism,
reduced translocation, sequestration, or repair of toxic effects of herbicides). High herbicide
application rates select for target-site resistance (monogenic), while lower herbicide doses lead to
creeping resistance (polygenic) (Owen and Zelaya 2005). Resistance may occur via multiple
mechanisms, for example in Lolium which uses both enhanced metabolism and altered target site
mechanisms of resistance (Owen and Zelaya 2005). Both target and non-target resistance can
include increased gene amplification (Yuan et al. 2006). Understanding the mechanism of
resistance has implications for management of resistant weeds including identification of crossresistance.
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1.4.2 Evolution of resistance
Understanding the factors that contribute to the evolution of herbicide resistance is
important for finding ways to prevent resistance. The evolution of herbicide resistance in a
population requires two key components: heritable variation for a resistant trait and selection
(Powles and Holtum 1994). Though mutations are rare, gene mutations are a key source of
resistant alleles to a population in addition to immigration from other resistant populations. This
initial frequency of the resistant mutation in the population will be a factor in how rapidly the
allele frequency increases in a population.
Once an allele is present within a population, there are various factors which will
contribute to how quickly the resistance allele will spread amongst individuals. The mode of
inheritance, mating behavior, the number of resistance traits, and gene flow are all factors in the
rate of allele frequency increase (Powles and Holtum 1994). Alleles may be by dominant or
recessive alleles. Obligate cross-pollinating species adopt resistance alleles faster if the resistant
gene is dominant (Powles and Holtum 1994). In contrast, self-fertilizing species allow for
recessive alleles to increase in frequency at almost the same rate as dominant alleles (Jasieniuk et
al. 1996). Green foxtail, as a self-fertilizing weed with a high seed return, has been found to be
trifluralin resistant on a recessive allele (Jasieniuk et al. 1996). However, if multiple genes
encoding phenological (herbicide avoidance), morphological (reducing herbicide uptake), and
physiological (altering herbicide translocation or metabolism) aspects of resistance are required,
this will slow down the evolution of resistance (Powles and Holtum 1994). Resistance is spread
through gene flow to other populations in adjacent fields via seed or by pollen which is very low
in self-fertilizing populations (Jasieniuk et al. 1996; Powles and Holtum 1994). Therefore, seed
movement between fields via agricultural equipment and windblown seed may be a stronger
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source of gene flow than pollen flow in some populations (Jasieniuk et al. 1996). The
combination of these factors, in addition to the level of selection pressure, will determine the rate
at which herbicide resistance spreads within and between populations for a particular species.
The selection pressure from herbicide applications will also increase the frequency of the
resistant gene by removing the susceptible individuals from the population prior to seed
production. Selection pressure intensity is based on three main contributors including the
efficiency of the herbicide, its frequency of use, and the duration of the effect (Powles and
Holtum1994). Poor control leading to survivors by natural tolerance and avoidance by late
emergence or weed size can lead to these plants developing resistance to the herbicide (Owen
and Zelaya 2005). Herbicide resistance is seen in situations where a particular herbicide is used
repeatedly over the course of a growing season and multiple years, with little or no diversity in
weed control practices (Powles 2008). The risk of developing resistance from herbicide selection
pressure is greatest with single target site and residual herbicides, as well as herbicides applied
multiple times in a single growing season (Jasieniuk et al. 1996). Herbicides used in rotation
remove the selection pressure of a particular herbicide in years when an alternative herbicide is
used and can kill weeds resistant to the first herbicide (Jasieniuk et al. 1996). Therefore,
herbicide rotations increase the time for resistant weeds to be selected (Jasieniuk et al. 1996).
Obtaining high rates of weed control, rotating modes of herbicide action and eliminating weed
escapes decrease weed seed return to the seed bank and minimize herbicide resistance selection
pressure.
Herbicide use alters the composition of present and future weed populations. This leads
to a shift in weed populations (Owen and Zelaya 2005). The resulting species represented will
depend on frequency of herbicide use and the original species present. A study by Scursoni et al.
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(2006) found that a single application of glyphosate increased weed species diversity by
eliminating the dominant species. This created room for other species to grow. In contrast, if a
particular herbicide or tank mixture is applied repeatedly throughout the season, only species
which are naturally tolerant or that have evolved resistance to that particular herbicide will
survive to reproduce. This will decrease diversity and increase the frequency of resistant
individuals by removing the susceptible individuals, allowing for the resistant allele to become
dominant in the population (Jasieniuk et al. 1996). Herbicide use selects for tolerant and resistant
populations by removing susceptible individuals.
1.4.3 Target site resistance
Many herbicides interrupt vital cellular processes through site specific binding of proteins
which inhibit their action and lead to the death of the plant. Plants can develop resistance by
altering the target site of the herbicide. A few examples of target site resistance are weeds
resistant to triazine, acetyl- CoA carboxylase inhibitors (ACC inhibitors), acetolactate synthase
inhibitors (ALS inhibitors) and auxin herbicides.
Triazine resistance was first reported in the early 1960s in Senecio vulgaris (Devine and
Shukla 2000; Ryan 1970). Triazine (atrazine, simazine) and phenylurea (diuron, monuron)
herbicides act in the photosystem II reaction center of the photosynthetic electron transport
chain, binding to the plastoquinone (PQ) binding site on the D1 protein to inhibit the transfer of
electrons from Qa (electron donor) to Qb (electron transporter) (Devine and Shukla 2000). The
inhibition of this pathway leads to a shortage of NADP+ for CO2 fixation and the formation of
free radicals which leads to photoxidation of vital plant molecules (Devine and Shukla 2000).
Resistance to triazine is found to be a substitution of Gly or Thr for Ser264 in the D1 protein
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psbA gene which prevents herbicide binding (Devine and Shukla 2000). This modification of the
target site allows for the plant to escape the harmful effects of the herbicide.
Acetyl CoA carboxylase inhibitor and auxin herbicides are also examples of target site
based resistance. Inhibition of acetyl- CoA carboxylase by aryloxyphenoxypropionate (AOPP)
and cyclohexanedione (CHD) herbicides prevents ACCase from catalyzing the first step in fatty
acid biosynthesis, leading to plant death (Devine and Shukla 2000). Therefore alteration of the
ACCase enzyme confers resistance (Devine and Shukla 2000). Resistance to auxin herbicides is
similarly achieved through reduced herbicide binding to auxin-binding proteins; however the
biochemical and molecular mechanisms have not been fully characterized (Devine and Shukla
2000). A modified target site may confer resistance to multiple herbicide groups, as with
ACCase and two ACCase inhibitors, aryloxyphenoxypropanoate (APP) and cyclohexanedione
(CHD); however, equal levels of resistance are not always seen (Tardif et al. 1996). The
modification of these herbicide target sites reduces or removes the affinity of the herbicide for its
site of action, allowing the plant to escape herbicide control.
1.4.4 Non-target Site Resistance
Alternatively, plants may resist the effects of herbicides through enhanced metabolism,
reduced absorption or translocation of the herbicide, sequestration of the herbicide, or repair of
the effects of the herbicide. Biochemical modification and/or sequestration are the main
mechanisms of non-target herbicide resistance (Yuan et al. 2006). As these mechanisms are not
site specific, metabolic cross resistance can occur between herbicides, making non-target site
resistance more difficult to manage through the use of alternative herbicides (Yuan et al. 2006).
Some transporters involved in non-target resistance such as P450 have shown some specificity
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(Yuan et al. 2006). Non-target-site resistance uses plant processes to keep the herbicide from the
site of action.
The detoxification or enhanced metabolism of herbicides involves the marking of the
herbicide for active transport into vacuoles or extracellular spaces to be broken down (Yuan et al.
2006). Cytochrome P450s, glutathione S-transferases, glycosyltransferases, and ABC
transporters have all been identified as participants in this type of non-target herbicide resistance
(Yuan et al. 2006). Blackgrass (Alopecurus myosuroides) resistance to chlorotoluron is an
example of P450’s role in herbicide resistance (Yuan et al. 2006). These transporters may be
specific or allow for cross resistance.
Non-target site resistance can be seen in multiple resistant plants. Yu et al. (2009) studied
two populations of rigid ryegrass (Lolium rigidum) from Australia which had multiple resistance
to glyphosate, ACCase and acetolactate synthase (ALS) inhibiting herbicides. Non-target
resistance of reduced translocation and enhanced metabolism were found to be the resistance
mechanisms of glyphosate and ACCase/plus ALS inhibitors, respectively, where sequencing of
the EPSPS, ACCase, and ALS genes showed no mutations (Yu et al. 2009). This is an example
of cross resistance from non-target-site based resistance.
1.4.5 Target and non-Target Site Resistance
Herbicides may have both target and non-target based mechanisms of resistance.
Resistance to acetolactate synthase (ALS) inhibitors, microtubule assembly inhibitors and
photosystem II inhibitor herbicides are examples. Resistance to ALS herbicides (sulfonylurea,
imidazolinone, and triazolopyrimidine), which inhibit the biosynthesis of branched-chain amino
acids including leucine, valine, and isoleucine, may be by target site mutations in the acetolactate
synthase enzyme or by herbicide detoxification (Devine and Shukla 2000). Similarly resistance
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to microtubule assembly inhibitors and photosystem II inhibitors, which inhibit cell division by
preventing tubulin polymerization and spindle fiber formation, can be achieved through
microtubule hyperstabilization and post-translational modification target site mutations of Thr
239 to Ile in alpha tubulin (Devine and Shukla 2000). Additionally, glyphosate resistance may be
from non-target based alteration of glyphosate translocation, or target based mutations in the
EPSPS gene leading to reduction in glyphosate’s binding capacity or overexpression of the
EPSPS gene (Yu et al. 2009). Resistance conferred by both target and non-target mechanisms
can increase the complexity in resistance management.
1.4.6 Multiple Resistance
Weed resistance to one family of herbicides can lead to increased reliance on another
herbicide, increasing the risk of the weed developing resistance to that family as well due to
increased selection pressure. An example of this was seen with the evolution of resistance to
protoporphyrinogen oxidase (PPO) herbicides by common waterhemp as these PPO herbicides
were used to control ALS-resistant populations (Owen and Zelaya 2005). Therefore multiple
resistances can develop sequentially as herbicides are used to control a weed that is no longer
controlled by the previous herbicide. Another evolution of multiple resistances could be through
the use of the same tank mixes repeatedly, as this is equivalent to using a single mode of action
herbicide repeatedly (Davis et al. 2009b). Thus multiple resistances could also be developed
concurrently.
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1.4.7 Fitness Consequences of Resistance
Some studies have shown a lower relative fitness in resistant weeds compared to
susceptible weeds in the absence of herbicides; however, the relationship is not completely clear.
Jasieniuk et al. (1996) found herbicide resistant plants to be less fit compared to susceptible
plants but that fitness may depend on plant density. In contrast, a study by Davis et al. (2009b)
did not find a decrease in seed production of GR Canada fleabane compared to two susceptible
populations, nor was there a difference between single resistance gene and multiple resistance
gene populations. Devine and Shukla (2000) did however find a reduction in the efficiency of
photosynthesis and growth rate due to the substitution of Gly or Thr for Ser264 in the D1 protein
conferring triazine resistance. Alternatively, ACC inhibitor resistant plants may have a storage of
branched-chain amino acids in the leaves and seeds which has been correlated with faster seed
germination in low temperature conditions (Devine and Shukla 2000). Thus, resistance does not
always result in a fitness penalty but may in actually have positive effects in some cases.
1.4.8 Herbicide resistant crops
The introduction of various herbicide resistant crops has provided economical and
simplified weed control, allowing for control of weeds later in the season but this technology
comes with concerns. The use of herbicide resistant crops increases the selection pressure on
weed populations if not properly rotated with other crops and herbicide modes of action.
Herbicide resistant crops can also become volunteer weeds in the following year, specifically in
cases where there are cultivars of both crops tolerant to the same herbicide. This can cause
problems not only in terms of yield and the need for using additional, potentially more expensive
herbicides to control these weeds, but can also provide a host for pests (both insects and disease),
causing future problems (Owen and Zelaya 2005). While soybean plants are killed off during the
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winter, volunteer corn is a larger concern as it can survive the winter in addition to being a
greater risk for transgene pollen movement (Owen and Zelaya 2005). Thus herbicide resistant
crops can be an effective tool for weed control if they are managed correctly but may also lead to
volunteer crops the following growing season.

1.5 Glyphosate Resistance
1.5.1 Introduction
Some weed species have developed resistance to glyphosate. Prior to the introduction of
GR crops, glyphosate had been used for 20 years with no reports of GR weeds (Powles 2008). In
1996, populations of Lolium rigidum in Australia were found to be resistant and now there are 24
weed species with resistance to the glycine herbicide group (Heap 2013). Since glyphosate use is
widespread, resistance is a huge concern.
Glyphosate’s lack of residual activity imposes selection pressure on only the emerged
portion of the population, influencing the evolution of resistance. Gustafson (2008) reported that
GR weeds have an appearance rate of 0.007 (number of new resistant species per million acres
treated) which is low compared to other herbicides and may be explained by this lower selection
pressure. It has been speculated that because of glyphosate’s efficacy on a very broad spectrum
of weeds, including perennials due to its mode of action, would result in a low risk of weeds
evolving resistance (Baylis 2000). In contrast, the lack of residual may lead to multiple
applications of glyphosate in a single growing season, increasing selection pressure (Gulden et
al. 2009). These factors influence the strength of selection pressure for resistance.
GR weeds have huge implications on weed management practices. Of particular concern
are weeds such as Sorghum halepense (L.) which has been rated as one of the most troublesome
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weeds, as it is a perennial (Vila-Aiub et al. 2008). Glyphosate provided excellent control of this
problem weed in Argentina until recently when reduced efficacy was observed in fields where
GR soybean was grown (Vila-Aiub et al. 2008). In addition, Scursoni et al. (2006) found that
common lamb’s-quarters, eastern black nightshade, pigweed, foxtail, smartweed, and velvetleaf
escapes were common, though these escapes are primarily attributed to natural tolerance. If
weeds are not controlled with glyphosate other management practices including tillage and
alternative herbicides will need to be implemented.
1.5.2 Mechanisms of resistance
Multiple mechanisms of glyphosate resistance have been reported. Glyphosate resistance
may be due to EPSPS point mutation (target-site resistance), overexpression of EPSPS (targetsite resistance), reduced glyphosate translocation (non-target-site resistance), vacuole
sequestration (non-target-site resistance), and enhanced metabolism (non-target-site resistance)
(Wakelin et al. 2004; Powles and Preston 2006; Shaner 2009; Yu et al. 2009; Nol et al. 2012).
Alteration of the target site of glyphosate, EPSP synthase, prevents glyphosate binding and
renders it ineffective. Alternatively, preventing the translocation of glyphosate to the shoot and
root meristems where EPSP synthase is expressed, significantly decreases glyphosate efficacy
(Vila-Aiub et al. 2012). As glyphosate’s control of annual, biennial and perennial weed species
relies on the movement to the sites of EPSPS expression for effective control, all of the above
mechanisms provide resistance.
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1.5.3 Target Site Based Resistance
1.5.3.1 Mutations in the EPSPS gene
Target based resistance develops from alterations in the EPSPS enzyme, the site of
activity of glyphosate. Simarmata et al. (2003) found no significant differences between resistant
and susceptible biotypes of rigid ryegrass (Lolium rigidum) in glyphosate absorption,
translocation, and sensitivity to AMPA or shikimic acid and concluded that resistance is
conferred through EPSP synthase insensitivity to glyphosate. Various GR plants have been found
to have an altered EPSPS with a substitution of Pro106 for Ser, Ala, or Thr (Powles and Preston
2006). A 5-fold resistance factor was found with a Pro106 to Ser substitution in the EPSPS
enzyme in goosegrass (Eleusine indica) (Devine and Shukla 2000; Owen and Zelaya 2005).
Mutations in the EPSPS gene make the enzyme less sensitive to glyphosate and reduce the effect
of glyphosate on the plant.
1.5.3.2 Overexpression of EPSPS
Alternatively, producing extra copies of glyphosate’s target gene allows the plant to
recover from a glyphosate application. Some copies of the EPSPS enzyme trap the glyphosate
molecules while the extra enzyme copies continue to carry out the shikimate pathway (Devine
and Shukla 2000). Chinese foldwing (Dicliptera chinesis) resistance to glyphosate was found to
be from increased EPSPS activity following glyphosate application (Owen and Zelaya 2005).
GR populations of Amaranthus palmeri had 5- to 160-fold more copies of the EPSPS gene than
found in the genome of the susceptible biotype, with EPSPS protein levels also being higher
(Gaines et al. 2010). The overexpression of EPSP synthase therefore compensates for the
glyphosate’s action on the EPSPS enzyme.
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1.5.4 Non-target Site Based Resistance
Glyphosate resistance may also occur through non-target-site mechanisms, mainly
through reduced translocation of glyphosate. Some species exhibit non-target site resistance to
glyphosate through reduced absorption, enhanced metabolism or exclusion/sequestration. In
contrast, some plants are naturally tolerant to glyphosate because of unique epicuticular wax
chemical composition or upright leaf angle (Owen and Zelaya 2005). Yu et al. (2009) found that
though there were no mutations in the EPSPS gene, ACCase gene, or ALS gene, resistance still
occurred in a Lolium rigidum biotype to glyphosate, ACCase and ALS inhibiting herbicides.
Resistance in this biotype was attributed to reduced translocation of glyphosate and other nontarget-site mechanisms. The translocation of glyphosate to areas of high EPSPS gene expression
including the meristems, flowers, and stems is essential for glyphosate’s activity; however,
alteration of the EPSPS enzyme can pose a threat to the fitness of the plant, preventing
glyphosate from reaching its target site may be a more effective method of resistance (Shaner
2009). Non-target site resistance provides resistance to glyphosate while maintaining the EPSPS
enzyme intact, reducing the fitness penalty to the plant.
1.5.4.1 Reduced Translocation
A reduction in translocation of glyphosate has been reported for many GR weeds. This
was found to be the mechanism of resistance in rigid ryegrass (Lolium rigidium) in Australia, the
first GR weed reported (Lorraine-Colwill et al. 1999). Preventing translocation keeps glyphosate
from reaching the centers of highest EPSPS expression, where it is most effective on the plant
(Feng et al. 2004). Lorentz et al. (2011) similarly reported that the recovery in resistant plants
may be due to reduced or blocked phloem transport. Reduced translocation keeps glyphosate
from reaching its target site and interrupting vital plant functions.
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Other studies have confirmed reduced translocation as a mechanism of glyphosate
resistance. Studies in resistant biotypes of Sorghum halepense (Johnsongrass) found reduced
translocation of glyphosate to the root and stem meristems compared to susceptible plants (VilaAiub et al. 2012). No amino acid substitutions were found, confirming that mutations in the
EPSPS gene were not the mechanism of resistance in this case (Vila-Aiub et al. 2012). Similarly,
Shaner (2009) reported lower glyphosate translocation from the treated leaf in the resistant
biotypes compared to the susceptible biotypes. Wakelin et al. (2004) found there were
differences in translocation to the roots of Lolium rigidum, with only 7 to 12% glyphosate
retained in the leaf tip and 26 to 28% reaching the stem in the susceptible while 42% was
retained in the resistant plant leaf tips and only 15 to 19% in the stem. Yu et al. (2009) similarly
found that translocation in the susceptible biotypes from the treated to the untreated leaf was
twice as effective compared to the resistant biotypes and glyphosate was localized to the leaf tips
in the resistant Lolium rigidum plants (Yu et al. 2009). The difference in glyphosate
accumulation in the susceptible and resistant biotypes confirms reduced translocation as a
mechanism of glyphosate resistance.
Reduced translocation has been proposed to be due to loss of active transport of
glyphosate via transporters and pumps. Glyphosate can be taken up by cells by two mechanisms,
active transport at low concentrations and a passive mass flow system at high concentrations
(Shaner 2009). Wakelin et al. (2004) found that glyphosate is moved from the cell tissue into the
xylem flow which moves it upward toward the shoot tips, but without a transporter to load it into
the phloem, the glyphosate accumulates. Glyphosate enters the transpiration stream in both the
susceptible and resistant biotypes, but is not loaded into the minor veins in the resistant biotypes
(Shaner 2009). This indicates a barrier preventing glyphosate from entering the phloem and
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suggests that the reduction in glyphosate translocation is from a lack of active transport of
glyphosate into the phloem (Shaner 2009). This would not affect the passive flow system. Since
glyphosate can be moved throughout the plant via both the active transport and passive flow
systems, blocking of the active transport system does not completely stop glyphosate
translocation.
The transporters involved in glyphosate translocation have not been confirmed, but a few
potential transporters have been identified. Phosphate transporters have been proposed to be
involved as phosphate movement in plants is similar to glyphosate movement (Rausch et al.
2004). Additionally, mutations in phosphate transporters, which are used to pump glyphosate
into the cell using ATP, result in a reduction of glyphosate translocation (Zelaya et al. 2004).
Another possible transporter involved in glyphosate sequestration in the vacuole is an ABC
transporter, which actively transports metabolites in and out of vacuoles and is involved in
protecting the plant from toxic chemicals (Shaner 2009). Yuan et al. (2007) reported an ABC
transporter gene which was induced in GR but not susceptible plants in the presence of
glyphosate. If these transporters are involved, glyphosate-resistant plants with altered
transporters may have a fitness penalty if it interferes with the translocation of important
nutrients (Shaner 2009). The difference in activity of phosphate and ABC transporters in the
susceptible and resistant biotypes suggest that these transporters may play a role in glyphosate
translocation.
Shikimate accumulation reflects the differences in glyphosate concentration and the
mechanisms of translocation. Shikimate accumulation differed between susceptible and resistant
biotypes when glyphosate was at low concentrations (active transport), while the passive massdiffusion pathway with high glyphosate concentrations was not affected, as no differences in
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shikimate accumulation were seen between the resistant and susceptible biotypes (Shaner 2009).
Yu et al. (2009) found that shikimic acid accumulated in susceptible plants eight times greater
than the basal rate, while the resistant population had only a 2 to 3 fold increase. Therefore
differences in shikimate accumulation reflect the movement of glyphosate with and without
transporters.
1.5.4.2 Reduced Adsorption
A reduction in absorption has also been identified as a mechanism of resistance in some
species. In Sorghum halepense, resistant biotypes had reduced adsorption of glyphosate into the
leaf (Vila-Aiub et al. 2012). In contrast, Wakelin et al. (2004) found there was no significant
difference in glyphosate absorption by susceptible and resistant populations of Lolium rigidum.
In other studies, resistant plants took up more glyphosate than susceptible plants, showing that
glyphosate resistance is not due to reduced uptake (Yu et al. 2009). Therefore, absorption rates
differ between biotypes of susceptible and resistant populations and may or may not be involved
in glyphosate resistance.
1.5.4.3 Vacuole Sequestration
Sequestering glyphosate in the vacuole makes it unavailable for translocation to the
growing points of the plant. In Canada fleabane, studies by Ge et al. (2010) found that greater
than 85% of the applied glyphosate was trapped in the vacuole of the GR biotype, while only
15% of the applied glyphosate was present in the vacuole of the susceptible biotype.
Sequestration in the vacuole of the leaf where glyphosate was applied reduces the amount of
glyphosate available for translocation, while additional sequestration may occur at the sink
tissues, further decreasing the amount of glyphosate that reaches the target site (Ge et al. 2010).

35

Thus by trapping glyphosate in the vacuole it is unable to reach its target site in sufficient
quantities, and the plant survives.
1.5.5 Glyphosate-resistant Crops
Roundup Ready crops were introduced in 1996, which allowed for glyphosate to be used
both for preplant burndown and POST applications (Boerboom and Owen 2006). These crops
include cotton (Gossypium hirsutum L.), maize (Zea mays L.), canola (Brassica napus L. and B.
rapa L.), and soybean (Glycine max L. Merr). GR crops have the agrobacterium CP4 EPSPS
gene in the chloroplast which allows for a high degree of resistance without decreasing plant
vigor (Devine and Shukla 2000; Duke and Powles 2008). Glyphosate resistance may also be via
detoxification, using glyphosate oxidoreductase (GOX) isolated from Achromobacter which uses
glyphosate as a phosphorus source (Pollegioni et al. 2011). The resistance genes in these crops
allow for glyphosate to be applied throughout the growing season.
The use of glyphosate in GR crops provides excellent, simple, economical, and flexible
weed control (Duke and Powles 2008); however, the introduction of GR crops has also changed
herbicide management, including delayed spraying of weeds, and decreasing the usage of
herbicides with other modes of action (Young 2006). Therefore, glyphosate’s efficacy in GR
crops has been reduced due to selection of GR weed biotypes (Powles 2008). Glyphosate, when
used in conjunction with other weed management tactics can be a component of a sustainable
method of weed management strategy (Powles 2008). GR crops have allowed for the POST
application of glyphosate but it must be used judiciously to minimize the selection for GR weeds
if it is to remain an effective weed management tool.
The rapid increase in the number of GR weeds demonstrates the importance of
implementing management strategies now in order to continue to realize the benefits of the GR
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crops (Boerboom and Owen 2006). As there are no new modes of herbicide action, protecting
the current technologies is extremely important. Alternative herbicides may be less convenient,
more costly, and not as safe on the crop. Additionally, inability to use certain herbicides because
of resistant weeds could result in the need to make changes in other management practices such
as tillage. Therefore, effective management of glyphosate is important for reducing or delaying
the selection of GR weeds and for protecting this valuable weed management resource.

1.6 Glyphosate-resistant Canada fleabane
1.6.1 Introduction
Glyphosate-resistant Canada fleabane was reported three years after the introduction of
GR crops (VanGessel 2001). It was first found in a soybean crop in Delaware in 2000
(VanGessel 2001), followed by its presence in a cotton field the following year in Western
Tennesee (Main et al. 2004). It has since been documented in Brazil, Canada, China, the Czech
Republic, Greece, Italy, Poland, Spain, and in 21 USA states (Heap 2013). In 2010, it was
reported in Ontario, Canada.
Canada fleabane is highly adaptable due to its biology. Canada fleabane has previously
developed resistance to photosystem II inhibitors, cell membrane disrupters, ALS inhibitors, and
amino acid synthesis inhibitors (Heap 2013). The Conyza genera are a genetically diverse
species and have potential for hybridization, putting it at high risk of developing resistance to
herbicides (Powles 2008). Because of this, Canada fleabane is on the list of the top ten most
important herbicide-resistant weeds (Heap 2013).
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1.6.2 Inheritance of Resistance
The inheritance of the glyphosate resistance in Canada fleabane influences the proportion
of plants resistant to glyphosate in a given location and how rapidly it spreads. Molecular work
by Zelaya et al. (2004) found that the trait conferring resistance to glyphosate via reduced
translocation is transferred by an incompletely dominant single locus gene in the nuclear
genome. It was also reported that glyphosate resistance in Canada fleabane is pollen-borne
(Zelaya et al. 2004). As Canada fleabane is a highly self-fertilizing plant, the dominant resistance
allele accumulates rapidly.
The inheritance of Canada fleabane is incompletely dominant which results in two levels
of resistance. Heterozygous individuals were found to have an intermediate response to
glyphosate, with homozygous susceptible, heterozygous resistant and homozygous resistant
plants being controlled at 0.85 to 3.38 kg, 6.77 kg, and 13.54 kg glyphosate per hectare,
respectively (Zelaya et al. 2004). These results were similar to those found by Montegomery
(2003) and Feng et al. (2004). Field rates however do not distinguish between heterozygous and
homozygous resistant biotypes (Zelaya et al. 2004). Resistance factors range from 4 to 13 fold
over susceptible populations (VanGessel 2001; Zelaya et al. 2004; Koger et al. 2004). Resistance
to Canada fleabane therefore has two levels of resistance because of its incompletely dominant
inheritance pattern.
1.6.3 Mechanisms of Resistance
Canada fleabane resistance has been found to be primarily through reduced translocation
and vacuole sequestration of glyphosate, with some cases of overexpression of the EPSP
synthase enzyme and enhanced metabolism. Studies have not found differences in foliar uptake
(Wakelin et al. 2004; Dinelli et al. 2006). Zelaya et al. (2004) suggested that Canada fleabane
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may have at least two main mechanisms of resistance, based on the intermediate phenotype of
heterozygous dominant plants. Reduced translocation, sequestration in the vacuole, and
overexpression of the EPSP synthase enzyme provide the plant with layers of resistance.
1.6.3.1 Reduced Translocation
The reduced transport of glyphosate from the leaves to the growth points is one of the
primary resistance mechanisms in Canada fleabane. Glyphosate is normally transported
throughout the plant by the xylem and phloem. However, Dinelli et al. (2006) found that
glyphosate was loaded into the apoplast in both resistant and susceptible biotypes and moved
upward in the plant to the leaf tips, but had no downward movement (phloem) in resistant plants.
Therefore it has been suggested that there is a modification or point mutation in one of the
transporters of glyphosate (Dinelli et al. 2006), possibly a phosphate transporter (Wakelin et al.
2004). Alternatively the transport of glyphosate in the xylem but not in the phloem suggests that
an alteration of the ionic pumps, which assist in transferring glyphosate from the apoplast to the
symplast transport system, could reduce the ability of the resistant plants to acidify the apoplast,
inhibiting transport across the plasmalemma (Dinelli et al. 2006). Previous results by Feng et al.
(2004) reported twice the amount of glyphosate in the leaves of resistant biotypes compared to
susceptible biotypes at low rates in the greenhouse, and a three-fold difference in translocation
between biotypes at field rates. Visual phytotoxic effects reflect this reduced translocation in
resistant biotypes. Sink tissues in susceptible biotypes had reduced meristematic activities and
loss of pigmentation while R biotypes leaves dried out and new growth occurred from meristem
tissue (Dinelli et al. 2006). Canada fleabane resistance is primarily a function of insufficient
glyphosate being translocated from the leaves to the growth points of the plant.
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1.6.3.2 Sequestration in the Vacuole
A second mechanism of glyphosate resistance in Canada fleabane is sequestration in the
vacuole. Yuan et al. (2010) found there was an upregulation of tonoplast intrinsic proteins, WD
proteins, ABC transporter genes, and cytochrome p450s in resistant biotypes, all of which are
involved in transportation of material into the vacuole. Similarly, Ge et al. (2010) found that 24
hrs after spraying, 85% of glyphosate was in the vacuole in the R biotype, while only 15% was in
the S biotype vacuole. Sequestration to the vacuole began almost immediately after treatment
(Ge et al. 2010). Studies by Vila-Aiub et al. (2012) also found evidence that resistant Canada
fleabane loads glyphosate into vacuoles within its leaves. Removal of glyphosate from the
cytoplasm into the vacuole decreases the amount of glyphosate available for translocation to the
meristematic tissues, acting in synergy with mechanisms conferring reduced translocation.
1.6.3.3 Overexpression of EPSP synthase
Overexpression of EPSPS mRNA is a third mechanism of resistance in Canada fleabane.
EPSP synthase, the target site of glyphosate is not altered, as confirmed by Mueller et al. (2003)
through the screening of EPSP synthase extracted from resistant biotypes; instead multiple
copies of the gene are expressed at high levels, allowing recovery of the shikimate system
following glyphosate entry into the meristem tissues. Dinelli et al. (2006) reported 2 to 3 times
greater EPSPS mRNA levels in resistant biotypes compared to susceptible biotypes, prior to
glyphosate treatment, but EPSPS production did not increase following glyphosate treatment.
This overproduction of EPSPS supports studies in which shikimate acid levels were similar for
resistant and susceptible biotypes 2 days after treatment but declined in resistant biotypes 4 days
after treatment in Tennessee (Mueller et al. 2003; Dinelli et al. 2006). Song et al. (2011) found
that though shikimate had accumulated in the susceptible three to four times the amount than the
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resistant population 2 days after application, the shikimic acid decreased by 10% eight days
following application. This resistance mechanism has previous been identified by Baerson et al.
(2002) in goosegrass (E.indica).Therefore there is insufficient glyphosate to inhibit all the copies
of EPSPS synthase and arrest the shikimate pathway, allowing the plant to recover.
1.6.3.4 Enhanced Metabolism
Enhanced metabolism of glyphosate is a fourth mechanism which may contribute to
glyphosate resistance in Canada fleabane. A study by Gonález-Torralva et al. (2012) found that
glyphosate disappeared in the resistant biotype 96 hours after treatment while glyphosate
remained detectable in the susceptible biotype 120 hours after application. Two of the
metabolites of glyphosate, AMPA and sarcosine, were detected in the resistant biotype 72 hours
after treatment (Gonález-Torralva et al. 2012). Therefore the faster metabolism of glyphosate in
the resistant biotypes prevents glyphosate from inhibiting EPSP synthase.
1.6.3.5 Additional mechanisms contributing to resistance
Although reduction of glyphosate translocation, vacuole sequestration, and
overexpression of EPSP synthase are the most commonly recognized mechanisms of resistance
in Canada fleabane, some studies have suggested additional mechanisms of resistance in this
weed. Dinelli et al. (2006) found an increase in the mean number of branches in resistant
biotypes, which correlated with increasing doses of applied glyphosate. Another factor that was
considered in addition to the amount of EPSPS expressed was the isoforms of EPSPS and their
varying sensitivity to glyphosate. Mueller et al. (2003) suggested the presence of EPSPS
isoforms or the possession of a glyphosate oxidase reductase like enzyme, mechanisms in GR
crops, would reduce glyphosate binding and would accelerate glyphosate degradation,
respectively. Alternatively, an altered EPSPS enzyme could be responsible for helping to process
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the accumulated shikimate while the normal EPSPS still binds to glyphosate (Mueller at al.
2003). Varied levels of glyphosate resistance in Canada fleabane may be explained by EPSPS
isozymes with different kinetic constants (Zelaya et al. 2004). Therefore there may be additional
factors which contribute to the primary mechanisms of resistance.

1.6.4 Spread of Resistance
Glyphosate-resistant Canada fleabane may spread through windblown seed or it could be
selected through repeated glyphosate applications at new locations. Canada fleabane produces a
high number of seeds per plant which are easily dispersed by wind and can travel up to 500 km
(Shield et al. 2006), though 99% of the seed falls within 100 m (Dauer et al. 2007). It could also
be spread easily through equipment as the seed is small and adheres to many surfaces. As GR
Canada fleabane was found in Delaware, Virginia, Ohio, and Arkansas within a five year period,
Dinelli et al. (2006) suggested that it was unlikely that a single evolution event and subsequent
seed dispersal was responsible for these populations. In genetic analysis of populations from
Delaware, Tennessee, Ohio, Indiana, and California, Yuan et al. (2010) found that resistance to
glyphosate had evolved at least four times. Since inheritance is via a dominant allele and Canada
fleabane has a high rate of self fertilization, the resistance allele can increase rapidly within a
population (Zelaya et al. 2004). Zelaya et al. (2004) found no differences in the fitness of
resistant and susceptible Canada fleabane plants, which would also allow for the GR biotype to
strongly compete in the field. The high rate of resistance evolution, transmission to the next
generation, and seed dispersal all contribute to a rapid spread of GR Canada fleabane.
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1.6.5 Management of Resistant Populations
Herbicide rotation is one of the main components of both preventing and controlling
resistant weed populations. Studies by Dinelli et al. (2006) found that similar agronomic
practices have selected for similar resistance in Canada fleabane. Furthermore, studies by Davis
et al. (2009a) found that crop rotation had an effect on Canada fleabane densities in the third and
fourth year of the rotation. Canada fleabane densities were greatest in continuous soybean
rotations (Davis et al. 2009a). However when the herbicides used were considered, the largest
differences were seen between glyphosate and non-glyphosate treatments, suggesting that it was
herbicide rotation, not crop competitiveness that was the main factor impacting weed densities
(Davis et al. 2009a). In western Canada, the only GR crop grown is canola, which reduces the
likelihood of glyphosate resistance becoming a problem, and provides an example of how
herbicide rotation is important for decreasing the risk of developing resistant weeds (Powles
2008). This is in contrast to rotations in the USA which include GR soybean, maize, and cotton
(Powles 2008). Therefore the lack of rotation of herbicides has played a role in GR Canada
fleabane evolution and spread.
There are herbicide options for GR Canada fleabane control. ALS inhibitors such as
chloransulam have been shown to provide control of GR Canada fleabane; however there are
concerns with the evolution of multiple resistance including the ALS inhibitors and glyphosate,
two of the most widely used post-emergence herbicides in soybean (Davis et al. 2009b).
Another herbicide that has shown promise is dicamba as a preplant burndown in cotton;
however, in season control is important as in many states, such as Tennessee, Canada fleabane
can emerge almost year round (Steckel and Gwathmey 2009). Studies by Kruger et al. (2010)
indicate that the development of 2,4-D and dicamba-tolerant soybean will provide alternatives to
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glyphosate for control of Canada fleabane. Therefore there are herbicides which can be used to
control GR Canada fleabane; however, these must be managed effectively in order to avoid the
development of multiple resistance.
As with herbicide resistance prevention in many species, herbicide timing can be another
key component for controlling resistant weed populations. In studies by Davis et al. (2009a),
spring preplant applications with residual activity resulted in lower densities of Canada fleabane
compared to other application timings. Spring preplant applications also provided the most
consistent control (Davis et al. 2009a). This is consistent with other studies which report that
Canada fleabane is difficult to control with non-glyphosate herbicides post emergence in soybean
(Bruce and Kells 1990; Moseley and Hagood 1990; VanGessel et al. 2001). Brown et al. (1998)
found that a combination of mechanicial tillage and herbicides,both preplant bundown and
residual, provide effective control of GR Canada fleabane. Therefore timing must be matched to
the life cycle of the population, as well as the size of the plant.

1.7 Conclusion
Canada fleabane is a competitive, rapidly spreading weed species, well adapted to current
management practices. The movement to no-till soybean production and the adoption of
glyphosate-resistant soybean has led to an increased reliance on herbicides, specifically
glyphosate, for weed control. This has led to the selection of GR weeds, including Canada
fleabane. GR Canada fleabane is of concern throughout many parts of the world and therefore
management solutions must be identified and implemented for control of this weed species.
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1.8 Hypotheses and Objectives
Canada fleabane was identified to be resistant to glyphosate at 8 sites in Essex County,
Ontario in the fall of 2010. This is the first report of glyphosate-resistant Canada fleabane in
Canada. Research is needed to determine the distribution of glyphosate-resistant populations
within Ontario as well as evaluate Ontario registered herbicides for the control of Canada
fleabane in soybean.

The null hypotheses of this research are:
1. Glyphosate-resistant Canada fleabane is isolated to 8 fields in Essex County.
2. Alternative herbicides to glyphosate will not control Canada fleabane in soybean.

The objectives of this research are:
1. To conduct a field survey to identify the distribution of glyphosate-resistant Canada
fleabane populations in Ontario.
2. To conduct field trials to evaluate the efficacy of alternative herbicides for control of
glyphosate-resistant Canada fleabane.
3. To determine the biologically effective rate of glyphosate on glyphosate-resistant Canada
fleabane populations in the field.
4. To evaluate dicamba for the control of glyphosate-resistant Canada fleabane in dicambatolerant (DT) soybean.
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2.0 Occurrence of glyphosate and cloransulam resistant Canada fleabane
(Conyza canadensis L. Cronq.) in Ontario
2.1 Abstract
Canada fleabane is the second documented glyphosate-resistant (GR) weed species in
Ontario, Canada. In 2010, the first eight GR Canada fleabane populations were confirmed in
Essex County. In 2011 and 2012, an expanded survey was conducted to identify the distribution
of GR populations in Ontario. Seed was collected from field weed escapes in the early fall and
sprayed in the greenhouse with 900 g a.e. ha-1 of glyphosate at the 10 cm rosette stage. Ninetythree and 54 additional sites were confirmed in 2011 and 2012, respectively. There are now 155
sites with confirmed GR Canada fleabane in Ontario in the counties of Elgin, Essex, Haldimand,
Huron, Kent, Lambton, Middlesex, and Niagara region. Twelve and seven sites were identified
with multiple resistant Canada fleabane (glyphosate and cloransulam) in 2011 and 2012,
respectively in Elgin, Essex, Kent, Lambton, and Middlesex counties. This is the first survey
documenting the occurrence of glyphosate-resistant and multiple resistant (glyphosate and
cloransulam) Canada fleabane in Ontario and its distribution.

2.2 Introduction
Glyphosate-resistant (GR) Canada fleabane was first reported in Delaware in 2000, and
(VanGessel 2001) has since been reported in Brazil, Canada, China, the Czech Republic,
Greece, Italy, Poland, and Spain and in 20 US states (Heap 2013). In 2001, cloransulam resistant
Canada fleabane was reported in Ohio, followed by reports in Michigan in 2002, and Ontario in
2011 (Heap 2013). Bruce and Kells (1990) reported soybean yield losses of 70 to 90% due to
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Canada fleabane interference and additional studies found Canada fleabane plants still produced
as many as 72,000 seeds per plant when competing with soybean (Davis and Johnson 2008). As
glyphosate and cloransulam are the two most widely used post-emergence herbicides for control
of Canada fleabane in soybean (Davis et al. 2009a) and Canada fleabane seed is wind dispersed,
the occurrence of these resistant populations is of great concern.
Canada fleabane’s prolonged emergence period makes it a challenge to control. Canada
fleabane germinates primarily in the fall or spring; however germination can occur year round in
some regions given suitable conditions (Buhler and Owen 1997). This can make it difficult to
achieve acceptable control due to the emergence timing and size of Canada fleabane at preplant
(PP) and postemergence (POST) herbicide applications (Buhler and Owen 1997; Bruce and Kells
1990; Moseley and Hagood 1990; VanGessel et al. 2001). Previously, Canada fleabane was
controlled by glyphosate (Bruce and Kells 1990; Scott et al. 1998; VanGessel et al. 2001) and
cloransulam which could be applied throughout the growing season; however, the evolution of
resistance to these amino acid synthesis inhibitors has increased the reliance on alternative
preplant residual herbicides to achieve season long control in soybean (Davis et al. 2009a; Byker
et al. 2013). As Canada fleabane is well adapted to no-till cropping systems which rely heavily
upon herbicides for weed control, Canada fleabane herbicide resistance in addition to its
emergence patterns make management of resistant Canada fleabane populations difficult.
Canada fleabane’s reproductive and dispersal biology have contributed to the rapid
spread of resistant populations. As glyphosate resistance is passed on through a pollen-borne,
single-locus incompletely dominant gene in the nuclear genome (Zelaya et al. 2004), and Canada
fleabane has a high rate of self-fertilization, resistance can be rapidly selected for within a
population. Additionally, seed production from a single Canada fleabane plant has been reported
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to be up to one million seeds (Weaver 2001; Royer and Dickinson 2006; Davis et al. 2009b;
Alcorta et al. 2011), providing an immense amount of seed for wind dispersal between fields
(Dauer et al. 2007). However, genetic analysis of resistant populations has identified multiple
independent source populations of GR Canada fleabane, explaining the rapid spread of GR
Canada fleabane in the US compared to if it was solely seed dispersed (Dinelli et al. 2006; Yuan
et al. 2010) Thus, herbicide resistant Canada fleabane has spread rapidly due to its reproductive
biology and lack of control with herbicides following the evolution of resistance.
In 2010, GR Canada fleabane was identified in Canada at 8 sites in Essex County,
Ontario after growers did not obtain acceptable control with glyphosate in a soybean crop. The
objective of this survey was to identify the occurrence of glyphosate- and cloransulam-resistant
Canada fleabane populations in southern Ontario.

2.3 Materials and Methods
2.3.1 Seed Collection
Canada fleabane seed was collected from 98 sites in 2011 and 70 sites in 2012. In 2011, the
survey was expanded from the original sites in Essex County to include sites in the counties of
Essex, Kent, Elgin, Lambton, and Middlesex, as well as one site in Niagara region,
approximately 400 km from the 2010 sites. In 2012, seed was collected from the counties of
Huron and Haldimand in addition to the counties previously surveyed. Seed was collected as a
composite sample from at least 20 plants where possible in late August through early October as
plant seed matured.
Seed collection sites were identified by grower and agricultural retailer reports of Canada
fleabane escapes in addition to roadside surveys. (Falk et al. 2005; Vink et al. 2012b). While the
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majority of seed was collected from soybean fields, seed was also collected from fields with
wheat stubble, forage crops, and carrots. Sites had single plants scattered throughout the field or
dense patches of Canada fleabane. Sites were recorded using a handheld global positioning unit
(Garmin GPSMAP 76CSx).
2.3.2 Resistance Screening
Canada fleabane seed does not have a dormancy requirement and germinates readily upon
reaching maturity. Greenhouse transplant trays were first filled ¾ full with soilless mixture
(Sunshine Professional Growing Mix) and then watered. Canada fleabane seed was spread over
the soil and covered with 0.5 mm of soilless potting mixture. Canada fleabane requires light for
germination (Nandula et al. 2006) and so care was taken for minimal coverage of the Canada
fleabane seed. Trays were watered and placed in a greenhouse with a 16 hour photoperiod with
day and nighttime temperatures 25 and 18oC, respectively.
Once seedlings of each population reached the 3 to 4 leaf stage, fourteen plants were
transplanted into 10 cm round pots – one per pot – with soilless potting mix. Of those fourteen
plants, the ten most uniform plants were sprayed at the 10 cm rosette stage with glyphosate
(Davis et al. 2008). Six plants per population were sprayed with cloransulam for resistance
screening. Plants were sprayed with glyphosate at 900 g a.e. ha-1 or cloransulam at 17.5 g a.i. ha-1
+ Agral 90 + UAN 28% in a spray chamber with flat fan nozzles calibrated to deliver 200 L at
2.15 km hr-1 and 280 kPa. Glyphosate screening dose was selected based on previously
conducted dose response experiments. Susceptible populations from a non-cropped area at
University of Guelph, Ridgetown Campus and near Blenheim, ON were used as susceptible
checks. Percent control ratings were recorded 4 weeks after application (WAA) of glyphosate on
a scale of 0 (no herbicide injury) to 100 (complete necrosis of plant tissue) in addition to
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classifying the plant as dead or alive (Davis et al. 2008; VanGessel 2001). A site was identified
as resistant if at least one plant in the population survived.

2.4 Results and Discussion
A total of 147 of 168 sites collected over 2011 and 2012 had at least one plant survive at 4
WAA of glyphosate (Table 1). In 2011, 7 sites in Elgin, 48 in Essex, 19 in Kent, 1 in Lambton,
and 1 in Niagara had 100 % of the plants in the population survive 4 WAA (Table 2.1). In 2012,
resistant populations were found at sites northeast of the original sites, with additional sites in
Elgin, Essex, Kent, Lambton, and Niagara region and with at least one plant surviving at sites in
Haldimand, Huron, and Middlesex counties (Figure 2.1).
In 2011, 12 of the GR Canada fleabane populations had at least one plant survive an
application of cloransulam (Figure 2.2). These sites were spread across Elgin (2), Essex (7); Kent
(2), and Lambton (1). In 2012, an additional 7 populations had at least one plant survive
applications of both glyphosate and cloransulam in Essex (1), Kent (4), Lambton (1) and
Middlesex (1). In 2012, three populations were susceptible to glyphosate, but resistant to
cloransulam in Kent (1), Lambton (1) and Middlesex (1).
Resistant populations were found primarily in soybean fields and wheat stubble, which is
consistent with Barnes et al. (2004) and VanGessel (2001) who found continuous soybean to be
correlated with the occurrence of resistant populations. In contrast, Hanson et al. (2009) stated it
is difficult to correlate land use and the occurrence of resistant Canada fleabane populations as
the seed is wind dispersed, allowing resistant individuals to be selected for in a nearby field and
be blown into adjacent fields. Additionally, it is difficult to collect Canada fleabane weed
escapes from crops other than soybean as corn is fully grown at the timing of seed collection in
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the late summer and early fall and so weed escapes can not been seen from the road. Therefore,
though crop rotation may be an important factor for managing Canada fleabane populations, it is
not possible to correlate the prevalence of herbicide resistant Canada fleabane with cropping
practices based on this survey.

2.5 Implications
This survey provides current information on the occurrence of GR Canada fleabane
populations in Ontario; however, it does not reflect the frequency of resistant populations as the
survey was conducted using non-random site selection procedures (Beckie et al. 2000). As at
least one plant survived applications of glyphosate in eight counties in Ontario, this survey
confirms that GR Canada fleabane is present up to 400 km from the initial sites identified in
Essex County in 2010. Additionally, there are multiple resistant populations to glyphosate and
cloransulam in five counties. With the widespread distribution of resistant Canada fleabane
throughout southern Ontario, it is possible that seed movement by equipment, seed wind
dispersal, and multiple events of resistance evolution, among additional potential factors may
explain its rapid movement. This further highlights the need to identify and incorporate the use
of tillage and herbicides with alternative modes of action for control of Canada fleabane in
soybean with the loss of these two widely used herbicides (glyphosate and cloransulam).
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Table 2.1. Number of resistant sites with at least one plant surviving 4 weeks after the application of glyphosate (900 g a.e. ha -1) or cloransulam
(17.5 g a.i. ha-1) in 2011 and 2012 survey of Canada fleabane in southwestern Ontario counties. A dash indidates that no populations were
surveyed from that county in that year.
2011
2012
Glyphosate
Glyphosate + Cloransulam
Glyphosate
Glyphosate + Cloransulam
Elgin
9
2
4
0
Essex
55
7
3
1
Haldimand
2
0
Huron
1
0
Kent
24
2
19
4
Lambton
1
1
9
1
Middlesex
3
0
8
1
Niagara
1
0
8
0
Total
93
12
54
7
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Figure 2.1. Main map: occurrence of sites with GR Canada fleabane in southern Ontario in 2010, 2011 and 2012. Insert map: map of
Canada showing location where survey was conducted in southern Ontario.
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Figure 2.2. Occurrence of populations with cloransulam (C) resistance and multiple resistance to glyphosate and cloransulam (G+C)
in southern Ontario in 2011 and 2012.
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3.0 Control of glyphosate-resistant Canada fleabane (Conyza canadensis
(L.) Cronq.) with preplant herbicide tankmixes in soybean (Glycine max.
(L). Merr.)

3.1 Abstract
Glyphosate previously provided excellent control of Canada fleabane in soybean; however, with
the evolution of GR Canada fleabane in Ontario, alternative herbicides must be identified for
control of this weed in soybean. The objective of this study was to identify preplant herbicide
tankmixes that provide effective control of GR Canada fleabane. A total of twelve field trials
were completed over a two-year period (2011, 2012) in fields previously confirmed with GR
Canada fleabane. Preplant tankmixes of glyphosate (900 g a.e.ha-1) plus saflufenacil (25 g a.i. ha1

) or saflufenacil/dimethenamid-p (245 g a.i. ha-1) provided greater than 87% control 4 weeks

after application (WAA) across all sites. Glyphosate (900 g a.e.ha-1) tankmixed with metribuzin
(1120 g a.i. ha-1), cloransulam-methyl (35 g a.i. ha-1), or flumetsulam (70 g a.i. ha-1) provided 78
to 99 % control 8 WAA. Control of GR Canada fleabane prior to soybean emergence is essential
as currently there are no herbicides that provide acceptable control in-crop. Because of the lack
of in-crop options, spring residual herbicides may be required for season long control in regions
where Canada fleabane emerges throughout the year to reduce Canada fleabane seed production
and populations in subsequent years.
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3.2 Introduction
Canada fleabane (Conyza canadensis (L.) Cronq.) is native to North America and widely
distributed throughout Canada, growing in abandoned fields, along roads, orchards, vineyards
and in fields where tillage has been reduced or eliminated (Weaver 2001). It is well adapted to
no-till soybean production systems as seed remains on the soil surface with access to light
required for germination (Nandula et al. 2006) and tillage disrupts the life cycle of emerged
fleabane (Brown and Whitwell 1988). Canada fleabane emerges primarily from late August to
October, with additional emergence from March to early May (Weaver 2001). Canada fleabane
may germinate in the fall giving it a competitive advantage in the spring due to the storage of
photosynthates in its root system (Regehr and Bazzaz 1979). This leads to larger plants at the
time of spring herbicide application which will be more difficult to control. In addition, part of
the fleabane population may emerge in the spring after herbicide application and therefore
escape control (Buhler and Owen 1997). Canada fleabane can reduce soybean yields by 90 to
97% (Dauer et al. 2007; Bruce and Kells 1990) and increase harvest difficulty due to stems
clogging the combine (Weaver 2001). Therefore Canada fleabane must be controlled, and in
conservation tillage production systems, this is done primarily by the use of herbicides. While
postemergence (POST) herbicides do no provide adequate control of Canada fleabane (Buhler
and Owen 1997; Davis et al. 2007), previous studies have found that herbicides applied prior to
soybean planting effectively decreased Canada fleabane densities (Davis et al. 2007).
Glyphosate was rapidly adopted after commercialization by Monsanto in 1974 (Franz et
al. 1997) as a preplant herbicide for its control of emerged annual, biennial and perennial weeds
(Boerboom and Owen 2006; VanGessel et al. 2001) including Canada fleabane. In 2003, Tardif
and Smith reported 98 and 99% control of Canada fleabane with glyphosate at 900 and 1800 g
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a.e.ha-1, respectively. The commercialization of GR crops facilitated flexible weed control timing
with POST applications of glyphosate (Gustafson 2008), and its now widespread use has led to
multiple applications of glyphosate throughout the growing season. The decrease in herbicide
diversity within cropping systems has increased selection pressure for the evolution of resistant
weed species (Boerboom and Owen 2006). GR Canada fleabane was first reported in Delaware,
USA in 2000 (VanGessel 2001). Since then it has been identified in Brazil, Canada, China, the
Czech Republic, Greece, Italy, Poland, Spain, and the USA (Heap 2013). In 2010 and 2011,
multiple Ontario populations survived glyphosate applied at 900 g a.e.ha-1 (Byker et al. 2013).
Canada fleabane must be controlled with preplant herbicides since postemergence
herbicides provide poor control. Davis et al. (2007) found that glyphosate applied alone in the
spring provided 60 to 75 % control of GR populations while spring applied alternative herbicide
applications including clorimuron, metribuzin, or flumetsulam provided greater than 90% control
at 2 weeks after application. In addition, it is possible for this species to emerge over an extended
period of time (Main et al. 2006), suggesting preplant tankmixes with residual activity may be
essential for full season control. While some herbicides have been evaluated in other countries
for the control of GR Canada fleabane, herbicide formulations and rates differ in Ontario.
Therefore the objective of this research was to identify alternative preplant herbicide tankmixes
for the control of GR Canada fleabane in soybean. It is hypothesized that alternative herbicides
to glyphosate will be identified for control of GR Canada fleabane prior to soybean planting.

3.3 Materials and Methods
Twelve field trials were conducted over a two year period (2011, 2012) at four farm
locations in Essex County, Ontario to evaluate preplant herbicide tankmixes in glyphosateresistant soybean for the control of Canada fleabane populations previously identified to be
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resistant to glyphosate. The first trial evaluated herbicides applied preplant with limited residual
activity (Enhanced Burndown) while the second trial evaluated herbicides with residual activity
for season long weed control (Burndown plus Residual). Each experiment was arranged in a
randomized complete block design with four replications. Plots were 2 m by 8 m, except at the
Leamington location where plot length was decreased to 6 m due to space constraints. Herbicides
were applied early in the spring prior to soybean planting using a CO2 pressurized backpack
sprayer calibrated to deliver a spray volume of 200L ha-1 at 240 kPa. The boom was 1.5 m wide
with four ultra-low drift nozzles (ULD120-02, Hypro, New Brighton, MN) spaced 50 cm apart.
Untreated control and weed free control plots were included in each replicate of each trial. Weed
free controls were sprayed preplant with glyphosate (1800 g a.e. ha-1) and
saflufenacil/dimethenamid (245 g a.i. ha-1) or glyphosate and 2,4-D ester (500 g a.e. ha-1) and
maintained weed free using hand hoeing as required. Locations, soil properties, planting date,
herbicide application date, and Canada fleabane height and density at time of application are
listed in Table 3.1. Sites 2, 3, and 6 were conducted at the same location in 2011 (sites 2 and 3)
and 2012 (site 6) and therefore shared the same source population. All other trials were
conducted at separate locations. Herbicide rates applied are the highest label rates registered for
use in Ontario. Herbicides and rates used in the “Enhanced Burndown” trial are listed in Tables
3.2 to 3.4. Herbicides and rates used in the “Burndown plus Residual” trial are listed in Tables
3.5 to 3.8.
Canada fleabane control was visually estimated on a scale of 0 (no control) to 100%
(complete plant death) at 1, 2 and 4 weeks after herbicide application (WAA) for the Enhanced
Burndown trial and 1, 2, 4 and 8 WAA for the Burndown plus Residual trial. Estimates of
soybean injury were also made on these dates (data not shown). Injury ratings were recorded on
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a scale of 0 to 100%, with 0 defined as no soybean injury and 100 as soybean death. Canada
fleabane density and dry weight were evaluated 4 WAA in the Enhanced Burndown trial and 8
WAA in the Burndown plus Residual trial by counting and then cutting the plants at the soil
surface from two 0.25 m2 quadrats per plot. Plants were dried at 60 C to constant moisture and
then weighed.
In 2012, two meters of soybean aboveground biomass was harvested per plot at sites in
August prior to the onset of Canada fleabane seed release and collected in paper bags. Soybean
biomass was not collected in 2011. Plant biomass was then dried at 60C and dry weights
recorded.
Data were analyzed in SAS (Ver. 9.2, SAS Institute Inc., Cary, NC) using the PROC
MIXED procedure for ANOVA analysis. Variances were divided into random (environment
(location and year), replication within environment, and the treatment by environment
interaction) and fixed effects (herbicide treatment). The Z-test was used to test the significance
of environment, replication (environment) and environment by treatment interactions. The F-test
was used to test the significance of fixed effects. Sites were analyzed separately or grouped so
that the interaction between environment and treatment were non-significant. Residual plots were
used to confirm that variance analysis for random, independent, and homogenous error
assumptions were met. The UNIVARIATE procedure in SAS was used to generate the ShapiroWilk statistic for tested data normality. The highest Shapiro-Wilk generated from the natural log,
square root, and arcsine square root transformations of the data were used to select the
transformation (when necessary) to be used for data analysis. Site S5 was removed from the
Enhanced Burndown analysis due to inconsistent weed pressure across the experimental area.
When transformation was necessary, data were compared on the transformed scale and then
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converted back to the original scale for presentation of results. Means were separated using
Fisher’s protected LSD at P<0.05.
In the Enhanced Burndown trial, data for weed control at 1 WAA were arsine square root
transformed (S1, S2, S3, and S4) and log transformed (S6). Weed control data at 2 WAA and 4
WAA were analyzed using the arcsine square root transformation for S1, S2, S3, and S4. S6 was
analyzed using the square root transformation (2 WAA) and untransformed data (4 WAA).
Canada fleabane and soybean dry weight were analyzed following log transformation. Site S5
was removed from the Enhanced Burndown analysis due to inconsistent weed pressure across
the experimental area. For the Burndown plus Residual trial, weed control 1 WAA data were
untransformed (S4), log transformed (S6), square root transformed (S1, S2, S3), and arcsine
transformed (S5). Weed control data at 2 WAA remained untransformed for analysis at all sites.
4 WAA control was analyzed using untransformed data (S1, S2, S3, and S5) and arcsine
transformed data (S4, S6). All weed control data at 8 WAA were log transformed. A square root
transformation was used for Canada fleabane dry weight (S1, S2, S4, S5, and S6), as well as
soybean dry weight at S4 and S6. S3 weed dry weight was not transformed.

3.4 Results and Discussion
3.4.1 Enhanced Burndown
Glyphosate applied at 900, 1800 and 2700 g a.e. ha-1 provided from 14 to 45, 16 to 49 and
17 to 59% control, respectively (Table 3.2). Glyphosate tankmixed with glufosinate, paraquat,
saflufenacil or saflufenacil/dimethenamid-p provided 85 to 100% control 1 WAA at sites S1, S2,
S3 and S4; all other herbicide tankmixes only provided 26 to 72 % control (Table 3.2). No
soybean injury was observed from any of the treatments. Canada fleabane plants exhibited leaf
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necrosis within 1 WAA, consistent with the injury symptoms from a contact herbicide such as
saflufenacil (Byker, personal observation). Even though control at S6 with glyphosate plus
glufosinate, paraquat, saflufenacil or saflufenacil/dimethenamid-p was greater than with the other
herbicide tankmixes, control ranged from 50 to 88 %, which was considerably lower than at the
other sites (Table 3.2). Canada fleabane at S6 emerged later in the spring, and so it is possible
that some plants emerged after herbicide application. This emphasizes the potential difficulty in
controlling Canada fleabane with enhanced burndown treatments with biotypes exhibiting
prolonged emergence from fall into late spring.
Glyphosate plus saflufenacil or saflufenacil/dimethenamid-p provided 90 to 100 %
control across all sites 2 WAA (Table 3.3). Canada fleabane control with glyphosate plus
glufosinate was not different from the weed free control at sites S1 and S2 (98%), however
control at sites S3, S4 and S6 was 78, 93, and 52%, respectively. This was similar to Canada
fleabane control with glyphosate plus paraquat, which randed from 74 to 98%. The three
tankmixes containing either chlorimuron-ethyl or cloransulam-methyl provided between 73 and
91% control at all sites except S6, where control ranged from 40 to 59% (Table 3.3). Glyphosate
tankmixed with carfentrazone or flumioxazin provided the least control of all treatments
evaluated (Table 3.3). Excellent control of GR Canada fleabane was provided by glyphosate
tankmixes with saflufenacil.
Glyphosate applied alone at 900, 1800, or 2700 g a.e. ha-1 provided from 19 to 48, 38 to
65, and 49 to 80% control, respectively (Table 3.3). Therefore, even at higher label rates,
glyphosate did not provide acceptable control of GR Canada fleabane 4 WAA. Previous studies
have found that greater than 8000 g a.e. ha-1 is required to achieve over 80% control (Trainer et
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al. 2005; VanGessel 2001). Therefore, increasing rates of glyphosate for control of GR Canada
fleabane is not a plausible strategy and so other herbicides are required.
Glyphosate plus saflufenacil or saflufenacil/dimethenamid-p provided 95% or greater
control of GR Canada fleabane 4 WAA across sites S1, S2, S3, and S4, which was equivalent to
the weed free control (Table 3.3). Control at S6 was 87 and 88 % with saflufenacil and
saflufenacil-dimethenamid-p, respectively; these treatments were not different than the weed free
control. This level of control is consistent with previous studies that have found 96 to 99%
control with saflufenacil (25 g a.i. ha-1) tankmixed with glyphosate (840 g a.e. ha-1) at 30 days
after application (Owen et al. 2011; Waggoner 2010). New plant growth was seen at 4 WAA
with with new emergence or regrowth in plants not completely controlled by the herbicide. Ikley
et al. (2012) observed Canada fleabane regrowth 28 days after application of saflufenacil (25 g
ai/ha) in the greenhouse despite providing greater control at 1 WAA compared with glyphosate
(874 g a.i. ha-1). Previous studies have found that saflufenacil applied at the evaluated rates does
not provide season-long control of perennials (Knezevic et al. 2009). Overwintering populations
of Canada fleabane may behave similar to perennials, regrowing using their carbohydrate
resources from their root system which remains unaffected by contact herbicides. In summary,
glyphosate plus saflufenacil or saflufenacil/dimethenamid-p provides excellent early season
Canada fleabane control, but may not always provide full season residual control if the
populations have prolonged emergence.
Glyphosate plus amitrole provided 93 to 100% Canada fleabane control at sites S1, S2,
S3, and S4 at 4 WAA (Table 3.3). This is similar to the control reported by Tardif and Smith
(2003) with amitrole at 400 g/ha 27 days after application. Control at S6 was lower at 81%. This
may be due to a higher weed density at this site and possibly poorer spray coverage. Glyphosate
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plus 2,4-D provided 92% control at sites S1, S2, and S4 which is similar to the 90% control
observed by Keeling et al. (1989) with 2,4-D ester plus glyphosate (500 + 300 g a.e. ha-1), but
only 78% control at sites S3 and S6. Plants sprayed with 2, 4-D appeared twisted with chlorotic
and necrotic leaves within 2 WAA, however complete plant death was not observed until 4
WAA. Tardif and Smith (2003) found that 2,4-D ester at 457 and 926 g a.e. ha-1 provided 87 and
94% control 27 days after application, respectively. 2,4-D at 700 to 860 g a.e. ha-1, which are
rates greater than those used in this study, tankmixed with glyphosate (400 to 840 g a.e. ha-1)
provided 95 to 100% control (Keeling et al. 1989; Eubank et al. 2008). Therefore, control with
2,4-D ester may be rate dependent.
Glyphosate plus paraquat and glyphosate plus glufosinate provided greater than 90%
control at S1, S2, and S4 but was lower at sites S3 and S6 (Table 3.3). Although paraquat burned
back most of the above ground growth, some new growth was observed at 1 WAA
predominantly on the larger plants (personal observations). Paraquat resistant Canada fleabane
populations in Essex County (Ontario, Canada) survived rates as high as 4800 g ai/ha (Smisek et
al. 1998); however as populations at S3 and S6 were conducted at the same location as S2 and
therefore share their source population it is unlikely that this is the case for poorer paraquat
control observed in this study. Norsworthy (2009) found that glufosinate alone provided 49 to 98
% control of Canada fleabane at 6 weeks after treatment, with regrowth of plants and additional
plants emerging. These variations in control are more likely a function of plant size at application
and the weather conditions at application.
In 2011 (S1, S2, S3), glyphosate plus chlorimuron-ethyl or chlorimuron-ethyl and
flumioxazin provided 81 to 88% control at 4 WAA at all sites (Table 3.3). Control at sites in
2012 (S4 and S6) was variable, with 97 to 99% control at S4 and 46 to 53% control at site 6.
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Similarly control with glyphosate plus cloransulam-methyl ranged from 55 (S6) to 97 % (S4) at
4 WAA. Cloransulam (10.5 and 21 g/ha) and chlorimuron (34.5 g a.e/ha) have previously been
found to be effective for the control of Canada fleabane, providing 99 and 94% control at 27
days after application (Tardif and Smith 2003). Since Canada fleabane control with glyphosate
plus flumioxazin ranged from only 28 to 46%, it is evident that the control in the glyphosate plus
chlorimuron-ethyl + flumioxazin tankmix is primarily from the chlorimuron-ethyl. These results
are slightly lower than previous studies with 50 to 63% control with similar tankmix rates of
glyphosate plus flumioxazin (Norsworthy 2009; Owen et al. 2011). Hayes (2003) states that
flumioxazin provides residual control but does not control emerged Canada fleabane. Glyphosate
plus carfentrazone provided 22 to 51% control, which is similar to the 30 to 45% control
reported by Eubank et al. (2008) following the application of glyphosate plus carfentrazone (860
g a.e. ha-1 + 14 g a.i. ha-1). Chlorimuron-ethyl and cloransulam control varied from poor to
excellent; however flumioxazin and carfentrazone are consistently ineffective herbicides for the
control of GR Canada fleabane.
Weed biomass was reduced by 82 to 100% across all sites with tankmixes of glyphosate
plus 2,4-D ester, amitrole, chlorimuron-ethyl, cloransulum-methyl, glufosinate, paraquat,
saflufenacil, or saflufenacil/dimethenamid (Table 3.4). This closely reflects the control ratings at
4 WAA of 78 to 100 % for all sites except S3 and S6 where control was lower. Soybean biomass
at S4 and S6 was equivalent to the weed free control with tankmixes of glyphosate plus 2,4-D
ester, amitrole, chlorimuron-ethyl, chlorimuron-ethyl plus flumioxazin, paraquat, saflufenacil or
saflufenacil/dimethenamid (Table 3.4).
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3.4.2 Burndown Plus Residual
Though Canada fleabane emerges primarily from late August to October and from March
to early May (Weaver 2001), Canada fleabane has been documented to emerge ten months of the
year in Tennessee (Main et al. 2006). Canada fleabane emergence occurred throughout the 2012
growing season in these field trials (H. Byker, personal observation). Davis and Johnson (2008)
found that 90% of the Canada fleabane at their research site emerged in the spring, with
emergence throughout May and early June. This influences management strategies compared to
a true winter annual and in areas such as Canada in which both fall and spring emergence has
been observed. Therefore the addition of a residual herbicide to glyphosate may be essential for
season-long control of Canada fleabane. Residual control of Canada fleabane allows time for
crop canopy closure, which can help to prevent additional seed germination as Canada fleabane
requires light for germination.
None of the herbicide tankmixes evaluated provided control equivalent to the weed free
control at 1 WAA. Control was variable across sites for each of the herbicides and ranged from
12 to 80% (Table 3.5). Glyphosate provided 12 to 42% control 1 WAA. At 2 WAA, glyphosate
plus metribuzin provided control equivalent to that of the weed free control at four of six sites
with 96 and 97% control (Table 3.6). Glyphosate plus metribuzin provided 85 % control at the
other two sites. Tankmixes of glyphosate with chlorimuron-ethyl, chloransulam-methyl or
flumioxazin plus chlorimuron-ethyl provided 74 to 79% control at five of the six sites. The lower
control at site S6 may be due to the high weed density as previously mentioned. Glyphosate plus
flumetsulam also provided 77% control at three sites (S3, S4, S5) 2 WAA. All other treatments
provided between 19 and 69% control across sites (Table 3.6).
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Glyphosate tankmixed with metribuzin or cloransulam-methyl provided control
equivalent to the weed free control across all sites at both 4 and 8 WAA (Table 3.7) without
injurying the soybean crop. Control of Canada fleabane with metribuzin was greater than 97% at
4 and 8 WAA. Metribuzin was applied at lower rates in previous studies and this may a reason
for poorer control observed in those studies. Moseley and Hagood (1990) found that metribuzin
applied at 420 g a.i. ha-1 provided 41% control of Canada fleabane. Eubank et al. (2008) reported
that metribuzin (860 g a.i. ha-1) tankmixed with glyphosate (420 g a.i. ha-1) provided 53 to 63%
control of Canada fleabane. In contrast, Tardif and Smith (2003) found that metribuzin at 600 g
a.i. ha-1 provided 73 % control 27 days after application. In summary, the improved control of
Canada fleabane may be due to use of the highest label rate in Ontario, which is much higher
than the rate used in other studies. Similarly, cloransulam was applied at twice the rate in this
study compared to the “Enhanced Burndown” study resulting in improved control. Cloransulam
(10.5 g a.i. ha-1 and 21 g a.i. ha-1) and chlorimuron (34.5 g a.i. ha-1) have previously been found
to be effective for the control of Canada fleabane, providing 99 and 94% control at 27 days after
application, respectively (Tardif and Smith 2003). Therefore the rate of metribuzin and
cloransulam-methyl is important in control of Canada fleabane.
Glyphosate plus flumetsulam provided Canada fleabane control equivalent to the weed
free control at sites S4 and S6 4 WAA (93%), and at all sites 8 WAA (87 to 98%). At sites S1,
S2, S3, and S5, flumetsulam provided 85% control 4 WAA.
Chlorimuron-ethyl or chlorimuron-ethyl plus flumioxazin tankmixed with glyphosate
provided between 65 and 80% control 4 WAA. By 8 WAA, control was reduced to 51 to 71%
control at sites S1, S2, S3, S4 and S5. Control at site S4 with both of these tankmixes was
comparable to the weed free control. Glyphosate tankmixed with chlorimuron or chlorimuron-
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ethyl plus flumioxazin provided 13 and 33% control 8 WAA at S6, respectively, which was
considerably lower compared to all other sites. This may once again be explained by the high
weed density at this site. The control observed in this study is lower and more variable than
Tardif and Smith (2003) who reported 94% control of Canada fleabane with chlorimuron (35 g
a.i. ha-1) 27 days after application.
Glyphosate plus clomazone (all sites), flumioxazin (all sites), pyroxasulfone plus
flumioxazin (all sites), imazethapyr (sites S4 and S6 only) or linuron (sites S4 and S6 only)
provided 23 to 50% control of Canada fleabane which was equivalent to glyphosate alone.
Imazethapyr and linuron at sites S1, S2, S3, and S5 provided 57 % control 4 WAA. These results
are consistent with those observed by Moseley and Hagood (1990), with 36% control with 780 g
a.i. ha-1 rate of linuron, and Eubank et al. (2008) who reported 48 to 63% control at 560 g a.i. ha-1
linuron tankmixed with glyphosate (860 g a.e. ha-1). Clomazone, flumioxazin, pyroxasulfone
plus flumioxazin, imazethapyr and linuron provided a level of control that would not be
considered acceptable by a grower.
Weed biomass was reduced by 98 to 100 % with glyphosate plus cloransulam-methyl,
flumetsulam, and metribuzin (Table 3.8). Similarly, soybean dry weight at S4 and S6 in plots
treated with glyphosate plus cloransulam-methyl, flumetsulam, or metribuzin was equivalent to
the weed free control (Table 3.8). The reduction in weed biomass and subsequent soybean
biomass reflect control ratings at 8 WAA.

3.5 Implications
Effective control of GR Canada fleabane can be achieved through the application of preplant
herbicides. Enhanced burndown herbicide applications of saflufenacil, and
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saflufenacil/dimethenamid-p or herbicides providing burndown as well as residual activity
(metribuzin, cloransulam-methyl or flumetsulam) tankmixed with glyphosate provided the most
consistent control. Control with metribuzin was substantially higher than that reported in
previous studies which can be attributed to the high rate used in this study. Canada fleabane
control with cloransulam-methyl was improved at the higher rate (35 vs 17.5 g a.i. ha-1). This
indicates that application rate with these herbicides influences the level of Canada fleabane
control. Complete control of this weed is important as a single plant can produce up to 1 000 000
which can be dispersed by machinery or wind. Therefore reducing current populations plays an
important role in decreasing future seed production and populations.
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Table 3.1. Location, soil characteristics, planting date, spray date and Canada fleabane height and density for “Enhanced Burndown”
and “Burndown Plus Residual” studies in Ontario, Canada in 2011 and 2012.
Soil characteristics
Planting
Spray
Canada fleabane
Env
Year
Location
Texture
OM (%)
pH
Date
Date
Size (cm)
Density (m-2)
S1
2011
Leamington
sandy loam
2.6
6.9
11-May
5-May
up to 10
7
S2
2011
Wheatley
loamy sand
2.0
6.9
11-May
5-May
up to 8
29 - 81
S3
2011
Wheatley
loamy sand
2.0
6.9
11-May
9-May
up to 11
92 - 103
S4
2012
Windsor
sandy loam
2.3
7.1
18-May
14-May
up to 11
48-183
S5
2012
Essex
clay loam
3.2
5.9
16-May
4-May
up to 10
11
S6
2012
Wheatley
loamy sand
2.0
6.9
14-May
9-May
up to 10
158 - 184
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Table 3.2. Visual estimates of GR Canada fleabane control 1 WAA with preplant burndown herbicides from studies conducted in
Ontario, Canada in 2011 and 2012. Means followed by the same letter within a column are not significantly different according to
Fisher’s Protected LSD at P<0.05.
Control 1 WAA
Treatment
Rate
S1, S2, S3
S4
S6
-1
g a.i/a.e. ha
%
%
%
Untreated Control
0g
0h
0j
Weed Free Control
100 a
100 a
100 a
Glyphosate
900
45 f
14 g
14 i
Glyphosate
1800
49 f
19 g
16 i
Glyphosate
2700
59 e
21 fg
17 ghi
Glyphosate + 2,4-D ester
900 + 500
61 e
59 c
26 e
Glyphosate + amitrole
900 + 2000
50 f
42 de
21 fg
Glyphosate + carfentrazone
900 + 17.5
72 d
26 fg
24 ef
Glyphosate + chlorimuron-ethyl
900 + 9
69 d
51 cd
16 hi
Glyphosate + chlorimuron-ethyl + flumioxazin
900 + 9 + 71
72 d
65 c
22 ef
y
Glyphosate + cloransulam-methyl
900 + 17.5
72 d
43 de
18 gh
Glyphosate + flumioxazin
900 + 71
69 d
32 ef
24 ef
Glyphosate + glufosinate
900 + 500
85 c
95 b
50 d
Glyphosate + paraquat
900 + 1100
86 c
99 a
67 c
x
Glyphosate + saflufenacil
900 + 25
98 b
98 ab
77 bc
x
Glyphosate + saflufenacil/dimethenamid-p
900 + 245
98 b
100 a
88 ab
z
Abbreviations: S1, Leamington; S2, S3, S6, Wheatley; S4, Windsor; S5, Essex; WAA, weeks after treatment application.
y
Added Agral 90 (0.25% vol/vol) and 28% UAN (2.5% vol/vol).
x
Added Merge (1.0%vol/vol).
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Table 3.3. Visual estimates of GR Canada fleabane control 2 and 4 WAA with preplant burndown herbicides from studies conducted
in Ontario, Canada in 2011 and 2012. Means followed by the same letter within a column are not significantly different according to
Fisher’s Protected LSD at P<0.05.

Treatments

Rate
g ha-1

S1&2
%
0h
100 a
46 g
60 efg
67 ef
66 ef
61 efg
58 fg
85 cd

Control 2 WAA
S3
S4
%
%
0f
0g
100 a
100 a
50 d
21 f
55 d
38 ef
81 b
30 ef
60 cd
78 d
84 b
86 d
33 e
40 e
83 b
89 d

S6
%
0j
100 a
19 i
34 gh
45 ef
64 cd
65 cd
31 h
43 efg

S1&2
%
0h
100 a
48 fg
65 ef
69 def
92 abc
93 abc
32 g
88 bcde

Control 4 WAA
S3
S4
%
%
0j
0g
100 a
100 a
45 gh
32 f
64 ef
53 e
80 d
50 ef
78 de
92 cd
96 b
100 a
22 i
51 e
85 cd 99 abcd

Untreated Control
Weed Free Control
Glyphosate
900
Glyphosate
1800
Glyphosate
2700
Glyphosate + 2,4-D ester
900 + 500
Glyphosate + amitrole
900 + 2000
Glyphosate + carfentrazone
900 + 17.5
Glyphosate + chlorimuron-ethyl
900 + 9
Glyphosate + chlorimuron-ethyl +
flumioxazin
900 + 9 + 71
87 cd
73 bc
91 cd
59 d
87 cde
81 d
97 abcd
Glyphosate + cloransulammethyly
900 + 17.5
78 de
83 b
81 d
40 fgh
82 cde
94 bc 97 abcd
Glyphosate + flumioxazin
900 + 71
68 ef
44 de
34 ef
34 gh
43 fg
30 hi
46 ef
Glyphosate + glufosinate
900 + 500
98 ab
78 b
93 bcd
52 de
91 abc 74 def
91 d
Glyphosate + paraquat
900 + 1100
93 bc
74 bc
98 abc
79 bc
91 abcd 59 fg
95 bcd
w
Glyphosate + saflufenacil
900 + 25
100 a
100 a
99 ab
90 ab
100 a
95 b
99 abc
Glyphosate +
saflufenacil/dimethenamid-pw
900 + 245
100 a
99 a
100 a
91 ab
99 ab
99 ab
100 ab
z
Abbreviations: S1, Leamington; S2, S3, S6, Wheatley; S4, Windsor; S5, Essex; WAA, weeks after treatment application .
y
Added Agral 90 (0.25% vol/vol) and 28% UAN (2.5% vol/vol).
w
Added Merge (1.0%vol/vol).
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S6
%
0g
100 a
19 f
38 def
49 de
78 b
81 ab
28 ef
53 cd
46 de
55 cd
28 ef
35 def
71 bc
88 ab
87 ab

Table 3.4. Weed biomass of GR Canada fleabane and soybean biomass (2 m) with preplant burndown herbicides from studies
conducted in Ontario, Canada in 2011 and 2012. Means followed by the same letter within a column are not significantly different
according to Fisher’s Protected LSD at P<0.05.

Treatments

Rate
g a.i./a.e. ha-1

Weed Biomass 4 WAA
S1, S2, S6
S3
S4
2
g/m

Soybean
Biomass
S4, S6
g/m2

Untreated Control
30.8 a
87.3 a 12.5 a
69.1 g
Weed Free Control
0g
0g
0c
431.1 a
Glyphosate
900
12.3 abc 22.6 bc 29.1 a
108.8 fg
Glyphosate
1800
7.3 bcd
11.6 cd 5.9 b
139.2 ef
Glyphosate
2700
6.9 bcd
4.3 de 8.1 ab
191.4 cde
Glyphosate + 2,4-D ester
900 + 500
1.6 efg
7.4 cde 0.5 c
314.1 abc
Glyphosate + amitrole
900 + 2000
1.1 fg
0g
0c
414.7 a
Glyphosate + carfentrazone
900 + 17.5
14.3 abc 47.1 ab 11.0 ab
110.1 fg
Glyphosate + chlorimuron-ethyl
900 + 9
2.6 def
2.1 ef
0c
346.1 ab
Glyphosate + chlorimuron-ethyl + flumioxazin
900 + 9 + 71
5.5 cde
12.3 cd 0.1 c
294.4 abc
xy
Glyphosate + cloransulam-methyl
900 + 17.5
5.5 cde
0g
0.8 c
246.2 bcd
Glyphosate + flumioxazin
900 + 71
19.4 ab
43.6 ab 8.0 ab
125.9 ef
Glyphosate + glufosinate
900 + 500
2.7 def
3.1 e
0.9 c
159.9 def
Glyphosate + paraquat
900 + 1100
1.4 efg
6.7 de
0.3 c
311.3 abc
w
Glyphosate + saflufenacil
900 + 25
0.6 fg
0.4 fg
0.1 c
339.5 ab
w
Glyphosate + saflufenacil/dimethenamid-p
900 + 245
0.5 fg
0.2 fg
0c
387.8 ab
z
Abbreviations: S1, Leamington; S2, S3, S6, Wheatley; S4, Windsor; S5, Essex; WAA, weeks after treatment application.
y
Added Agral 90 (0.25% vol/vol) and 28% UAN (2.5% vol/vol).
w
Added Merge (1.0%vol/vol).
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Table 3.5. Visual estimates of GR Canada fleabane control 1 WAA with Burndown plus Residual herbicides from studies conducted
in Ontario, Canada in 2011 and 2012. Means followed by the same letter within a column are not significantly different according to
Fisher’s Protected LSD at P<0.05.
Control 1 WAA
Treatment
Rate
S1, S2, S3
S4
S5
S6
-1
g a.i./a.e. ha
%
%
%
%
Untreated Control
0g
0h
0e
0i
Weed Free Control
100 a
100 a
100 a
100 a
Glyphosate
900
42 e
17 g
12 d
12.5 fg
Glyphosate + chlorimuron-ethyl
900 + 9
64 bcde
48 de
14 cd
15.7 de
Glyphosate + clomazone
900 + 846
55 e
18 g
12 d
10.0 h
Glyphosate + cloransulam-methyl
900 + 35
65 bcde
26 fg
14 cd
15.7 de
Glyphosate + flumetsulam
900 + 70
60 de
63 c
12 d
15.0 de
Glyphosate + flumioxazin
900 + 71.4
75 bc
30 fg
24 b
19.0 bc
Glyphosate + flumioxazin + chlorimuron-ethyl
900 + 71.4 + 9
76 b
56 cde
24 b
21.7 b
Glyphosate + (flumioxazin + pyroxasulfone)
900 + 240
71 bcd
36 ef
23 b
18.5 c
Glyphosate + imazethapyr
900 + 100
66 bcde
26 fg
14 d
14.9 e
Glyphosate + linuron
900 + 2250
57 e
49 cde
12 d
11.8 g
Glyphosate + metribuzin
900 + 1120
63 cde
80 b
17 c
14.1 ef
z
Abbreviations: S1, Leamington; S2, S3, S6, Wheatley; S4, Windsor; S5, Essex; WAA, weeks after treatment application.
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Table 3.6. Visual estimates of GR Canada fleabane control 1 WAA with Burndown plus Residual herbicides from studies conducted
in Ontario, Canada in 2011 and 2012. Means followed by the same letter within a column are not significantly different according to
Fisher’s Protected LSD at P<0.05.
Control 2 WAA
S1, S2
S3, S4, S5
%
%
Untreated Control
0g
0e
Weed Free Control
100 a
100 a
Glyphosate
900
46 f
30 d
Glyphosate + chlorimuron-ethyl
900 + 9
75 bcd
74 b
Glyphosate + clomazone
900 + 846
44 e
33 d
Glyphosate + cloransulam-methyl
900 + 35
75 bcd
79 b
Glyphosate + flumetsulam
900 + 70
63 de
77 b
Glyphosate + flumioxazin
900 + 71
62 bc
44 cd
Glyphosate + flumioxazin + chlorimuron-ethyl
900 + 71 + 9
77 bc
79 cd
Glyphosate + (flumioxazin + pyroxasulfone)
900 + 240
69 cde
48 c
Glyphosate + imazethapyr
900 + 100
60 f
43 cd
Glyphosate + linuron
900 + 2250
66 cde
52 c
Glyphosate + metribuzin
900 + 1120
85 b
96 a
z
Abbreviations: S1, Leamington; S2, S3, S6, Wheatley; S4, Windsor; S5, Essex; WAA, weeks after treatment application.
Treatment

Rate
g a.i/a.e. ha-1
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S6
%
0e
100 a
29 cd
26 cd
19 d
56 b
55 b
24 cd
36 c
21 d
26 cd
26 cd
97 a

Table 3.7. Visual estimates of GR Canada fleabane control 4 and 8 WAA with Burndown plus Residual herbicides from studies
conducted in Ontario, Canada in 2011 and 2012. Means followed by the same letter within a column are not significantly different
according to Fisher’s Protected LSD at P<0.05.
Control 4 WAA
Control 8 WAA
Treatment
Rate
S1,S2, S3, S5
S4, S6 S1,S2, S3, S5
S4
-1
g a.i/a.e ha
%
%
%
%
Untreated Control
0f
0f
0h
0d
Weed Free Control
100 a
100.0 a
100 a
100 a
Glyphosate
900
44 e
32 e
30 ef
10 c
Glyphosate + chlorimuron-ethyl
900 + 9
79 bc
65 cd
71 b
71 a
Glyphosate + clomazone
900 + 846
39 e
23 e
22 g
8c
Glyphosate + cloransulam-methyl
900 + 35
89 ab
94 ab
86 ab
87 a
Glyphosate + flumetsulam
900 + 70
85 bc
93 ab
98 a
87 a
Glyphosate + flumioxazin
900 + 71
47 de
27 e
22 fg
12 bc
Glyphosate + flumioxazin + chlorimuron-ethyl
900 + 71 + 9
74 c
80 bc
51 c
65 a
Glyphosate + (flumioxazin + pyroxasulfone)
900 + 240
48 de
37 de
27 efg
17 bc
Glyphosate + imazethapyr
900 + 100
57 d
40 de
34 de
15 bc
Glyphosate + linuron
900 + 2250
57 d
50 de
40 cd
24 b
Glyphosate + metribuzin
900 + 1120
98 a
100 a
99 a
99 a
z
Abbreviations: S1, Leamington; S2, S3, S6, Wheatley; S4, Windsor; S5, Essex; WAA, weeks after treatment application.
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S6
%
0d
100.0 a
13 c
13 c
13 c
78 a
88 a
15 c
33 b
14 c
15 c
12 c
97 a

Table 3.8. Weed biomass (/M2) of GR Canada fleabane 8 WAA and soybean biomass (2 m) with Burndown plus Residual herbicides
from studies conducted in Ontario, Canada in 2011 and 2012. Means followed by the same letter within a column are not significantly
different according to Fisher’s Protected LSD at P<0.05.

Treatments

Rate
g a.i./a.e. ha-1

Weed Biomass
S1,S2,S4,S5,S6
S3
g m-2

Soybean Biomass
S4, S6
g m-2

Untreated Control
225.3 a
276.9 a
69.9 g
Weed Free Control
0f
0e
426.5 a
Glyphosate
900
83.0 c
255.4 a
147.7 def
Glyphosate + chlorimuron-ethyl
900 + 9
29.7 d
28.1 de
278.9 abc
Glyphosate + clomazone
900 + 846
114.1 b
219.5 a
82.4 fg
Glyphosate + cloransulam-methyl
900 + 35
3.9 e
0e
405.9 a
Glyphosate + flumetsulam
900 + 70
1.8 ef
0e
347.4 ab
Glyphosate + flumioxazin
900 + 71
109.2 bc
98.0 cd
116.0 efg
Glyphosate + flumioxazin + chlorimuron-ethyl
900 + 71 + 9
36.1 d
32.5 de
317.6 ab
Glyphosate + (flumioxazin + pyroxasulfone)
900 + 240
118.5 bc
211.8 ab
184.3 cde
Glyphosate + imazethapyr
900 + 100
90.0 bc
87.9 cd
171.9 cde
Glyphosate + linuron
900 + 2250
75.4 c
142.2 bc
227.3 bcd
Glyphosate + metribuzin
900 + 1120
0.9 ef
0e
361.3 a
z
Abbreviations: S1, Leamington; S2, S3, S6, Wheatley; S4, Windsor; S5, Essex; WAA, weeks after treatment application.
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4.0 Glyphosate-resistant Canada fleabane (Conyza canadensis (L).
Cronq.) Dose Response to Glyphosate and Control with Postemergence
Herbicides in Soybean (Glycine max. (L). Merr.) in Ontario
4.1 Abstract
Glyphosate-resistant Canada fleabane was first reported in Ontario in 2010. Twelve field studies
were conducted over a two-year period (2011, 2012) to determine the biologically effective of
rate of glyphosate in the field and to determine the efficacy of postemergence herbicides for
control of GR Canada fleabane. Between 1271 and 5652 g a.e. ha-1 was required for a 50%
reduction in Canada fleabane biomass depending on the site and year. To achieve acceptable
control with glyphosate (>95%), 18840 to 43200 g a.e. ha-1 of glyphosate was required across all
sites. Therefore application of glyphosate at these rates for adequate control is not economical.
None of the postemergence herbicides provided acceptable control, with cloransulam providing
the greatest control at 67% four weeks after application. Therefore, GR Canada fleabane must be
controlled prior to soybean emergence as current herbicides registered in soybean do not provide
sufficient control to prevent loss in soybean yield.

4.2 Introduction
Glyphosate was first commercialized in 1974 as a postemergent, nonselective herbicide
(Franz et al. 1997). It was widely adopted due to its high efficacy, providing control of annual,
biennial, and perennial weeds which decreased the need for mechanical weed control (Duke and
Powles 2008). Originally, glyphosate was used as a burndown application prior to planting the
crop while other herbicides were used in-crop, maintaining herbicide diversity (Boerboom and
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Owen 2006). The introduction of glyphosate-resistant crops allowed the postemergence
application of glyphosate, resulting in multiple applications of glyphosate throughout the
growing season (Gustafson 2008). Glyphosate’s economical, broad spectrum weed control has
led to its widespread use.
Glyphosate resistance was initially thought to be unlikely as glyphosate had been used for
two decades without the evolution of resistance (Shaner et al. 2012). However, as of 2012, 24
species have been reported to be resistant to glyphosate worldwide (Heap 2013). In 2000,
Canada fleabane was the first GR annual dicot to be reported due to the repeated application of
glyphosate in a field of continuous GR soybean in Delaware, USA, just three years after the
introduction of GR crops (VanGessel 2001). In 2010 the first GR Canada fleabane populations
were reported in Ontario. Glyphosate resistance is now widespread, decreasing the value of this
herbicide in fields where resistant species occur.
Canada fleabane is a problematic weed as it causes substantial soybean yield loss,
interferes with harvest, and can spread rapidly under Ontario crop production practices. Canada
fleabane competition has been reported to reduce yields in soybean by 90% at densities of 100 to
200 plants per square meter (Bruce and Kells 1990). This weed can also interfere with harvest as
the stems can clog machinery (Weaver 2001) and so Canada fleabane has been placed on the list
of top problematic weeds in the world (Heap 2013; Powles 2008). Additionally, this weed’s high
number of windblown seeds per plant increases the rate spread. As glyphosate resistance in
Canada fleabane is inherited by an incompletely dominant, single locus gene in the nuclear
genome and Canada fleabane has a high rate of self-fertilization, the resistance allele can
increase rapidly within a population (Zelaya et al. 2004). Therefore, GR Canada fleabane is a
widespread problem and alternative herbicides are needed for its control.
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The biology of Canada fleabane makes it a challenge to control. It may germinate in the
fall or spring provided it has sufficient light, appropriate temperature and adequate moisture and
space, as it does not require a dormancy period (Buhler and Owen 1997; Cici and Van Acker
2009; Nandula et al. 2006). Fall germinating plants may show tolerance to spring applied
herbicides due to their larger size at time of herbicide application while spring emerging Canada
fleabane plants may emerge following herbicide application (Buhler and Owen 1997). This is of
concern as Canada fleabane is not controlled adequately by POST herbicide applications (Buhler
and Owen 1997; Davis et al. 2007). This may be due to weed size at time of herbicide
application as well as the interference of a well-developed soybean canopy which reduces
herbicide contact with the weed (Stougaard et al. 1984). Keeling et al. (1989) found that while
Canada fleabane was controlled by various herbicides at the rosette stage, higher rates were
required for plants greater than 10 cm in height. Moseley and Hagood (1990) similarly found that
herbicides were more effective when applied early, and that weeds greater than 30 cm were
difficult to control. Davis et al. (2007) found that tank mixing non-glyphosate herbicides with
residual herbicides provided greater control that glyphosate alone. Therefore early spring applied
herbicides with residual provide the greatest potential for controlling this weed.
In-crop control of Canada fleabane however may be important in many areas due to its
prolonged emergence interval (Steckel and Gwathmey 2009). Therefore the objective of this
study was to a) identify the level of glyphosate resistance in Ontario biotypes in the field, and b)
evaluate herbicides for the control of GR Canada fleabane following soybean emergence.

4.3 Materials and Methods
Twelve field trials were conducted over a two year period (2011, 2012) at four farm
locations in Essex County, Ontario to evaluate glyphosate and postemergence soybean herbicide
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efficacy on GR Canada fleabane. These populations had previously been confirmed to be
resistant to glyphosate in the greenhouse (unpublished data). The first set of trials evaluated the
level of glyphosate resistance in these populations (Biologically Effective Rate of Glyphosate)
while the second set evaluated herbicides applied following soybean emergence (Postemergence
Tankmixes). Each experiment was arranged in a randomized complete block design with four
replications. Plots were 2 m in width by 8 m in length, except at the Leamington location where
plot length was decreased to 6 m due to space constraints. Herbicides were applied following
soybean emergence when Canada fleabane plants were up to 26 cm in diameter using a CO2
pressurized backpack sprayer calibrated to deliver 200L of water ha-1 at 240 kPa. The boom was
1.5 m long with four ultra-low drift nozzles (ULD120-02, Hypro, New Brighton, MN) spaced 50
cm apart. An untreated and weed free control were included in each replicate of each trial. Weed
free controls were sprayed prior to soybean planting with glyphosate (1800 g a.e.ha-1) and
saflufenacil/dimethenamid (245 g a.i. ha-1) or glyphosate and 2,4-D ester (500 g a.e.ha-1) and
maintained weed free using hand hoeing as required. Locations, soil properties, planting date,
herbicide application date, Canada fleabane height and density at time of application are listed in
Table 4.1.
Herbicide treatments for the Biologically Effective Rate of Glyphosate trial included
glyphosate applied at 112.5, 225, 450, 900, 1800, 2700, 5400, 10800, 21600, and 43200 g a.e.
ha-1. Herbicide treatments in the Postemergence Tankmixes trial are listed in Tables 4.3 to 4.5.
The rates are the highest label rates registered for use in soybean in Ontario.
Canada fleabane control was visually estimated on a scale of 0 (no control) to 100%
(plant death) at 1, 2, 4 and 8 weeks after herbicide application (WAA). Estimates of soybean
injury were also made on these dates (data not shown). Injury ratings were recorded on a scale of
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0 to 100%, with 0 defined as no soybean injury and 100 as soybean death. Canada fleabane
density and dry weight were evaluated 4 WAA in the Biologically Effective Rate trial and 8
WAA in the Postemergence Tankmixes trial by counting and then cutting the plants at the soil
surface from two 0.25 m2 quadrats per plot. Plants were dried at 60°C to constant moisture and
then weighed.
In 2012, two meters of soybean aboveground biomass was harvested per plot at sites in
August prior to the onset of Canada fleabane seed release and collected in paper bags. Plant
biomass was then dried at 60°C and dry weights recorded.
Data were analyzed in SAS (Ver. 9.2, SAS Institute Inc., Cary, NC) using the PROC
MIXED procedure for ANOVA analysis. Variances were divided into random (environment,
location and year), replication within environment, and the treatment by environment interaction
and fixed effects (herbicide treatment). The Z-test was used to test the significance of
environment, replication (environment) and environment by treatment interactions. The F-test
was used to test the significance of fixed effects. Sites were analyzed separately or grouped so
that the interaction between environment and treatment were non-significant. Residual plots were
used to confirm that variance analysis for random, independent, and homogenous error
assumptions were met. The UNIVARIATE procedure in SAS was used to generate the ShapiroWilk statistic for tested data normality. The highest Shapiro-Wilk generated from the natural log,
square root, and arcsine square root transformations of the data were used to select the
transformation (when necessary) to be used for data analysis.
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4.3.1 Biologically Effective Rate of Glyphosate
For the Biologically Effective Rate trial, data for control at 1 WAA and percent weed
biomass of the untreated check (pbiomass) were square root transformed. Control data 2 WAA
were not transformed at sites 1 and 2 (S1, S2); log transformed at site 3 (S3); and arsine square
root transformed at sites 4 and 6 (S4, S6). Data from S5 was removed from the analysis due to
uneven weed pressure across the experimental area. Control data 4 WAA was transformed using
arcsine square root (S1, S2, S4, S6) and remained untransformed (S3).
PROC NLIN in SAS was used to perform non-linear regressions for analysis of the
Biologically Effective Rate of Glyphosate trial. A sigmoidal log-logistic curve from the
equation:
Y = C + (D-C) / {1 + exp [B (ln (dose) – ln (I50))]}
Where Y is % Canada fleabane control, soybean biomass, or % biomass reduction, C is the lower
limit, D is the upper limit, B is the slope at the inflexion point, and I50 is the dose at which there
is a 50% response. The effective dose (ED) was calculated using this equation. For Canada
fleabane control and soybean biomass, ED50, ED80, and ED95 represent the dose required to
achieve 50, 80, and 95% control or soybean biomass compared to the weed-free control,
respectively. For weed biomass, ED50, ED80, and ED95 represent the dose required to reduce
weed dry weight by 50, 80, and 95%.

4.3.2 Postemergence Tankmixes
For the Postemergence Tankmixes trial, control data 1 WAA were square root (S1, S2,
S3) or log (S4, S5, S6) transformed. Control data 2 WAA were not transformed (S1, S2, S3) or
were log transformed (S4, S5, S6). Control data at 4 WAA were not transformed (S1, S2, S5,
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S6), or were log transformed (S3, S4). At 8 WAA, data were square root transformed (S1, S2,
S5, S6), or not transformed (S3, S4). Weed biomass for all sites was log transformed. Soybean
biomass was square root transformed (S4, S6), and not transformed (S5).
For analysis of the “Postemergence Tankmixes” trial, an ANOVA using the PROC MIXED
procedure was used with transformed data (if necessary). After interpretation, data was
transformed back to the original scale. Means were separated using Fisher’s protected LSD at
P<0.05.

4.4 Results and Discussion
4.4.1 Biologically Effective Rate of Glyphosate
Glyphosate applied at 900 g a.e. ha-1, the commercial rate in Ontario, did not provide
acceptable control of Canada fleabane at any of the trial sites. In contrast, control of susceptible
Canada fleabane with glyphosate at 900 g a.e. ha-1 has previously been reported at 98% (Tardif
and Smith 2003). At 1 WAA, the estimated dose of glyphosate necessary for 80% control of GR
Canada fleabane is greater than 20000 g a.e. ha-1 across all sites, while 50% control was attained
at doses between 2899 and 5467 g a.e. ha-1 (Table 4.2). At 2 WAA, >43200 g a.e. ha-1 was
predicted to be needed for 95% control across all sites except site 4, where 95% control was
estimated at 36280 g a.e. ha-1. At 4 WAA, ED50 values ranged from 3281 to 4854 g a.e. ha-1 at 4
of the 5 sites, with the ED50 at site 3 being lower at 1364 g a.e. ha-1. Greater than 43200 g a.e. ha1

was estimated to be required for acceptable (95%) control, 48X the 900 g a.e. ha-1 dose

previously required.
For a 50% reduction in biomass, between 1271 (site 4) and 5652 g a.e. ha-1 (sites 1, 2, 3)
was required (Table 4.2). Greater than 43200 g a.e. ha-1 was required to achieve a 95% reduction
in weed biomass at sites 1, 2, and 3, while at sites 4 and 6 the ED95 was 18840 and 34681 g a.e.
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ha-1, respectively. This represents up to 48X the recommended dose of 900 g a.e. ha-1 to achieve
95% biomass reduction. The greater glyphosate senstitivity at sites 4 and 6 compared to 1, 2, and
3 may be due to differences mechanisms of resistance or differences in physiology. As sites 2, 3,
and 6 share the same source population, it is most likely differences in physiology. At sites 1, 2,
and 3, Canada fleabane emerged primarily in the fall, while emergence at sites 4 and 6 occurred
primarily in the spring, which may have influenced plant properties such as cuticle thickness and
metabolic activity. This may have affected the level of absorption of glyphosate, explaining the
difference in dose required to achieve 95% control. Similarly, Canada fleabane emergence at site
4 was the latest in the spring of 2012 (personal observation), which may explain its lower values
for the I50 and ED95. As sites 2, 3, and 6 likely share the same population of Canada fleabane due
to their close physical proximity to one another, the values follow a similar trend over the two
years, with slightly higher doses required in 2011 sites compared to 2012, possibly due to the
difference in emergence timing over the two years.
The I50 values found in this study are similar to values from resistant populations in
previous studies. Trainer et al. (2005) found the GR50 (rate required for 50% growth reduction)
of resistant biotypes in a greenhouse study to be between 2800 and 3300 g a.e. ha-1 while the
GR50 for susceptible biotypes ranged from 85 to 440 g a.e. ha-1. Similarly, VanGessel (2001)
found that the GR50 for sensitive biotypes was 180 to 220 g a.e. ha-1, while the GR50 for the
resistant biotypes was 1400 to 2800 g a.e. ha-1.
In contrast, previous studies have found that greater than 80% control can been achieved
at rates lower than those observed in this study, which ranged from 4637 to 38895 g a.e. ha-1
(Table 2). Trainer et al. (2005) reported 80% control with rates greater than 8400 g a.e. ha-1. This
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is similar to the 90% control of the Houston, Delaware biotype with 8800 g a.e. ha-1 (VanGessel
2001).
The rate of glyphosate for the control of GR Canada fleabane was greater in this study
than those previously reported in the literature. Resistance factors in previous studies range from
4 to 13X compared to susceptible populations (VanGessel 2001; Zelaya et al. 2004; Koger et al.
2004). These resistant indes are low compared to reports of ALS inhibitor resistance indes of up
to 3438X compared the susceptible (Ferguson et al. 2001). Even though the resistance index for
GR Canada fleabane is low compared to the ALS inhibitors, the rate of glyphosate required for
control of GR Canada fleabane is still not economically feasible (Hanson et al. 2009). GR weeds
can still survive field applied rates, allowing for the selection of resistant biotypes in the field.
As glyphosate resistance in Canada fleabane is inherited via an incompletely dominant
gene, resistant individuals may have an intermediate response to glyphosate. Zelaya et al. (2004)
found that heterozygous individuals had an intermediate response to glyphosate, with the
effective dose of glyphosate of 6770 and 13540 g a.e. ha-1 for the control of the heterozygous and
homozygous resistant biotypes, respectively. These results were similar to those found by
Montgomery et al. (2003) and Feng et al. (2004). Field rates however do not distinguish between
heterozygous and homozygous resistant biotypes (Zelaya et al. 2004). Though GR Canada
fleabane may have a range of responses to glyphosate dose, all are greater than the recommended
field dose and therefore control with alternative herbicides is required.
4.4.2 Postemergence Tankmixes
Glyphosate applied at 900, 1800, and 2700 g a.e.ha-1 provided 4 to 27% control 1 WAA
across all sites, similar to all other treatments which provided between 14 and 38% control
(Table 4.3). At 2 WAA, glyphosate alone provided up to 52% control. Glyphosate plus bentazon,
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chlorimuron, or cloransulam provided greater than 50% control at some sites, while all other
herbicides provided 11 to 49% control (Table 4.3).
Canada fleabane control with postemergence herbicides was variable 4 WAA (Table 4.4).
Glyphosate plus chlorimuron or cloransulam provided the highest control; however this control
ranged from 41 to 67% control, which would not be considered acceptable by a grower. Control
with these herbicides was equivalent to applying glyphosate at 2700 g a.e. ha-1. Similarly,
bentazon tankmixed with glyphosate provided 60% control 4 WAA at S2 and S5; however
control was 15 to 39% at the other sites. All other herbicides provided less than 43% control.
At 8 WAA, Canada fleabane control with glyphosate plus cloransulam was comparable
to control with 2700 g a.e. ha-1 of glyphosate at all sites except S4 (Table 4.4). Similarly,
chlorimuron provided up to 55% and bentazon up to 36% control, which was equal to glyphosate
at 2700 g a.e. ha-1 at sites S1, S2, S5, and S6. All other herbicides provided less than 39%
control. This is consistent with previous reports of poor control of Canada fleabane with nonglyphosate postemergent herbicides (Bruce and Kells 1990; Moseley and Hagood 1990;
VanGessel et al. 2001). Previously, ALS-inhibiting herbicides and glyphosate were the two most
widely used postemergence herbicides for control of Canada fleabane in soybean as greater than
90% control was achieved with glyphosate or cloransulam in susceptible biotypes (Davis et al.
2009b). However, cases of multiple resistance to glyphosate and ALS inhibitors have been
reported in Canada, the USA, and Israel (Heap 2013) resulting in recommendations of alternative
herbicides to cloransulam and chlorimuron to be used in preplant burndown applications (Davis
et al. 2007). Therefore, while cloransulam may have previously been one of the best herbicides
for control of Canada fleabane in-crop, its control of GR Canada fleabane was found to be
inconsistent and unacceptable in this study.

86

Canada fleabane biomass 8 WAA was not reduced to acceptable levels compared to the
weed free control (Table 4.5). Cloransulam and chlorimuron reduced Canada fleabane biomass
83% and 73%, respectively. These results are consistent with the most efficacious herbicides
identified with the control ratings. Bentazon, thifensulfuron-methyl, imazethapyr, and bentazon +
imazethapyr tankmixed with glyphosate reduced biomass by 54, 55, 36, and 50%, respectively.
This was equivalent to the reduction in biomass by glyphosate at 1800 g a.e. ha-1.
Weed interference in the untreated control resulted in up to 86% reduction in soybean
biomass. Weed control with glyphosate (2700 g a.e. ha-1) and chlorimuron resulted in soybean
biomass being equivalent to the weed free control though complete weed control did not occur.
Therefore, though the weeds in these plots are stunted and held back, they are not completely
controlled and will set seed, influencing the weed density and distribution in the following
growing seasons.

4.5 Implications
The ability to control Canada fleabane after the emergence of soybean is important to
prevent seed production and the spread of this resistant weed to other fields. Canada fleabane
emergence in the fall and extended emergence in the spring may lead to escape from POST
herbicide treatments (Buhler and Owen 1997). This study is consistent with previous studies
which report that postemergence herbicides in soybean do not provide acceptable control of GR
Canada fleabane. Therefore, control of Canada fleabane prior to soybean planting is crucial.
Brown et al. (1998) reported that a combination of tillage, pre-emergence and residual herbicides
provide effective control of GR Canada fleabane. In a study by Davis et al. (2009a) herbicide
rotation between glyphosate and non-glyphosate treatments provided the greatest impact on
weed densities. Though Canada fleabane control with glyphosate and cloransulam was
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previously acceptable, resistance to these herbicides has resulted in the requirement of herbicides
with alternative mode of action for control of this weed.
The lack of postemergence herbicides that provide commercially acceptable control of
GR Canada fleabane control emphasizes the need for control prior to soybean emergence.
Although the resistance index of glyphosate for the control of GR Canada fleabane is lower than
with other herbicide modes of action, economical weed control with glyphosate is still not
possible for the control of GR Canada fleabane. With a lack of new herbicide chemistries coming
to the market, new crop technologies such as dicamba and 2,4-D tolerant soybean cultivars will
have a large role in GR weed control in-crop if growers are unable to achieve sufficient control
with preplant herbicides. Alternative herbicides must be developed to ensure that these new
technologies are not the sole control strategy. Additionally, Davis et al. (2009a) reported that
cover crops, such as winter wheat, can effectively decrease Canada fleabane densities by
competing with emerging seedlings. Similarly, Davis et al. (2009a) found that Canada fleabane
densities were greatest in continuous soybean production systems, demonstrating that crop
rotation can be an important component of an overall integrated weed management strategy. This
decreases seed shed and future emergence in crops such as soybean where there are no in-crop
options.
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Table 4. 1. Location, soil characteristics, planting date, spray date and Canada fleabane height and density for Biologically Effective Rate of Glyphosate
and Postemergence Tankmixes studies in Ontario, Canada in 2011 and 2012.
Soil characteristics

Canada fleabane
Size
Density (m2
(cm)
)

Site

Year

Location

Texture

OM (%)

pH

Planting
Date

Spray
Date

S1

2011

Leamington

sandy loam

2.6

6.9

11-May

20-May

Up to 26

32

S2

2011

Wheatley

loamy sand

2.0

6.9

11-May

20-May

Up to 24

63

S3

2011

Wheatley

loamy sand

2.0

6.9

11-May

27-May

Up to 25

21

S4

2012

Windsor

sandy loam

2.3

7.1

18-May

30-May

Up to 10

174

S5

2012

Essex

clay loam

3.2

5.9

16-May

17-May

Up to 18

12

S6

2012

Wheatley

loamy sand

2.0

6.9

14-May

24-May

Up to 3

150
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Table 4.2. Biologically effective rate of glyphosate for Canada fleabane control 1, 2, and 4, % weed dry weight of untreated control, and soybean dry
weight for field dose response experiments conducted in 2011 and 2012.
Dose response
Locations
Dz
Cy
Bx
I50w
ED50v
ED80
ED95
% weed biomass

1 WAA

2 WAA

4 WAA

soybean biomass

S1,S2,S3

84.7 (0.3)

0

0.6 (0.1)

5651.9 (1294.6)

38894.5

>43200

S4

102.5 (0.3)

0.2 (0.2)

1.1 (0.2)

1270.6 (246.0)

4636.9

18840.3

S6

72.6 (0.4)

0

1.4 (0.4)

5246.7 (1387.3)

10576.4

34680.8

S1,S2,S3

100

0

0.7 (0.1)

2871.1 (783.9)

2899.3

20526.0

>43200

S4,S6

116.3 (0.6)

10.4 (0.5)

0.8 (0.2)

10260.4 (3684.7)

5467.2

22739.7

>43200

S1,S2
S3

123.6 (12.9)
58.1 (0.2)

0
0

0
0

13800.7 (3639.1)
491.9 (60.2)

9166.9
1123.2

26232.9
-

>43200
-

S4

100 (0.5)

6.4 (0.3)

1.1 (0.2)

2665.4 (378.2)

2355.4

8693.7

36279.7

S6

100 (30.0)

15.1 (0.04)

1.4 (0.2)

6785.8 (739.7)

5280.8

15780.2

>43200

S1,S2,
S3

99.2 (53.3)
81.5 (2.9)

0
0

0.9 (0.1)
1.6 (0.2)

4771 (713.7)
1021.7 (114.9)

4853.8
1363.8

22939.6
12265.9

>43200
-

S4,S6

100 (0.9)

3.7 (0.3)

0.9 (0.2)

3536 (552.6)

3281.1

15078.6

>43200

S4,S5,S6

70.9 (0.3)

1.3 (0.1)

1.1 (0.3)

1892.0 (499.4)

-

4573.9

23968.2

z

D is the upper limit.
C is the lower limit.
x
B is the slope of the line.
w
I50 is the dose at which there is a 50% response.
v
ED = the effective dose for 50, 80, and 95% control or reduction in biomass.
y
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Table 4.3. Visual estimates of GR Canada fleabane control 1 and 2 WAA with herbicides tankmixed with glyphosate applied after soybean emergence from
studies conducted in Ontario, Canada in 2011 and 2012. Means followed by the same letter within a column are not significantly different according to
Fisher’s Protected LSD at P<0.05.
Treatment
Rate
1 WAA
2 WAA
-1
g a.i./a.e. ha
S1,S2,S3
S4
S5,S6
S1,S2
S3
S4
S5,S6
%
%
%
%
%
%
%
Untreated Control
0f
0e
0f
0g
0g
0f
0e
Weed Free Control
1800 + 245
100 a
100 a
100 a
100 a
100 a
100 a
100 a
(glyphosate + saflufenacil/dimethenamid)
Glyphosate
900
4e
15 cd
16 e
7 fg
10 f
24 e
38 cd
Glyphosate
1800
16 d
20 bcd
21 cde
23 ef
17 cde
52 b
37 cd
Glyphosate
2700
22 bcd
21 bcd
27 bcd
33 de
23 c
49 bc
37 cd
Glyphosate + acifluorfen
900 + 600
15 d
19 bcd
25 bcde
34 cde
15 def
24 e
28 d
Glyphosate + bentazon
900 + 1080
29 b
16 cd
38 b
60 b
23 c
28 de
64 ab
Glyphosate + chlorimuron-ethylyx
900 + 9
26 bc
20 bcd
35 bc
54 b
35 b
34 d
10 bcd
yx
Glyphosate + cloransulam-methyl
900 + 17.5
30 b
19 bcd
26 bcde
59 b
40 b
35 cd
53 bc
w
Glyphosate + fomesafen
900 + 240
17 d
24 b
27 bcd
44 bcd
14 def
25 de
29 d
Glyphosate + imazethapyryx
900 + 100
18 d
19 bcd
26 bcde
31 de
15 def
28 de
39 bcd
Glyphosate + imazethapyr + bentazonx
100 + 75
16 d
14 d
32 bcd
49 bc
20 cd
22 e
45 bcd
yx
Glyphosate + thifensulfuron-methyl
900 + 6
18 cd
14 cd
20 de
34 cde
14 def
23 e
30 d
Glyphosate/fomesafen
1200
17 d
22 bc
26 bcde
29 de
11 ef
24 e
31 d
z
Abbreviations: S1, Leamington; S2, S3, S6, Wheatley; S4, Windsor; S5, Essex; WAA, weeks after treatment application.
y
Added Agral 90 (0.25% vol/vol)
x
Added 28% UAN (2.5% vol/vol).
w
Added Turbocharge (0.5% vol/vol).

Table 4.4. Visual estimates of GR Canada fleabane control 4 and 8 WAA with herbicides tankmixed with glyphosate applied after soybean
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emergence from studies conducted in Ontario, Canada in 2011 and 2012. Means followed by the same letter within a column are not significantly
different according to Fisher’s Protected LSD at P<0.05.
Treatment
Rate
4 WAA
8 WAA
g a.i./a.e. ha-1
S1, S6
S2, S5
S3,S4
S1,S2
S3
S4
S5, S6
%
%
Untreated Control
0h
0g
0e
0f
0f
0i
0h
Weed Free Control
1800 + 245
100 a
100 a
100 a
100 a
100 a
100 a
100 a
(glyphosate + saflufenacil/dimethenamid)
Glyphosate
900
22 fg
14 f
21 cd
7h
28 de
15 fg
23 cdef
Glyphosate
1800
37 cdefg
33 de
40 b
28 def
46 c
34 bc
31 bcde
Glyphosate
2700
41 cde
51 bc
44 b
47 bc
68 b
36 b
35 bcd
Glyphosate + acifluorfen
900 + 600
19 g
22 ef
21 cd
11 gh
24 e
10 fgh
8g
Glyphosate + bentazon
900 + 1080
39 cdef
60 b
15 d
35 cde
28 de 10 fgh
36 bc
Glyphosate + chlorimuron-ethylyx
900 + 9
47 c
58 b
44 b
48 bc
55 c
25 de
44 b
yx
Glyphosate + cloransulam-methyl
900 + 17.5
67 b
41 cd
45 b
56 b
77 b
26 cd
41 bc
w
Glyphosate + fomesafen
900 + 240
24 efg
25 ef
19 d
21 efg
26 e
9 gh
7g
Glyphosate + imazethapyryx
900 + 100
30 cdefg
31 de
31 bc
30 cdef
36 d
18 ef
15 efg
Glyphosate + imazethapyr + bentazonx
100 + 75
43 cd
31 de
16 d
39 bcd
24 e
5 hi
17 defg
yx
Glyphosate + thifensulfuron-methyl
900 + 6
26 defg
30 def
24 cd
28 def
30 de 12 fgh
14 efg
Glyphosate/fomesafen
1200
23 efg
21 ef
22 cd
19 fg
30 de 12 fgh
12 fg
z
Abbreviations: S1, Leamington; S2, S3, S6, Wheatley; S4, Windsor; S5, Essex; WAA, weeks after treatment application.
y
Added Agral 90 (0.25% vol/vol).
x
Added 28% UAN (2.5% vol/vol).
w
Added Turbocharge (0.5% vol/vol).

Table 4.5. Weed biomass (8 WAA) of GR Canada fleabane and soybean biomass (2m) with herbicides tankmixed with glyphosate applied after
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soybean emergence from studies conducted in Ontario, Canada in 2011 and 2012. Means followed by the same letter within a column are not
significantly different according to Fisher’s Protected LSD at P<0.05.
Treatment
Rate
Weed biomass
Soybean biomass
S1, S2, S3, S4, S5, S6
S4,S6
S5
g a.i./a.e. ha-1
g m-2
g m-2
Untreated control
323.7 h
102.8 e
88.7 h
Weed free control (glyphosate + saflufenacil/dimethenamid)
1800 + 245
0a
741.4 a
487.1 a
Glyphosate
900
206.4 efgh
518.2 bcd
273.0 bcde
Glyphosate
1800
125.8 cde
558.8 bc
308.2 abcd
Glyphosate
2700
91.0 cd
611.2 ab
329.5abcd
Glyphosate + acifluorfen
900 + 600
242.0 gh
418.1 cde
179.7 defg
Glyphosate + bentazon
900 + 1080
150.3 efg
666.6 bcd
212.6 ab
yx
Glyphosate + chlorimuron-ethyl
900 + 9
88.2 c
640.6 ab
333.4 abc
Glyphosate + cloransulam-methylyx
900 + 17.5
53.4 b
471.2 b
314.3 bcdef
Glyphosate + fomesafenw
900 + 240
211.3 fgh
344.4 de
164.7 efg
Glyphosate + imazethapyryx
900 + 100
206.4 efgh
294.8 bcd
253.4 fgh
Glyphosate + imazethapyr + bentazonx
100 + 75
160.9 efg
432.8 bcd
198.0 cdef
Glyphosate + thifensulfuron-methylyx
900 + 6
146.8 def
561.3 bcd
211.4 abcd
Glyphosate/fomesafen
1200
229.3 fgh
213.6 bcd
216.1 gh
z
Abbreviations: S1, Leamington; S2, S3, S6, Wheatley; S4, Windsor; S5, Essex; WAA, weeks after treatment application.
y
Added Agral 90 (0.25% vol/vol).
x
Added 28% UAN (2.5% vol/vol).
w
Added Turbocharge (0.5% vol/vol).
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5.0 Control of Glyphosate-resistant Canada fleabane (Conyza canadensis
(L). Cronq.) with dicamba applied preplant and postemergence in
dicamba-tolerant soybean (Glycine max. (L). Merr.)

5.1 Abstract
Herbicide resistant crops allow broad spectrum herbicides to be used postemergence (POST),
providing flexibility in weed control with minimal crop injury. Glyphosate resistant crops have
been widely adopted since their introduction in the mid-1990s; however, the evolution of GR
weeds, such as Canada fleabane, has forced reliance on alternative herbicides to control these
weed biotypes. While preplant herbicides provide excellent control of GR Canada fleabane, there
are currently no postemergence herbicide options for soybean. Dicamba-tolerant soybean
facilitates the POST use of dicamba, previously found to provide effective control of Canada
fleabane when applied preplant. The objective of this study was to evaluate dicamba’s efficacy
for the control of GR Canada fleabane when applied preplant, POST, and sequentially in
dicamba-tolerant soybean. Dicamba applied preplant at 600 g a.e. ha-1 provided the most
consistent season long control of GR Canada fleabane across three field trials conducted in
Ontario in 2011 and 2012. This technology also allows dicamba to be applied as a rescue
treatment in crop to control weed escapes due to late emergence or poor initial control following
a preplant herbicide application. Dicamba-tolerant soybean provide a much needed option for
POST Canada fleabane control in soybean to prevent seed set and distribution for future growing
seasons.
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5.2 Introduction
Herbicide resistant crops have played a central role in increasing productivity through
decreasing production costs of tillage, reducing the use of more environmental damaging and
toxicological risk pesticides, and facilitating flexible weed control application timing (Cerdeira
and Duke 2006). Glyphosate resistant crops were first introduced and rapidly adopted in the
1990s, providing simple, economical, and broad spectrum weed control while offering flexible
cropping options with low toxicity to the applicator (Mueller et al. 2003). Thus GR crops have
led to significant changes in weed management.
Despite glyphosate’s use for 20 years prior to the commercialization of GR crops, there
were no reports of glyphosate resistance in weeds prior to GR rigid ryegrass in 1996 (Powles et
al. 1998). The low selection pressure for resistance may have been influenced by the initially
high cost of glyphosate, widespread use of tillage for weed control, and use of glyphosate solely
as a preplant herbicide (Mueller et al. 2003). GR crops allowed for the use of glyphosate after
crop emergence and in conjunction with a decrease in its price, multiple applications of
glyphosate may be made throughout the season, increasing the selection pressure for resistant
weeds (Mueller et al. 2003). Therefore, GR crops led to a decrease in herbicide diversity in weed
management systems, leading to the selection of GR weed biotypes.
Canada fleabane was the first broadleaf weed to develop resistance in a continuous GR
cropping system, just 3 years after the introduction of GR crops (VanGessel 2001). Previously,
glyphosate provided excellent control of Canada fleabane (Bruce and Kells 1990; Scott et al.
1998; VanGessel 2001); however weed surveys have found resistant sites and high densities of
GR Canada fleabane to be associated with fields where continuous GR soybean are grown
(Barnes et al. 2004; Davis et al. 2009a). Resistant populations have now been reported in nine
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countries, and Canada fleabane has been identified as a weed of economic significance in the US
(Heap 2013). This indicates that GR Canada fleabane is a growing concern worldwide and
herbicides must be identified for control of this weed in soybean.
Preplant herbicides have previously been reported to provide consistent season long
control of GR Canada fleabane (Davis et al. 2009a; Byker et al. 2013).In contrast, control with
postemergence herbicides has been poor (Bruce and Kells 1990; Moseley and Hagood 1990;
VanGessel 2001). This is of concern as Canada fleabane may have a prolonged emergence
period and new plants may germinate following burndown herbicide applications and crop
emergence. Since uncontrolled Canada fleabane will produce seeds that will affect weed density
in subsequent years, Davis et al. (2007) highlighted the importance of controlling weed escapes
in-crop, and so herbicide options for control of Canada fleabane escapes in emerged soybean are
needed.
Dicamba tankmixed with glyphosate provides effective preplant control of GR Canada
fleabane; however its lack of residual activity may reduce its ability to provide season long
control (Loux et al. 2006; Main et al. 2006; Eubank et al. 2008). Johnson et al. (2010) found that
preplant applications of dicamba provided 97% control of Canada fleabane 3 WAA, identifying
it as an effective management tool to pair with glyphosate for control of GR weeds. In corn,
dicamba products provide excellent POST control of GR Canada fleabane without crop injury
(Mueller et al. 2003). Thus the development of dicamba-tolerant soybean provides the
opportunity for this herbicide to be applied postemergence in soybean as an alternative
management system for GR weeds such as giant ragweed (Vink et al. 2012a) and Canada
fleabane. The objective of this trial was to evaluate the efficacy of dicamba for the control of GR
Canada fleabane when applied preplant, POST, and sequentially in dicamba-tolerant soybean.
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5.3 Materials and Methods
Three confined field trials were conducted over 2011 and 2012 at two farm locations in
Essex County, Ontario to evaluate dicamba in dicamba-tolerant, Genuity Roundup Ready 2
Xtend soybean. Each experiment was arranged in a randomized complete block design with three
replications, with plots 2 m wide by 6 or 8 m in length. Tankmixes with glyphosate and dicamba,
2,4-D ester, or cloransulam-methyl were applied preplant and/or in the emerged soybean crop as
a two pass program using a CO2 pressurized backpack sprayer calibrated to deliver 200L of
water ha-1 at 240 kPa. The boom was 1.5 m wide with four ultra-low drift nozzles (ULD120-02,
Hypro, New Brighton, MN) spaced 50 cm apart. An untreated and weed free control was
included in each replicate of each trial. Weed free controls were sprayed preplant with
glyphosate (1800 g a.e. ha-1) and dicamba (600 g a.e. ha-1) and maintained weed free using hand
hoeing as required. Locations, soil properties, planting date, herbicide application date, and
Canada fleabane height and density at time of application are listed in Table 5.1. Herbicides,
ratings, and timings are listed in Table 5.2 to 5.4.
Canada fleabane control was visually estimated on a scale of 0 (no control) to 100%
(complete plant death) at 1, 2, 4 and 8 weeks after application (WAA) of both the preplant (PP)
and postemergence (POST) applications. Canada fleabane density and dry weight were evaluated
4 WAA POST by counting and then cutting the plants at the soil surface from two 0.25 m2
quadrats per plot. Plants were dried at 60 C to constant moisture and then weighed. In August, a
cover spray of dicamba was applied to kill remaining Canada fleabane and plots were harvested
in the fall using a plot combine.
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Data were analyzed in SAS (Ver. 9.2, SAS Institute Inc., Cary, NC) using the PROC
MIXED procedure for ANOVA analysis. Variances were divided into random (environment
(location and year), replication within environment, and the treatment by environment
interaction) and fixed effects (herbicide treatment). The Z-test was used to test the significance
of environment, replication (environment) and environment by treatment interactions. The F-test
was used to test the significance of fixed effects. Sites were analyzed separately or grouped so
that the interaction between environment and treatment was non-significant. Residual plots were
used to confirm that variance analysis for random, independent, and homogenous error
assumptions were met. The UNIVARIATE procedure in SAS was used to generate the ShapiroWilk statistic, and data were transformed as needed to meet the assumption of normality.
Control ratings from all sites 2 WAA PP, and 1 and 2 WAA POST were not transformed.
Control ratings at 4 WAA POST were arcsine square root transformed. At 8 WAA POST,
control ratings at S1 and S2 were untransformed, while S3 ratings were arcsine square root
transformed. Weed biomass at all sites was log transformed. Soybean yield did not require
transformation. Data compared on the transformed scale were converted back to the original
scale for presentation of results and means were separated using Fisher’s protected LSD at
P<0.05.

5.4 Results and Discussion
Preplant herbicides tankmixed with glyphosate provided almost twice the control of GR
Canada fleabane at 2 WAA PP than the control provided by glyphosate applied alone (Table
5.2). Glyphosate tankmixed with 2,4-D ester (1120 g a.e. ha-1) provided the highest level of
control at 2 WAA PP.
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Preplant applications of dicamba or 2,4-D ester provided effective control of GR Canada
fleabane. One week after the application of the POST herbicides, treatments which included
dicamba at 600 g a.e. ha-1 in the burndown resulted in 100% control at S1(Table 5.2). The two
pass treatment of glyphosate plus dicamba (300 g a.e. ha-1) provided control equivalent to the
weed free check at S1. Control at S2 and S3 across all treatments were lower than at S1 which
may be a reflection of the relatively dry conditions in 2012. Average rainfall in Windsor, Ontario
for June is 89.9 mm (Environment Canada 2013). In 2011, 83.4 mm were recorded in Windsor,
while in June 2012 only 42.2 mm was recorded at the same site (Environment Canada 2013).
Glyphosate plus dicamba (300 g a.e. ha-1), dicamba (600 g a.e. ha-1), 2,4-D ester (560 g a.e. ha1

) or 2,4-D ester (1120 g a.e. ha-1) applied PP followed by glyphosate POST provided 53 to 55,

55 to 57, 74 to 83 and 71 to 100% control across all sites, respectively. In contrast, glyphosate
applied PP followed by glyphosate plus dicamba (300 g a.e. ha-1) POST provided 35 to 58%
control.
Two weeks following POST herbicide application, treatments with 2,4-D ester (560 g or
1120 g a.e. ha-1) PP, dicamba (600 g g a.e. ha-1) PP, or two applications of dicamba provided
control equivalent to the weed free control at S2 and S3. At S1, only treatments with dicamba
applied PP provided control equivalent to the weed free control, with 100% control in plots
where 600 g a.e. ha-1 of dicamba had been applied. This is similar to results from Keeling et al.
(1989), who found 2,4-D and dicamba provided residual activity and controlled both emerged
plants as well as Canada fleabane that germinated following herbicide application.
At 4 WAA and 8 WAA, dicamba (600 g a.e. ha-1) PP, or dicamba PP followed by POST
provided the most consistent control (>93%) over all sites and years (Table 5.3). Dicamba (300 g
a.e. ha-1) applied PP without a POST application provided 80-86% control, except for at S1
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where control was 100% (4WAA POST) in 2011. In 2012, Canada fleabane emerged primarily
in the spring in contrast to 2011 when most of the Canada fleabane emerged the previous fall so
some Canada fleabane may have emerged after the PP applications. This is consistent with the
concern of other studies that although dicamba is very efficacious for the control of emerged
Canada fleabane, its short residual activity in combination with Canada fleabane’s prolonged
emergence may result in weed escapes (Loux et al. 2006; Main et al. 2006; Eubank et al. 2008).
Season long weed control with dicamba may therefore be reliant on higher rates or sequential
herbicide applications.
Dicamba-tolerant soybean allow for an POST application of this effective herbicide if
required to control late weed escapes. When dicamba was tankmixed with glyphosate and
applied POST only, control ranged from 70 to 83% 4 WAA POST and 83 to 97% 8 WAA POST.
Overall this is lower than studies which found that dicamba applied at 140, 280 or 300 g a.e. ha-1
provided 90 to 94% control of Canada fleabane at 10 to 15 cm and up to 98% control with
smaller weeds (Keeling et al. 1989; Everitt and Keeling 2007). Therefore dicamba provides
effective control of GR Canada fleabane when applied at 600 g a.e. ha-1 prior to the planting of
soybean, but may be applied POST to control weed escapes in-crop.
Consistent control of GR Canada fleabane with 2,4-D ester was dependent on herbicide
rate. 2,4-D ester (1120 g a.e. ha-1) tankmixed with glyphosate PP provided greater than 90%
control 8 WAA. This is similar to other studies which reported 95 to 100% control when 2,4-D
(700 to 860 g a.e. ha-1) was tankmixed with glyphosate (400 to 840 g a.e. ha-1) (Keeling et al.
1989; Eubank et al. 2008). Control of GR Canada fleabane with 2,4-D ester applied at 560 g a.e.
ha-1 was variable ranging from 62 to 95% in this study. Previous studies have found that 2,4-D
ester (600 g a.e. ha-1) applied at this lower rate provided only 50 to 60% control of Canada
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fleabane (Keeling et al. 1989). This may be related to plant size at the time of application, as
studies have found that Canada fleabane control with auxinic herbicides is not effective if the
weed is greater than 15 cm in height (Loux et al. 2006; Main et al. 2006; Eubank et al. 2008).
Control 4 WAA at S2 and S3 therefore may have been greater than at S1 as Canada fleabane
emerged primarily in the spring in 2012 but in the previous fall for 2011 affecting the plant size
at the time of application. Auxinic herbicides can provide acceptable control of GR Canada
fleabane but their efficacy is influenced by rate and size of the weed at the time of application.
Cloransulam provided variable control of GR Canada fleabane at 4 and 8 WAA (Table
5.3). This is in contrast to other studies where cloransulam (10.5 and 21 g a.i.ha-1) provided 99%
control 4 WAA (Tardif and Smith 2003). In another study, cloransulam at 35 g a.i.ha-1, (twice
the rate used in this study) provided 89 to 94% control 4 WAA (Byker et al. personal
communication). Consistent control with cloransulam may require rates greater than those used
in this study.
Reduction in weed biomass measured 4 WAA POST reflected percent control ratings.
Treatments with two applications of dicamba reduced weed biomass by 99 to 100%, while a
single application of dicamba applied PP at 300 or 600 g a.e/ha reduced weed biomass by 93 to
100% (Table 5.4). Therefore a single preplant application of dicamba is sufficient to achieve
acceptable control, however controlling any late escapes with an POST application of dicamba
can help to reduce seed production and distribution for future years, as a single Canada fleabane
plant can produce up to one million seeds (Kruger et al. 2010).
Glyphosate resistant Canada fleabane reduced soybean yield by 81 to 93% if no herbicide
was applied (Table 5.4). Applying only glyphosate at 900 g a.e. ha-1 resulted in yield decreases
of 35 to 40%. No yield loss occurred when dicamba was applied sequentially at 600 g a.e. ha-1

101

preplant followed by 300 g a.e. ha-1 POST. Soybean yield was equivalent to the weed free
control when a preplant herbicide was tankmixed with glyphosate, while waiting to apply
dicamba POST resulted in up to a 31% yield loss at S1. This is similar to a study by Davis et al.
(2009a) which found that Canada fleabane densities were reduced when a non-glyphosate
herbicide was applied PP compared to glyphosate applied at both PP and POST applications.
However, even if Canada fleabane control is sufficient to maintain yields, control of weed
escapes following PP herbicide applications with dicamba POST may be important for reducing
seed shed and distribution in future cropping seasons.

5.5 Conclusions
Preplant applications of glyphosate plus dicamba or 2,4-D can provide excellent control
of GR Canada fleabane; however POST tankmixes alone do not provide acceptable control.
Since reducing Canada fleabane density and associated annual seed production and dispersal
influences future weed control, POST herbicides can play an important role for the control of late
emerging weeds. As Canada fleabane may germinate throughout the year, including effective
POST herbicides after the application of non-residual PP herbicide applications is an integral
part of an overall weed management strategy.
Main et al. (2004) reported that dicamba is an effective alternative for PP control of GR
Canada fleabane. Therefore dicamba-tolerant soybean will allow for the use of dicamba without
crop injury and provide an option for controlling GR Canada fleabane in soybean POST.
Dicamba does not persist in the soil and is currently a widely used herbicide (Behrens et al.
2007), making it an attractive option for the control of this competitive weed in soybean.
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Dicamba-tolerant soybean should be used in conjunction with other herbicides to realize
their full benefits in resistance management and prevent weeds from developing resistance to
dicamba. Beckie (2011) cautioned that herbicide mode of action diversity must be maintained
with stacked herbicide resistant crops in order for their sustainability and benefits in resistance
management to be realized. Tankmixing glyphosate and dicamba allows glyphosate to continue
to be used while adding an alternative mode of action for control of GR weeds and helping with
resistance management (Gressel and Segel 1990; Neve 2007; Davis et al. 2009b).
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Table 5.1. Location, soil characteristics, planting date, spray date and Canada fleabane height and density for studies evaluating Canada fleabane
control with dicamba in Ontario, Canada in 2011 and 2012.
Soil Characteristics
Envz

Year

Location

S1

2011

Leamington

S2

2012

Wheatley

S3

2012

Wheatley

Texture
sandy
loam
loamy
sand
loamy
sand

Canada fleabane

Canada fleabane

OM (%)

pH

Planting
Date

Spray
Date
(PP)

2.6

6.9

11-May

9-May

Up to 9

417

8-June

Up to 39

593

2.0

6.9

14-May

4-May

Up to 10

750

18-May

Up to 10

529

2.0

6.9

14-May

9-May

Up to 8

167

24-May

Up to 10

120

Z

Abbreviations: env, environment; PP, preplant; POST, postemergence
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Size
(cm)

Density
(m-2)

Spray
Date
(POST)

Size
(cm)

Density
(m-2)

Table 5. 2. Visual estimates of GR Canada fleabane control 2 WAA after preplant herbicide applications and 1 and 2 WAA after the application of
POST applied herbicides tankmixed with glyphosate in studies conducted in Ontario, Canada in 2011 and 2012. Means followed by the same letter
within a column are not significantly different according to Fisher’s Protected LSD at P<0.05.
Treatment
Rate
Timing
Control
g a.i./a.e. ha-1
2 WAA
1 WAA POST
2 WAA POST
PP
S1, S2,
S1
S2, S3
S1
S2, S3
S3
Untreated control
Weed free control (glyphosate+dicamba)
1800 + 600
Glyphosate fb glyphosate
900; 900
PP; POST
Glyphosate fb glyphosate
1800; 1800
PP; POST
Glyphosate + 2,4-D ester fb glyphosate
900 + 560; 900
PP; POST
Glyphosate + 2,4-D ester fb glyphosate
900 + 1120; 900
PP; POST
Glyphosate + cloransulamy fb glyphosate
900 + 17.5; 900
PP; POST
Glyphosate + dicamba fb glyphosate
900 + 300; 900
PP; POST
Glyphosate + dicamba fb glyphosate
900 + 600; 900
PP; POST
Glyphosate fb glyphosate + dicamba
900; 900 + 300
PP; POST
Glyphosate + dicamba fb glyphosate + dicamba
900 + 300;900 + 300
PP; POST
Glyphosate + dicamba fb glyphosate + dicamba
900 + 600;900 + 300
PP; POST
z
Abbreviations: S1, Leamington; S2, S3, Wheatley; WAA, days after treatment application.
y
Added Agral 90 (0.25% vol/vol) and 28% UAN (2.5% vol/vol).
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0e
100 a
28 d
32 d
61 bc
74 b
51 c
60 bc
63 bc
34 d
61 bc
67 b

0e
100 a
28 d
57 c
55 c
87 b
83 b
83 b
100 a
35 d
88 ab
100 a

0f
100 a
42 e
53 d
77 bc
90 ab
58 cd
74 bcd
71 bcd
58 cd
75 bcd
78 bc

0f
100 a
39 e
65 d
59 d
87 bc
82 c
97 a
100 a
62 d
95 ab
100 a

0g
100 a
42 fg
52 ef
90 ab
98 a
63 cdef
72 bcde
82 abcd
58 def
87 abc
90 ab

Table 5. 3. Visual estimates of GR Canada fleabane control 4 and 8 WAA after the application of POST applied herbicides tankmixed with
glyphosate in studies conducted in Ontario, Canada in 2011 and 2012. Means followed by the same letter within a column are not significantly
different according to Fisher’s Protected LSD at P<0.05.
Treatment
Rate
Timing
Control
g a.i./a.e. ha-1
4 WAA POST
8 WAA POST
S1
S2, S3
S1, S2
S3
Untreated control
0f
0e
Weed free control (glyphosate+dicamba)
1800 + 600
PP
100 a
100 a
Glyphosate fb glyphosate
900; 900
PP; POST
47 e
51 d
Glyphosate fb glyphosate
1800; 1800
PP; POST
65 cd
55 d
Glyphosate + 2,4-D ester fb glyphosate
900 + 560; 900
PP; POST
62 d
91 abc
Glyphosate + 2,4-D ester fb glyphosate
900 + 1120; 900
PP; POST
87 b
98 ab
Glyphosate + cloransulamy fb glyphosate
900 + 17.5; 900
PP; POST
84 b
71 cd
Glyphosate + dicamba fb glyphosate
900 + 300; 900
PP; POST
100 a
86 bc
Glyphosate + dicamba fb glyphosate
900 + 600; 900
PP; POST
100 a
93 ab
Glyphosate fb glyphosate + dicamba
900; 900 + 300
PP; POST
70 c
83 bc
Glyphosate + dicamba fb glyphosate + dicamba
900 + 300;900 + 300
PP; POST
100 a
96 ab
Glyphosate + dicamba fb glyphosate + dicamba
900 + 600;900 + 300
PP; POST
100 a
99 ab
z
Abbreviations: S1, Leamington; S2, S3, S6, Wheatley; S4, Windsor; S5, Essex; WAA, days after treatment application.
y
Added Agral 90 (0.25% vol/vol) and 28% UAN (2.5% vol/vol).

106

0e
100 a
38 d
68 c
73 c
90 ab
90 ab
84 b
95 ab
83 b
95 ab
97 ab

0e
100 a
29 d
30 d
95 b
96 ab
28 d
80 c
98 ab
97 ab
96 b
99 ab

Table 5.4. Weed biomass (4 WAA POST) and soybean yield in studies conducted in Ontario, Canada in 2011 and 2012. Means followed by the
same letter within a column are not significantly different according to Fisher’s Protected LSD at P<0.05.
Treatment
Rate
Timing
Weight
g a.i./a.e. ha-1
Weed Biomass
Soybean Yield
g m-2
kg plot-1
S1
S2, S3
S1
S2, S3
untreated control
weed free control (glyphosate+dicamba)
1800 + 600
PP
Glyphosate fb glyphosate
900; 900
PP; POST
Glyphosate fb glyphosate
1800; 1800
PP; POST
Glyphosate + 2,4-D ester fb glyphosate
900 + 560; 900
PP; POST
Glyphosate + 2,4-D ester fb glyphosate
900 + 1120; 900
PP; POST
Glyphosate + cloransulamy fb glyphosate
900 + 17.5; 900
PP; POST
Glyphosate + dicamba fb glyphosate
900 + 300; 900
PP; POST
Glyphosate + dicamba fb glyphosate
900 + 600; 900
PP; POST
Glyphosate fb glyphosate + dicamba
900; 900 + 300
PP; POST
Glyphosate + dicamba fb glyphosate + dicamba
900 + 300;900 + 300
PP; POST
Glyphosate + dicamba fb glyphosate + dicamba
900 + 600;900 + 300
PP; POST
z
Abbreviations: S1, Leamington; S2, S3, S6, Wheatley; WAA, days after treatment application.
y
Added Agral 90 (0.25% vol/vol) and 28% UAN (2.5% vol/vol).
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257.2 e
0.0 a
70.8 cd
79.5 cd
60.1 cd
46.6 bc
18.1 b
0.0 a
0.0 a
143.2 de
0.0 a
0.0 a

67.8 c
0.0 a
15.8 c
10.8 c
1.7 ab
0.5 ab
7.4 b
4.5 ab
2.2 ab
13.0 c
0.6 ab
0.8 ab

0.66 e
3.43 ab
2.07 d
3.43 ab
4.01 a
3.66 ab
3.05 bc
3.59 ab
3.71 ab
2.37 cd
4.25 a
3.91 ab

0.21 d
3.19 a
2.08 bc
1.82 c
3.01 a
3.12 a
2.71 ab
2.76 ab
2.82 a
3.12 a
2.90 a
3.42 a

6.0 General Discussion
6.1 Contributions
This is the first research to document the distribution of GR Canada fleabane in Ontario.
A survey was conducted in 2011 and 2012 and GR Canada fleabane was confirmed at 147 sites
in addition to the first 8 identified in 2010. GR Canada fleabane was found outside of Essex
County for the first time, where the first 8 sites were located. GR Canada fleabane has now been
confirmed in Elgin, Essex, Haldimand, Huron, Kent, Lambton, Middlesex, and Niagara region.
Populations with multiple resistance to glyphosate and cloransulam were documented at 12 and 7
sites in 2011 and 2012, respectively, in Elgin, Essex, Kent, Lambton, and Middlesex counties.
Three populations of Canada fleabane were found to be resistant to cloransulam but susceptible
to glyphosate in Kent, Lambton, and Middlesex in 2012. This is significant as glyphosate and
cloransulam use is widespread throughout southern Ontario and so this survey highlights the
need for a change in weed management.
This study identified the level of resistance to glyphosate in Canada fleabane in Ontario.
Acceptable control (>95%) was not achieved with the registered rate of glyphosate, which
highlights the need for alternative herbicides for control of this weed. Furthermore, current
postemergence broadleaf herbicides registered in soybean did not provide acceptable control of
GR Canada fleabane. Therefore this research concludes that it is imperative the GR Canada
fleabane is controlled prior to soybean emergence.
This study identified alternative herbicides for the control of GR Canada fleabane.
Preplant tankmixes of glyphosate with saflufenacil, saflufenacid/dimethenamid-p, metribuzin,
cloransulam or flumetsulam all provided acceptable control of GR Canada fleabane. These
tankmixes are the foundation for the control of this weed in Roundup Ready soybean.
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Field trials found that dicamba can be used to control GR Canada fleabane when applied
PP or POST in dicamba-tolerant soybean. This is important as there are currently no
postemergence options in soybean for control of this resistant weed. Therefore this technology
will be an important tool for control of GR Canada fleabane in an overall weed management
program.

6.2 Limitations
The methodology used for the survey identified the sites with known GR Canada
fleabane in Ontario but under estimated the actual number sites with GR Canada fleabane. Sites
where seed from Canada fleabane was collected were identified through discussions with
agricultural retailers and growers, and by stopping at sites with Canada fleabane escapes when
driving throughout these counties, therefore collection was not random. This study
underestimates the number of sites and therefore misrepresents the actual frequency of resistant
sites with GR Canada fleabane in Ontario. This survey was not exhaustive and it is probable that
resistant populations are present in additional counties than those identified in the study. Sites
were limited to counties in which Canada fleabane escapes had been identified and in counties
within a reasonable driving distance from previously identified sites. The purpose of the survey
was to confirm glyphosate resistance in Canada fleabane weed escapes but not to actually
determine the frequency of GR Canada fleabane occurrence in Ontario.
GR screening of Canada fleabane was performed in the greenhouse. Though this provides
a consistent environment for screening multiple populations, other factors which can contribute
to glyphosate efficacy under field conditions were not included. Canada fleabane may germinate
in the fall or the spring depending on environmental conditions, and this may affect its response
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to glyphosate. Fall versus spring emerged Canada fleabane was not included as a factor in the
screening experiments.
Effective tankmixes identified in this study are specific to GR Canada fleabane control,
with a single herbicide application in Roundup Ready soybean. These tankmixes may not
effectively control other GR weed species. Research sites were primarily monocultures of
Canada fleabane and therefore the influence of additional weed species on Canada fleabane
control was not taken into account.
Additionally, the effect of a two-pass program was not evaluated. This study found that
control with cloransulam applied postemergence was unacceptable; however this herbicide was
used previously to control Canada fleabane in soybean. One factor influencing this may be weed
density. It is possible, that if cloransulam was applied as a postemergence rescue treatment to
control weed escapes following a preplant herbicide application, cloransulam may provide
sufficient control to prevent further seed production and spread of GR populations.
This study solely evaluated herbicides for control of GR Canada fleabane. Mechanical
and cultural weed control methods were not considered in this study. As Canada fleabane
requires light for germination and can germinate in the fall and early spring, tillage has been
identified as an important control method. Additionally, other studies have found that crop
rotation and the use of cover crops may reduce Canada fleabane densities. This was not
evaluated in this study.

6.3 Future Research
Future studies should concentrate on integrated weed management strategies for long
term control of GR Canada fleabane based on the population dynamics and emergence pattern of
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Ontario biotypes. This includes looking at two-pass programs for increased herbicide diversity
and season long weed control. Additionally, tankmixes of the various herbicides should be
evaluated for synergistic control as well as providing additional modes of action for resistance
management. Research on the efficacy of tillage for the control of GR Canada fleabane in the
current and subsequent years as influenced by tillage implement, tillage intensity and timing of
tillage would also be valuable information for farmers. Studies on the effectiveness of cover
crops and crop rotation on reducing Canada fleabane emergence would also provide information
for effective integrated weed management strategies for this species. As Canada fleabane is well
adapted to current farming practices involving no-till and GR crops, finding ways to disrupt its
life cycle by altering these practices may be a very effective method of reducing the reliance on
herbicides for control of this highly adaptable weed species.
Glyphosate tankmixed with metribuzin provided effective season long control of GR
Canada fleabane; however at the rate used in this study, this is not an economical option for
farmers. A dose response study to identify the lowest effective dose should therefore be
conducted in order to determine whether this herbicide can be applied at a dose which effectively
controls Canada fleabane at an acceptable cost. As metribuzin provides control of late emerging
Canada fleabane seedlings, it prevents seed production and distribution which would normally
come from these weed escapes in the field. Therefore metribuzin is a valuable herbicide tool for
the control of GR Canada fleabane and finding how to use it economically within a soybean
herbicide program is important for increasing herbicide diversity and reducing future weed
populations.
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8.0 Appendix 1 : SAS Code for analyzing Canada fleabane control data
title 'Enhanced Burndown Stats Analysis; Burndown Plus Residual; POST
Tankmixes';
libname Thesis "C:\Documents and Settings\weedgrad1\Desktop\stats excel";
* PRE and POST Fleabane control in soybeans data;
*Year: 2011 2012;
*Env: 1-8;
*Trt: 1-16, loc: 1,2, 3, 4 (Wheatley, Leamington, Windsor, Essex);
*wc7 wc14 wc28;
*density, weed biomass; soybean biomass;
data first;
set work.Enhburn;
title1 'Enhanced Burndown';
/*
*for injuries;
if trt=1 then delete;
if trt=2 then delete;
if trt=12 then delete;
*/
*for control;
if trt=1 then delete;
/*
*for density and dry weight;
if trt=2 then delete;
*/
*if
*if
*if
*if
*if
*if

env
env
env
env
env
env

=
=
=
=
=
=

1
2
3
4
5
6

then
then
then
then
then
then

delete;
delete;
delete;
delete;
delete;
delete;

title2 'wc28';
analvar=wc28;
/*
title2 'wc28(log transformation)';
analvar=log(wc28+1);
title2 'wc28 (squareroot transformation)';
analvar=sqrt(wc28+0.5);
**Use following adjustment for arcsine square root trans, only for percentage
data;
title2 'wc28(arcsine squareroot transformation)';
analvar1=wc28;
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if analvar1=100 then analvar1=100-0.05;
if analvar1=0 then analvar1=0+0.05;
analvar2=analvar1/100;
analvar=arsin(sqrt(analvar2));
run;
*/
proc sort data=first;
by env trt rep;
run;
proc mixed covtest data=first;
class env trt rep;
model analvar=trt /DDFM=satterth outp=second;
*random env rep(env) trt*env;
random rep;
lsmeans trt/pdiff;
run;
proc plot;
plot resid*pred resid*trt resid*rep resid*env wc28*trt/vref=0;
run;
proc univariate normal;
var resid;
run;
proc rank normal=blom out=two;
var resid;
ranks zvar;
run;
proc plot;
plot resid*zvar='*';
run;
proc sort;
by env;
run;
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9.0 Appendix 2: SAS Coding for Biologically Effective Rate of Glyphosate
Analysis
Title ’BER’;
libname Thesis "C:\Documents and Settings\weedgrad1\Desktop\stats excel";
* PRE Fleabane control in soybeans data;
*Year: 2011 2012;
*Env: 1-8 Staudt2011=1, Epp2011B=2, Epp2011C=3,Lafferty2012=4, Market2012=5,
Epp2012=6;
*Trt: 1-16, loc: 1,2, 3, 4 (Staudt, Epp, Windsor, Essex);
*wc7 wc14 wc28 wc56;
*density, biomass, yieldton, yieldbu;
data first;
set work.ber;
title1 'BER';
*for control;
*if trt=1 then delete;
*/
*for density and dry weight;
if trt=2 then delete;
*if
*if
*if
*if
*if
*if

env
env
env
env
env
env

=
=
=
=
=
=

1
2
3
4
5
6

then
then
then
then
then
then

delete;
delete;
delete;
delete;
delete;
delete;

if dose>0 then logdose=log(dose);
title2 'pbiomass';
analvar=pbiomass;
/*
title2 'pbiomass(log transformation)';
analvar=log(pbiomass+1);
title2 'pbiomass (squareroot transformation)';
analvar=sqrt(pbiomass+0.5);
**Use following adjustment for arcsine square root trans, only for percentage
data;
title2 ' pbiomass (arcsine squareroot transformation)';
analvar1= pbiomass;
if analvar1=100 then analvar1=100-0.05;
if analvar1=0 then analvar1=0+0.05;
analvar2=analvar1/100;
analvar=arsin(sqrt(analvar2));
run;
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*/
proc sort data = first;
by dose env rep;
run;
**ANOVA to determine which locations could be combined;
proc mixed covtest data = first;
class env dose rep;
model analvar = dose /DDFM = satterth outp = second;
random env rep(env) dose*env;
*random rep;
parms/nobound;
lsmeans dose/pdiff;
run;
**dose response for descending curve - pdensity and pdry weight;
proc nlin;
bounds c>=0;
parameters
d = 100
c = 0
i50 = 1800
b = 2;
if dose = 0 then predict = d;
else predict = c+(d-c)/(1+exp(b*(logdose-log(i50))));
model analvar = predict;
run;
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