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ABSTRACT

THE SUITABILITY OF SULFENTRAZONE AND PYROXASULFONE FOR
WEED MANAGEMENT IN ONTARIO DRY BEANS
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University of Guelph, 2016

Advisors:
Peter H. Sikkema
Darren E. Robinson

Sulfentrazone and pyroxasulfone are herbicides that, if registered, would provide Ontario
dry bean producers with two additional modes of action for soil-applied broadleaf weed control.
Twenty-three field studies were conducted over 2014 and 2015 to determine: i) the tolerance of
dry bean to sulfentrazone and sulfentrazone + pyroxasulfone; ii) the spectrum of weed control
provided by sulfentrazone; iii) which soil-applied grass herbicide best compliments sulfentrazone
for broad spectrum weed control; and iv) if a low dose of imazethapyr or halosulfuron benefits
sulfentrazone for broadleaf weed control. Kidney and small red Mexican bean demonstrated the
highest tolerance, followed by white and adzuki bean. Sulfentrazone alone provided excellent
pigweed and lambsquarters control, and benefitted from additions of imazethapyr or
halosulfuron. Pyroxasulfone complimented sulfentrazone the best for broad spectrum control,
followed by s-metolachlor. This study concludes that sulfentrazone and pyroxasulfone may be
suitable herbicides for some dry bean market classes in Ontario.
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1. Introduction
Dry edible bean, Phaseolus vulgaris L., is a species of bean native to central America that
through centuries of selection and breeding, has evolved to include many different market classes
of white and coloured beans that are enjoyed in cuisines around the world (Goodwin 2003;
Bitocchi et al. 2012; Myrdal Miller 2014). However, they require specific soil conditions and are
susceptible to a number of insect and disease pests, and so proper physical and chemical soil
management in addition to crop rotation are necessary to maintain high yields (OMAFRA 2013).
They also require certain harvest conditions to ensure lower yield losses and higher quality seed
(OMAFRA 2013). Nonetheless, the dry bean is one of Canada’s larger crops (FAO 2012c).
Weed management in dry bean is crucial to prevent yield loss and have high seed quality.
Early weed interference can significantly decrease the yield of the crop, with an estimated 1 kg
yield loss for every 2.6 to 3.2 kg of weed biomass (Burnside et al. 1998). These weeds can be
controlled with a soil-applied herbicide, of which there are seven currently registered in Ontario.
Four of these control common grass weed species, but only two of the registered soil-applied
herbicides control broadleaf weeds, both of which are ALS inhibitors (OMAFRA 2016).
Therefore, Ontario dry bean growers are in need of an alternative mode of action for broadleaf
weed control.
Sulfentrazone is a soil-applied herbicide that primarily controls broadleaf species. Its
mode of action is the inhibition of the protoporphyrinogen oxidase IX enzyme, which ultimately
disrupts cell membranes, resulting in cellular leakage, desiccation and death of the plant (Shaner
2014). Pyroxasulfone is primarily a grass herbicide, but also controls several broadleaf weed
species. It is a very-long-chain fatty acid elongase inhibitor, but works differently than the other
Group 15 herbicides currently registered (Tanetani et al. 2011). These two herbicides may be
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candidates in providing alternative modes of action for broadleaf weed control in Ontario dry
bean.

2. Review of the Literature
2.1 Dry Bean Production
2.1.1 History
Dry bean is native to the western hemisphere. A study by Bitocchi et al. (2012)
sequenced nucleotides of wild bean samples and identified the origin of Phaseolus vulgaris as
Mesoamerican—an area consisting of Columbia, Central America and Mexico (Sonnante et al.
1994). A 2013 chloroplast microsatellite study by Desiderio et al. strongly supports this theory,
and proposes Central Mexico as the centre of origin. It is suggested that this Mesoamerican wild
ancestor then split into two taxa and separate domestication events resulted in two major gene
pools: Mesoamerican (AKA Middle American) and Andean (Sonnante et al. 1994; Kaplan and
Lynch 1999; Chacón et al. 2005; Gioia et al. 2013). Following domestication, the common bean
spread to North America. Hart et al. (2002) performed accelerator mass spectrometry (AMS) to
date archaeological bean samples from the northeastern United States, and confidently dated the
appearance of common beans near the Mississippi River to about 1300 AD. They also state
beans may have been present further north in the upper and central Ohio River basin and lower
Illinois River basin around this time. AMS dating does not confidently place beans in Ontario
until after 1500 AD (Smith and Crawford 1997; Crawford et al. 1998). Thus, dry bean ranged
from central North America to the Andes before the Europeans settled in the New World.
The arrival of European explorers to the western hemisphere began the global expansion
of dry bean. Beans from both the Andean and Mesoamerican gene pools were introduced to
Europe around 1500 AD and to Africa during the slave trade (Gepts and Bliss 1988; Gioia et al.

2

2013). Gepts and Bliss (1988) suggest further expansion resulted from European countries
introducing dry bean to their colonies around the world. Currently, dry bean is produced
commercially around the world in excess of 23 million tonnes annually (FAO 2012a). Top
producers include India, Brazil, China, the USA, and six African countries (FAO 2012b). Canada
ranks among the top 20 producers, with dry bean being one of its top 20 crops (FAO, 2012b;
FAO, 2012c). Over the centuries, dry bean has become a staple food for production and
consumption around the world.

2.1.2 Market Classes and Uses
Dry bean market classes can be divided into two groups: white beans and coloured beans
(Goodwin 2003). White beans are the predominant market class of dry bean grown in Ontario,
and are also grown in Manitoba (Agriculture Canada 1985; Goodwin 2003). They include great
northern, otebo and navy beans, which are typically used in casseroles and baked beans due to
their shorter cooking time (Myrdal Miller 2014). Popular coloured beans include Dutch brown,
black, cranberry, dark red kidney, light red kidney, pink, pinto, small red Mexican, and adzuki
(Vigna angularis (Willd.) Ohwi & Ohashi) bean (Myrdal Miller 2014). Albertan dry bean
production is mainly coloured beans, and Manitoba and Ontario also produce some coloured
market classes (Goodwin 2003). Black beans, pink beans and small red Mexican beans are
favourites in Caribbean cuisine, where they are added to rice and vegetable dishes (Myrdal
Miller 2014). Pinto beans are used for refried beans, and are a staple in American dishes, while
cranberry beans are used in many Italian and Spanish dishes (Myrdal Miller 2014). The kidney
classes and Dutch brown beans are used in baked dishes, soups and stews as their thicker skins
withstand longer cook times (Myrdal Miller 2014; St. Clare Heirloom Seeds 2014). The diversity
in market classes of dry bean allows them to be used in a wide variety of dishes and cuisines.
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2.1.3 Agronomic Practices
2.1.3.1 Soil Type
Dry bean requires loose soil with good drainage, preferably of a medium texture such as
light loams, sandy loams or silt loams (Park and Lopetinsky 1999; OMAFRA 2013). Proper
drainage is crucial, as poor drainage could reduce yields by 50% (Agriculture Canada 1985;
OMAFRA 2013). Soils prone to compaction should also be avoided, as it restricts root growth
and increases the risk of herbicide injury (OMAFRA 2013). Tu and Tan (1991) tested the effect
of three levels of compaction on the growth of dry bean, and found that increased compaction
resulted in reduced plant biomass and height, uneven growth rates and delayed maturity.
Compaction may be alleviated by tilling the top soil (Tu and Tan 1991). Planting dry bean in
soils of medium texture and with good drainage will produce much higher yields than in heavier,
poorly drained soils.
Dry bean is also sensitive to the chemical composition of the soil. It does not tolerate
salts well (Agriculture Canada 1985). Soils with salt concentrations greater than 2 millimhos
cm-1 affect the germination and growth of the plant, resulting in stunted, yellow beans (Park and
Lopetinsky 1999). This can cause significant yield losses in areas where drought is common,
especially in African and Middle Eastern dry bean production systems, as the water deficit
increases the salt concentration (Mnasri et al. 2007; Emam et al. 2011). The pH of the soil is also
a critical factor, as it affects the nutrient availability for the plant (Fageria 2008). Optimum pH
for Canadian soils is 6.5 to 7, which is similar to other production regions around the world that
aim for a soil pH of approximately 6.7 (Agriculture Canada 1985; Fageria 2008). Lime and other
amendments can be used to adjust pH of Canadian soils, and are particularly useful in South
American soils where acidity limits agricultural production (Fageria 2008; Fageria et al. 2012).
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Thus, in addition to maintaining good soil structure and drainage, soil acidity and salinity must
also be managed to optimize dry bean yields.

2.1.3.2 Seeding
Ontario dry beans are seeded in late May to mid-June, depending on the crop heat units
(CHUs) for the area. Colder regions are seeded earlier to avoid decreased seed quality caused by
frost damage before harvest. Areas with less than 2900 CHUs are seeded the earliest, between
May 26th and June 6th, areas with CHUs between 2900 and 3100 are seeded between May 30th
and June 10th, and regions with greater than 3100 CHUs can be seeded as late as the second and
third week in June (OMAFRA 2013). To ensure rapid and uniform emergence, dry beans should
be seeded into warm (above 15.5°C) and moist soils. Typical seeding depth is between 4 and 6
cm, but deeper seeding may be necessary to ensure the seeds are in at least 1.2 cm of moist soil
(OMAFRA 2013). Dry bean can be grown in narrow (36 to 53 cm) or wide (76 cm) rows, though
several studies have noted higher yields when grown in narrow rows (Grafton et al. 1988; Xu
and Pierce 1998; Blackshaw et al. 1999). The row width and the market class to be grown
determine the seeding rate of the bean. White beans are seeded at higher rates than coloured
beans, and the seeding rate per metre of row increases with row width. For example, OMAFRA
(2013) recommends white beans are seeded at 11.5 to 15 seeds per metre of row in 53 cm rows,
and 15 to 16 seeds per metre of row in 76 cm rows, whereas coloured beans are to be seeded at
9.5 to 11.5 seed per metre of row in 53 cm rows and at 11.5 to 15.1 seeds per metre of row in 76
cm rows. Thus, the seeding date and rate of dry bean are heavily reliant on the climate of the
region and the type of bean being grown.
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2.1.3.3 Crop Rotation
OMAFRA (2013) states that a good crop rotation is the most important management
practice to obtain maximum dry bean yields. Selection of crops for the rotation depends on the
characteristics of the field, what herbicides may be carried over, and the disease history. For
example, Emam et al. (2011) found that bushy, determinate, upright cultivars fare better in
dryland rotations because they have less vegetative growth, and so they are more suitable to
Ontario’s rotations as opposed to the more prominent irrigated systems in Alberta (Alberta
Government 2013). Canadian beans typically follow cereals, alfalfa (Medicago sativa L.), corn
(Zea mays L., not treated with atrazine), or clover (Trifolium spp.), and occasionally after sugar
beets (Beta vulgaris L.) in the western provinces (Agriculture Canada 1985). In terms of
herbicide and disease carryover, the general recommendation is to plant dry bean no more than
once every 3 to 5 years to allow for persistent diseases and herbicides to dissipate. The
implementation of a diverse crop rotation keeps the soil in good condition and reduces damage
from chemical or disease carryover, and therefore increases the yield potential of dry bean.

2.1.3.4 Fertility
Nitrogen requirements for bean crops vary from region to region. Normally, bean fields
are inoculated with Rhizobium phaseoli, a bacterium that nodulates the roots of the bean plant
and helps it to fixate up to 30 or 40% of its own nitrogen requirements (Alberta Government
2013). Additional nitrogen fertilizer is added to provide the full requirements of the crop
(Agriculture Canada 1985; Park and Lopetinsky 1999; Alberta Government 2013). This practice
holds true in Alberta and Manitoba, where inoculants are added in either powder, granular or
liquid form (Agriculture Canada 1985; Alberta Government 2013; MAFRD 2014). However,
inoculation and nitrogen fertilization are not recommended in Manitoba soils where soil nitrate
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exceeds 31 kg ha-1, as the inoculant and fertilizer will be ineffective, whereas fertilization is still
recommended in Alberta if the soil tests less than 71 to 89 kg ha-1 of nitrates, or less than 35.5 kg
ha-1 in irrigated soils (Park and Lopetinsky 1999; Alberta Government 2013; MAFRD 2014). In
contrast, Ontario beans rarely need inoculation, but can benefit from nitrogen applications up to
70 kg ha-1 (Gillard 2000; OMAFRA 2013; Morgan 2014). Additionally, OMAFRA (2013)
recommends nitrogen application at a low dose to increase availability of banded phosphate
fertilizer and up to 100 kg ha-1 for crops suffering from bronzing or root rot. Synthetic nitrogen
fertilizer requirements depend greatly on the area in which the beans are grown, ranging from no
application to greater than 100 kg ha-1 of actual nitrogen.
Phosphorus requirements vary by region. For example, Manitoban crops have not
responded well to phosphorus fertilizer applications, and only low application doses are
recommended for solid seeded crops (MAFRD 2014). In this region, dry bean responds more to
residual phosphorus in the soil than to applied phosphorus fertilizer (MAFRD 2014). Albertan
growers typically apply phosphorus fertilizers by banding roughly 53 to 71 kg ha-1 or double
these rates if applying as a broadcast application (Park and Lopetinsky 1999; Alberta
Government 2013). Ontario growers apply up to 80 kg ha-1 of phosphate depending on soil test
levels (OMAFRA 2013). Of the three main producers of dry bean in Canada, Ontario has the
greatest phosphorus requirement, with Manitoba requiring next to none.
Potassium fertilizer recommendations vary depending on province. Alberta soils typically
have adequate potassium to negate the use of fertilizer, but application is recommended if soil
tests show less than 178 kg ha-1 (Park and Lopetinsky 1999). Manitoba recommends applications
of potash up to 58 kg ha-1, especially on organic or sandy to sandy loam soils, while Ontario
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application rates could be as high as 120 kg ha-1 (MAFRD 2014). In the case of potassium
fertilizer, Ontario requires the most while Alberta requires the least.
Other micronutrient application may be required if deficiencies are evident. Manitoba
typically does not require any micronutrient applications, while zinc deficiencies are more likely
in Alberta and manganese deficiencies in Ontario (Park and Lopetinsky 1999; OMAFRA 2013;
MAFRD 2014). Sulphur is only recommended in Manitoba, as irrigation water in Alberta and air
pollution in Ontario are sufficient sources of sulphur (Hofstra and Ormrod 1977; Park and
Lopetinsky 1999; Alberta Government 2013; MAFRD 2014). Micronutrient deficiencies may
need to be corrected through fertilizer application, but are very location specific.

2.1.3.5 Insect and Disease Control
There are many insect and disease pests that affect dry bean crops. Common insect pests
of Ontario dry beans include potato leafhopper (Empoasca fabae Harris), seedcorn maggot
(Delia platura Meigen), tarnished plant bug (Lygus lineolaris Palisot De Beauvois), western
bean cutworm (Striacosta albicosta Smith), Mexican bean beetle (Epilachna varivestis Mulsant),
slugs (Deroceras spp.) and bean leaf beetle (Cerotoma trifurcate Foster), while in the west the
main threats are cutworms, seedcorn maggot, potato leafhopper and tarnished plant bug
(OMAFRA 2013; MAFRD 2014). In terms of disease, the main maladies in Canada are root rot
(Fusarium spp., Pythium spp., and Rhizoctonia solani Kuhn), white mould (Sclerotinia
sclerotiorum (Lib.) de Bary), common mosaic virus, anthracnose (Colletotrichum
lindemuthianum), common bacterial blight (Xanthomonas campestris pv. phaseoli (Smith) Dye)
and halo blight (Pseudomonas syringae pv. phaseolicola (Burkholder) Young et al.) (Park and
Lopetinsky 1999; OMAFRA 2013; MAFRD 2014). Ontario dry beans are also at much higher
risk of ozone bronzing than other bean growing areas due to higher summer temperatures and
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persistent air pollution (Hofstra and Ormrod 1977; Adomait et al. 1987; OMAFRA 2013).
Although there are insecticide and fungicide remedies that can be applied once the pest is present
at potentially damaging levels, preventative measures are first and foremost recommended (Park
and Lopetinsky 1999; OMAFRA 2013; MAFRD 2014). Seed should be sourced from an arid or
semi-arid production area to reduce the occurrence of seed-borne diseases (Singh and Schwartz
2010). Certain cultivars have also been bred for disease resistance, especially against common
bacterial blight and anthracnose (Singh and Schwartz 2010). Additionally, the Ontario, Alberta
and Manitoba ministries of agriculture all recommend a crop rotation of a minimum of 3 years
and without another susceptible crop (e.g. soybean (Glycine max L.)) to avoid buildup of shared
disease and insect pests, and minimizing mechanical damage to the seeds or seedlings which
may act as entry points for insects and diseases. Planting the rows in the direction of the
prevailing winds might also help prevent foliar disease by keeping the soil drier (Park and
Lopetinsky 1999). Thus, good management practices such as crop rotation and scrupulous
product selection are considered the primary method of insect and disease control, while
insecticides and fungicides are viewed as secondary control methods.

2.1.3.6 Harvesting and Quality
Proper timing of harvest is crucial in obtaining maximum seed quality and yield.
Agriculture Canada (1985) states harvest should occur when 90% of the leaves have dropped and
the seed moisture is 20% or less. In Alberta, a seed moisture content of 13 to 15% at harvest is
preferred, 18 to 22% moisture is recommended for harvest in Manitoba and 16 to 20% in Ontario
(Park and Lopetinsky 1999; OMAFRA 2013; MAFRD 2014). Too much seed moisture may
result in shrunken and wrinkled seed coats (Park and Lopetinsky 1999; OMAFRA 2013). In
contrast, too low of a moisture content may result in seed quality loss from split pods and
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cracked seeds (OMAFRA 2013). This can be prevented by harvesting in the evening or early
morning when there is more moisture in the air (OMAFRA 2013; MAFRD 2014). If ideal
harvest seed moisture is reached before 90% of the leaves have dropped, a desiccant may be
applied prior to harvest to accelerate stem drying and leaf fall (OMAFRA 2013; MAFRD 2014).
Ensuring proper moisture content at harvest is essential to prevent shatter losses and cracked,
stained or shrunken seeds.
Once optimum seed moisture is reached, one of two main methods of harvesting may be
employed: direct combining or pulling, windrowing and combining (OMAFRA 2013; MAFRD
2014). Direct combining uses conventional attachments and is suitable for solid seeded crops and
upright varieties such navy, black and pinto beans (OMAFRA 2013; MAFRD 2014). This
method is prone to higher yield losses, but a study comparing losses versus the type of
attachment used determined that the weather and harvest timing have greater influence on losses
than the attachment (Papworth et al. 2004). For crops planted in wide rows, pulling, windrowing
and combining is the preferred method (OMAFRA 2013; MAFRD 2014). In this method, the
beans are ‘pulled’ or cut approximately 3 cm below the soil surface the evening or morning prior
to harvest and placed in windrows. Then, a combine with a windrow pickup attachment gathers
the cut beans from the piled rows and combines them (OMAFRA 2013). There has been a trend
to direct combining over the years as this removes one field operation, and reduces the risk of
crop damage from unexpected rainfall.
Regardless of the chosen harvest method, great care must be exercised to avoid
degradation of the quality of the seed. According to the Official Grain Grading Guide produced
by the Canadian Grain Commission (2013), many factors may decrease the quality of the seed,
which in turn decrease seed value. Dockage refers to foreign material in the bean sample that can
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be filtered out, such as undersized or split beans, plant parts and seeds of another crop or weed
species (Canadian Grain Commission 2013). Foreign material that cannot be removed from the
sample after dockage is deemed as pick, which includes whole beans with physical damage to
the seed coat (e.g. wrinkles, cracks, stains from weeds or green plant parts, or blemishes from
insects or disease), misshapen beans, and mixed market classes (OMAFRA 2013). Good quality
seed produces a higher profit, and so growers should avoid harvest practices that may decrease
their seed quality.

2.2 Weed Management in Dry Bean
2.2.1 Impact of Weed Interference
Weed interference can substantially reduce dry bean yield. Competition for light is an
important aspect of weed interference, as too much shade during the grain filling period will
reduce the number of pods per plant, and thereby reduce the yield (Woolley et al. 1993; Zollinger
and Kells 1993; Hadi et al. 2006; Ghamari and Ahmadvand 2012). Early emerging weeds have
the greatest impact on yield, as they typically develop faster than the crop and so are stronger
competitors (Blackshaw et al. 1991; Ross and Lembi 1999). For example, Chikoye et al. (1995)
compared the yield decrease caused by common ragweed (Ambrosia artemisiifolia L.)
interference at different crop stages and found that ragweed seedling emergence at the VE and
V3 growth stage caused 10 to 22% and 4 to 9% yield loss, respectively. Several studies have
examined the effects of other weed species on the yield of dry bean. Wilson (1993) found that 10
plants per m2 of wild proso millet (Panicum miliaceum L.) reduced yield by up to 31%, and Wall
(1993) reported that wild mustard (Sinapis arvensis L.) densities of less than 20 plants per m2 are
capable of reducing yield by 57%. Mesbah et al. (2004) found that yield could be reduced by as
little as 1.6 foxtail plants or 0.12 sunflower plants per metre of row, while 2 hairy nightshade
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(Solanum sarrachoides Sendt.) plants per metre of row was sufficient to reduce yield (Blackshaw
1999). Burnside et al. (1998) found that every 2.6 to 3.2 kg of weed biomass will reduce dry
bean yield by 1 kg. The critical period of weed control in dry bean is between the second
trifoliate (V2) and first flower (R1) stages of the crop (Woolley et al. 1993), or 3 to 6 weeks after
crop emergence (Woolley et al. 1993; Burnside et al. 1998). Full season weed control is very
important in dry bean as it is very sensitive to weed interference.
In addition to decreased yield, the presence of weeds can also decrease bean quality. Late
emerging weeds have a greater effect on bean quality than bean yield (Ross and Lembi 1999;
Hager 2010). Weeds may be harvested with the crop, resulting in stem or leaf parts mixed with
the beans. Deemed as dockage, these plant parts lower the grade of the beans if they cannot be
easily removed (Canadian Grain Commission 2013). High moisture weeds or fruit bearing weeds
can reduce quality by staining the beans (Goodwin 2003). Most notably are pokeweed
(Phytolacca spp.) and nightshade (Solanum spp.) species, as their dark berries produce a pink
stain (Hager 2010). The juices from weeds also decrease quality by allowing dirt to adhere to the
beans—a phenomenon called mud tagging (Hager 2010). Fragrant species like catnip (Nepeta
cataria L.) and field mint (Mentha arvenisis L.) may also give the beans an unwanted aroma
(Hager 2010). The presence of weeds at harvest may decrease bean quality through mixed plant
parts, staining, scent and mud tagging.

2.2.2 Soil-applied Herbicides
Soil-applied herbicides refer to those herbicides that are applied directly to the soil prior
to crop emergence. They are applied pre-plant incorporated (PPI) where the herbicide is
mechanically incorporated into the field prior to seeding, or pre-emergence (PRE) where the
herbicide is applied after seeding but before the crop emerges. In Ontario, there are currently five

12

soil-applied herbicides that provide primarily annual grass control and two soil-applied
herbicides that provide primarily annual broadleaf weed control (OMAFRA 2016). They can be
used alone or in combination depending on the weed species composition in each individual
field.

2.2.2.1 Grass Herbicides
S-metolachlor, sold as DUAL II MAGNUM® and dimethenamid-p, sold as
FRONTIER® MAX, are Group 15 herbicides that provide control of annual grass and small
seeded broadleaf weeds. S-metolachlor and dimethenamid-p control barnyard grass (Echinocloa
crusgalli (L.) Beauv.); crabgrasses (Digitaria spp.); fall panicum (Panicum dichotomiflorum
Michx.); green, yellow and giant foxtail (Setaria viridis (L.) Beauv., Setaria pumila (Poir.)
Roem. & Schult., and Setaria faberi Herrm., respectively), old witchgrass (Panicum capillare
L.), and have some activity on small-seeded broadleaf weeds including redroot pigweed
(Amaranthus retroflexus L.) and eastern black nightshade (Solanum ptycanthum Dunal.)
(Anonymous 2013b; Shaner 2014). These herbicides require rainfall for activation (OMAFRA
2016). Once activated, they inhibit the emergence of weed seedlings (Shaner 2014). The Group
15 herbicides inhibit biosynthesis of very-long-chain fatty acids in the weed, resulting in poor
emergence, twisted grass seedlings and cupping or drawstring of the leaves in broadleaf species
(Shaner 2014). Both can be applied PPI and s-metolachlor can be applied PRE, but they cannot
be used on adzuki bean (OMAFRA 2016). S-metolachlor and dimethenamid-p can cause injury
to dry bean in stressed environments, such as cold, wet conditions after seeding. However, in
most situations they do not adversely affect maturity or yield of the crop (Sikkema et al. 2007a).
S-metolachlor and dimethenamid-p provide full season control of annual grass and small seeded
broadleaf weeds in dry bean.
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EPTC, sold under the name of EPTAM®, is a Group 8 herbicide that provides control of
annual grass weeds and provides suppression of a wide range of annual broadleaf weeds
(OMAFRA 2016). It inhibits cuticle formation in seedlings, resulting in poor emergence and
tightly rolled leaves (Shaner 2014). It is recommended for the control of crabgrass, barnyard
grass, green, yellow and giant foxtail, proso millet and witchgrass (OMAFRA 2016). In Ontario,
it can only be used PPI and not on otebo, small red Mexican, adzuki, or lima (Phaseolus lunatus
L.) beans (OMAFRA 2016). Greater injury occurs if EPTC is worked to depths greater than 2.5
cm, if the soil is compacted or if the seed is damaged (Wyse et al. 1976). EPTC provides
relatively short control of annual grasses in dry bean.
Trifluralin, sold as RIVAL®, TREFLAN®, and BONANZA®, and pendimethalin, sold
as PROWL®, are Group 3 herbicides that provide control of annual grass and some annual
broadleaf weeds. The Group 3 herbicides are mitotic disrupters resulting in poor emergence,
deformed leaves, root suppression and purple stem bases (Shaner 2014). Trifluralin and
pendimethalin must be applied PPI and incorporated within 24 hours of application (OMAFRA
2016). Trifluralin is only registered on black, kidney, lima and white beans, while pendimethalin
is registered on adzuki, kidney, lima, white and snap beans (OMAFRA 2016). The Group 3
herbicides provide control of annual grasses including fall panicum, barnyard grass, crabgrass,
foxtails and suppression of some broadleaf weeds (OMAFRA 2016).

2.2.2.2 Broadleaf Herbicides
There are two soil-applied herbicides that provide primarily annual broadleaf weed
control—imazethapyr and halosulfuron (OMAFRA 2016). The product of choice is dependent
on the market class grown, weed species composition, and soil characteristics. Imazethapyr, sold
as PURSUIT®, PHANTOM® and NU-IMAGE® is a Group 2, imidazolinone herbicide that
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primarily provides control of annual broadleaf weeds and also provides control/suppression of
annual grass weeds (OMAFRA 2016). It is recommended for the control of lady’s thumb
(Polygonum persicaria L.), common lambsquarters (Chenopodium album L.), mustards (Sinapis
spp.), annual nightshades (Solanum spp.), pigweeds (Amaranthus spp.), and velvetleaf (Abutilon
theophrasti Medik.), but also provides good control of jimsonweed (Datura stramonium L.),
wild buckwheat (Polygonum convolvulus L.) and cockleburs (Xanthium spp.) (Shaner 2014;
OMAFRA 2016). Multiple studies have determined that dry bean has good tolerance to this
herbicide (Soltani et al. 2003; Soltani et al. 2004; Sikkema et al. 2007a; Soltani et al. 2007;
Arnold et al. 1993). Imazethapyr also has activity on annual grasses including proso millet,
green foxtail and yellow foxtail, and is safe to use on all dry bean market classes, as it has little
effect on the height, weight, seed moisture or yield of the crop (Sikkema et al. 2007a; OMAFRA
2016). Imazethapyr is an acetolactate synthase (ALS) inhibitor, causing restricted growth,
chlorosis and necrosis of the weed seedlings (Shaner 2014).
Halosulfuron, sold as PERMIT®, is a Group 2, sulfonylurea herbicide that provides
control of annual broadleaf weeds such as cocklebur and velvetleaf, and perennial yellow
nutsedge (Cyperus esculentus L.) in dry bean (Shaner 2014). Soltani et al. (2014b) found
halosulfuron also has good control of redroot pigweed, common lambsquarters and wild mustard.
Halosulfuron is an ALS inhibitor, causing chlorosis and necrosis of the shoot meristem of weed
seedlings when applied PRE (Shaner 2014). It is safe to use on many market classes, causing
little to no crop injury when applied PPI or PRE (Soltani et al. 2009a; Soltani et al. 2014a;
Soltani et al. 2014b).
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These seven soil-applied herbicides—s-metolachlor, EPTC, dimethenamid-p,
pendimethalin, trifluralin, imazethapyr and halosulfuron—are available to growers to be applied
alone or in a tank mix depending on the weed composition.

2.2.3 Post-emergence Herbicides
Post-emergence herbicides refer to those herbicides which are applied after the crop and
weeds have emerged. As with soil-applied herbicides, they can be applied alone or in a tank mix
depending on the weed species composition present at the time of application.

2.2.3.1 Grass Herbicides
The post-emergence grass herbicides registered in Ontario are all Group 1, acetyl CoA
carboxylase inhibitors, which stop growth, cause chlorosis and/or necrosis of the leaves and
tissue decomposition at the leaf node (Shaner 2014). Clethodim (SELECT® or ARROW®),
fenoxaprop-p-ethyl (EXCEL SUPER®), fluazifop-p-butyl (VENTURE L®), quizalofop-p-ethyl
(ASSURE® II or YUMA® GL) and sethoxydim (POAST ULTRA®) provide control of
barnyard grass, fall panicum, witchgrass, green, yellow and giant foxtail and volunteer corn and
cereals (OMAFRA 2016). These herbicides have a wide margin of crop safety in dry bean and
do not affect dry bean maturity or yield (Soltani et al. 2005b; Sikkema et al. 2006).

2.2.3.2 Broadleaf Herbicides
There are only two post-emergence broadleaf herbicides—bentazon (BASAGRAN
FORTÉ® or BASAGRAN® + ASSIST®) and fomesafen (REFLEX®)—that are registered in
Ontario for use in dry bean (OMAFRA 2016). Bentazon is a Group 6, benzothiadiazole herbicide
that provides control of small annual broadleaf weeds. Fomesafen is a Group 14, diphenyl ether
herbicide that also provides control of small seeded broadleaf weeds (Shaner 2014). Both
herbicides cause chlorosis, desiccation and necrosis in weed species (Shaner 2014). Bentazon
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provides adequate control of common lambsquarters, pigweeds, giant ragweed (Ambrosia trifida
L.), and common ragweed, and over 90% control of lady’s thumb and mustards (OMAFRA
2016). It produces little injury in dry bean, and can help reduce injury caused by other herbicides
in a tank mix (Hekmat et al. 2008; Soltani et al. 2008; Bauer et al. 1995). Fomesafen provides
adequate control of common lambsquarters, giant ragweed and velvetleaf, and 80% control or
greater of lady’s thumb, mustards, nightshades, pigweeds and common ragweed, but has the
lowest crop tolerance of all herbicides, soil-applied or post-emergence, registered for Ontario dry
bean (OMAFRA 2016).

2.2.4 Other Methods of Control
2.2.4.1 Tillage
Tillage is a mechanical method of weed control. Tillage works by breaking or cutting the
plant tissue and ripping the plant from the soil, resulting in desiccation, and also by covering
seedlings with soil and thus blocking their access to air and light resources (Ross and Lembi
1999). It is best accomplished when soils are drier to prevent successful re-rooting of weeds
(Ross and Lembi 1999). Studies have shown that tillage can reduce weed seedling emergence by
an average of 17% as compared to no-till systems, and can reduce established weeds by 57 to
77% (Amador-Ramirez et al. 2001; Barberi and Lo Cascio 2001). However, tillage as a means of
weed control is generally only good for low weed pressures and suppression of early-emerging
weed species, primarily between crop rows (Amador-Ramirez et al. 2001). Nonetheless, tillage
can still be an effective weed control method.
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2.2.4.2 Crop Rotation
Crop rotation is considered a cultural method of weed control. Some weed species adapt
and accumulate with certain crops over others, and so continued cultivation of one crop can
result in selection for certain weeds (Zimdahl 2013). Crop rotation can reduce problem weeds by
using a series of crops to which the weed is not well adapted, thereby reducing establishment,
growth and weed seed return (Zimdahl 2013). Thus, crop rotation is only an option for annual or
biennial crops (Ross and Lembi 1999). Crop rotation is recommended for dry bean because
chemical control options for this crop are limited, so it is necessary to control weeds in the
preceding crop (OMAFRA 2016). OMAFRA (2016) recommends planting corn before beans in
the rotation because of its large number of weed control options. Thus, crop rotation is an
essential component of weed management in dry bean production.

2.2.4.3 Biological Control
Biological weed control involves the use of living organisms—mostly insects and
pathogens—to control weeds (Ross and Lembi 1999). It is an almost permanent form of control,
as once the predatory species are established they will remain as long as there is a food source
(Zimdahl 2013). However, it is slow, less certain in its control, and often less effective than
chemical, mechanical, or cultural controls (Zimdahl 2013). Biological control tends to only be
effective on perennial weeds in less disturbed areas such as pastures and rangeland (Ross and
Lembi 1999). This makes it less suitable for bean crops, as most of the problem weeds in dry
bean are annuals, and annual disturbance of the land reduces the ability of the biological control
agent to establish a stable population (Zimdahl 2013; OMAFRA 2016). Because of the
complexity and uncertainty of biological control, it is not suitable as a main method of weed
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management, but the contribution of biological control such as insect weed seed predation should
not be overlooked in an overall weed management strategy in dry bean.

2.3 Sulfentrazone
2.3.1 Mode of Action
Sulfentrazone is a soil-applied herbicide, applied either pre-plant or pre-emergence
(Health Canada 2011; Anonymous 2012b). It was the first chemical discovered in the aryl
triazinone family and is a protoporphyrinogen oxidase (PPO) or protox inhibitor (Shaner 2014).
The PPO enzyme is a necessary component in the formation of chlorophyll in plants
(Anonymous 2012b; Zimdahl 2013). Inhibition of the enzyme results in excessive accumulation
of protoporphyrinogen IX in the chloroplast of the cell, which then leaks into the cytoplasm and
is oxidized to protoporphyrin IX at extraplastidic sites (Nandihalli and Duke 1993). Exposure to
light catalyzes a reaction that forms singlet oxygen (O+) from the protoporphyrin IX in the
cytoplasm (Devine et al. 1993; Anonymous 2012b). These singlet oxygen free radicals cause
peroxidation of the cell membrane lipids, causing membrane degradation and cellular leakage
(Hancock 2001; Anonymous 2012b; Shaner 2014). Weeds are controlled by sulfentrazone by
taking up the chemical from the soil solution where it is then translocated to the shoot (Hancock
2001; Anonymous 2012b). When weed seedlings emerge from the soil, the exposure to light
begins the inhibition process, causing rapid chlorosis, desiccation, and eventual necrosis of the
weed tissue (Hancock 2001). Thus, sulfentrazone controls weeds through the production of free
radicals which result in loss of membrane integrity, lack of chlorophyll production, and
consequently the inability of plants to photosynthesize.
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2.3.2 Effect of Weather
Sulfentrazone requires moisture to dissolve into the soil solution so that it can be taken up
by developing weed seedlings (Anonymous 2012b). One to two centimetres of rainfall or
irrigation following application is required for the chemical to be effective (Anonymous 2012b).
After herbicide application, the time period when rainfall is required varies. If applied to dry
soils, sulfentrazone requires rainfall within 10 to 14 days to avoid compromising herbicide
efficacy (Anonymous 2012b). In contrast, sulfentrazone applied to soils with adequate moisture
and good water retention can still provide effective weed control even when rainfall does not
occur up to 18 days after application (Hancock 2001). However, as a precaution, it is
recommended that shallow incorporation (5 cm) be conducted if adequate moisture is not
received within 7 to 10 days of application (Anonymous 2012b). Sulfentrazone should also not
be applied before heavy rainfall events due to the risk of losses by leaching (Anonymous 2012b).
Warm temperatures following activation are favourable to reduce crop injury, as warmer
conditions allow faster germination—thus less exposure of the crop seedlings to the herbicide—
and more rapid metabolism of the herbicide by the emerged crop seedlings (Swantek et al. 1998;
Li et al. 2000). However, warm soil temperature also accelerates sulfentrazone degradation in
soil. Martinez et al. (2007) observed the highest rate of sulfentrazone degradation at a soil
temperature of 30°C in Brazil, but noted this rate would not likely be observed in temperate
regions because of cooler temperatures. Temperature influences the growth of soil
microorganisms in the soil that degrade the chemical (Martinez et al. 2007). For optimum weed
control efficacy, sulfentrazone requires 1 to 2 cm of rainfall within 7 to 10 days following
application and warm temperatures to minimize crop injury.
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2.3.3 Effect of Soil Conditions
Soil texture, organic matter content and pH impact the availability of sulfentrazone
(Anonymous 2012b). Sulfentrazone should not be applied on coarse (sandy) soils (Anonymous
2012b). The large pore spaces in these soils allow faster water movement, resulting in less time
for the herbicide to adsorb onto clay particles or be taken up by the developing weed seedlings
(Ohmes and Mueller 2007; Anonymous 2012b). In fine-textured soils with high clay content,
sulfentrazone is adsorbed onto the soil particles and is unavailable for weed control (Hancock
2001). Soils high in organic matter act similarly to clay by adsorbing the herbicide, and so
sulfentrazone should not be applied to soils with more than 6% organic matter (Hancock 2001;
Szmigielski et al. 2009; Anonymous 2012b). Adsorption onto clay and organic matter allows
sulfentrazone to persist in soil, but this adsorption can be counteracted by the pH of the soil.
Sulfentrazone availability increases with increasing soil pH; consequently it is not recommended
on soils with a pH greater than 7.8 (Anonymous 2012b). However, there is discordance among
studies regarding the pH level at which crop injury is greatest. Ferrell et al. (2003) found
absorption of sulfentrazone by plant roots, and thus injury, is greatest when soil pH is below 6.56
and more lipophilic, while Szmigielski et al. (2012) found injury to be greatest on high pH soils.
Kerr et al. (2004) also found that injury potential to sunflower increased when the soil pH
exceeded 7.0. Sulfentrazone application rate is influenced by soil clay and organic matter content
as well as soil pH.

2.3.4 Weed Species Controlled
Sulfentrazone is a broadleaf herbicide with some grass activity. In Canada, sulfentrazone
is registered for the control of kochia (Kochia scoparia (L.) Schrad), redroot pigweed, common
lambsquarters, wild buckwheat and the suppression of cleavers (Galium spp.), but it also
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effectively controls many other species (Anonymous 2012b). Hancock (2001) compiled data
from 1420 field trials evaluating the efficacy of sulfentrazone on economically important
broadleaf and grass weed species. Notably, at 280 g ai ha-1, sulfentrazone provided over 85%
control of Amaranthus species, morning glories (Ipomoea spp.), nightshades, Pennsylvania
smartweed (Polygonum pensylvanicum L.), common purslane (Portulaca oleracea L.), Russian
thistle (Salsola tragus L.), common mallow (Malva neglecta L.), spotted spurge (Chamaesyce
maculate (L.) Small) and shepherd’s purse (Capsella bursa-pastoris (L.) Medik). Grey et al.
(2004) also reported effective control of tall morning glory (Ipomoea purpurea (L.) Roth) below
280 g ai ha-1. Sulfentrazone at 350 g ai ha-1 provided good (>85%) control of velvetleaf, wild
mustard, common chickweed (Stellaria media (L.) Vill), purple nutsedge (Cyperus rotundus L.),
tall and ivyleaf morning glory (Ipomoea hederacea (L.) Jacq) (Hancock 2001). Field bindweed
(Convolvulus arvensis L.) was effectively controlled at 420 g ai ha-1 (Hancock 2001). Effective
control of grass species requires higher rates of sulfentrazone. The compiled data by Hancock
(2001) shows that sulfentrazone provided >85% control of 16 annual grass species, including
annual bluegrass (Poa annua L.), cheat (Bromus secalinus L.), crabgrass, giant foxtail,
goosegrass (Eleusine indica (L.) Geartn), fall panicum and witchgrass. Sulfentrazone provides
broad-spectrum control of annual broadleaf weeds with suppression of annual grasses.

2.3.5 Crop Tolerance
Sulfentrazone has selectivity in a variety of crops. In Canada, sulfentrazone is registered
for use in chickpeas (Cicer arietinum L.), flax (Linum usitatissimum L.), sunflower (Helianthus
annuus L.), soybean, and field peas (Pisum sativum L.) (Anonymous 2012b). It is also used in
tobacco (Nicotiana tabacum L.), sugarcane (Saccharum officinarum L.) and peanuts (Arachis
hypogaea L.) across North America (Hancock 2001). Tolerance of these crops to sulfentrazone is
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attributed to differential uptake and metabolism as compared to weed species (Hancock 2001;
Bailey et al. 2003). Sulfentrazone injury symptoms in crops include stand reduction, chlorosis,
stunting, and necrosis (Hancock 2001; Sikkema et al. 2006; Kerr et al. 2004).
Soybean has excellent tolerance to sulfentrazone, but is cultivar and soil dependent (Li et
al. 1999; Reiling et al. 2006). Combined data from 1027 field trials from 1986 to 2001 conclude
that sulfentrazone applied at rates up to 420 g ai ha-1 result in an average 3.2% stand reduction,
6.8% stunting and 1.0% discoloration (Hancock 2001). However, Vieira et al. (2007) found that
sulfentrazone decreases root nodule initiation, nitrogen-fixating capability, mycorrhizal infection
and pod weight as a result of altered microbial processes following application. More sensitive
cultivars will also display reduced elongation of the hypocotyl and roots due to greater
absorption (Li et al. 1999; Li et al. 2000). Reiling et al. (2006) found yield loss associated with
these injuries is also dependent on soil organic carbon, with losses less likely to occur if organic
carbon exceeds 2%. They therefore recommend that the rate of sulfentrazone be reduced by 1/3
and 2/3 in PRE and PPI applications, respectively, to reduce crop injury. Similarly, chickpea and
some cultivars of field pea and dry bean also have excellent tolerance, with little injury
symptoms and no significant yield loss at rates up to 420 g ai ha-1 (Hekmat et al. 2007; Lyon and
Wilson 2005).
Some crop species are more sensitive to sulfentrazone. In sunflower, Hancock (2001)
reported that sulfentrazone applied at 280 g ai ha-1 resulted in discoloration and stand reduction,
but according to Kerr et al. (2004), these injury symptoms are reduced if the pH is less than 7.0
and the CEC is above 23.3 cmol kg-1. Sulfentrazone causes transient injury in sugarcane which
may approach the acceptable threshold 10 days after application, but quickly recovers (Hancock
2001). Similarly, sulfentrazone can cause significant leaf discoloration and necrosis injury in
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peanut, but the injury is usually temporary and the crop recovers quickly (Hancock 2001). Over
59 studies, at 25 to 35 days after application, potato (Solanum tuberosum L.) plants exhibited
9.9% stunting and 10% discoloration (Hancock 2001). Grichar et al. (2003) also found that
potato injury was unacceptably high when trying to control purple nutsedge. Robinson et al.
(2008) found bell pepper (Capsicum annuum L.) had good tolerance to sulfentrazone at rates
between 100 and 200 g ai ha-1. Thus, sulfentrazone causes transient injury in a number of crops.
Tolerance should also be considered for the crop that is to follow the
sulfentrazone-treated crop. Because sulfentrazone is persistent in soil, it may carry over to the
next crop. This may provide early season weed control the following year, but may also harm the
crop. FMC Corporation recommends a 12 month interval between the last sulfentrazone
application and seeding of alfalfa, barley (Hordeum vulgare L.), canola (Brassica spp.), field
corn, and spring wheat (Triticum spp.); 16 months before winter wheat; and 24 months before
sweet corn, lentils (Lens culinaris Medik.) or sorghum (Anonymous 2012b). Other crops should
be planted no sooner than 36 months after the last application to avoid unacceptable crop injury
(Anonymous 2012b). Depending on the crop, sulfentrazone residues in the soil can cause either
no injury or significant damage the following year, and so future crops in the rotation should be
considered when using sulfentrazone.

2.3.6 Environmental Concerns
The greatest environmental concern for sulfentrazone is its degradation of water quality.
Surface water bodies can be contaminated by spray drift or through runoff from contaminated
fields, but groundwater is most affected. Sulfentrazone is highly persistent in soil, with a half-life
ranging from 24 days to 302 days, depending on soil and climatic conditions (Ohmes et al. 2000;
Hancock 2001; Szmigielski et al. 2009). It does not bind as tightly to soil organic matter as it
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does to clay, and so it desorbs readily when soil pH is above the pKa of 6.56 (Grey et al. 2000;
Hancock 2001). At this point, sulfentrazone becomes highly mobile and gains a high leaching
potential, even months after application (Grey et al. 1997; Hancock 2001). Once in the water
system, it is a health concern for both terrestrial and aquatic species (EPA 1997). Sulfentrazone
is highly toxic to marine and estuarine organisms, and while only slightly toxic to terrestrial and
freshwater aquatic organisms, it has demonstrated adverse effects on reproduction and
development (EPA 1997). However, these environmental risks may be reduced if sulfentrazone
were applied in a micelle-clay formulation, which releases the herbicide slower and so is less
prone to leaching should heavy rainfall occur (Polubesova et al. 2003). Since organisms in both
terrestrial and aquatic ecosystems can be harmed by sulfentrazone that enters surface waters or
leaches into groundwater, the use of the herbicide is a hazard regarding the environment, but can
be alleviated by a different formulation.

2.4 Pyroxasulfone
2.4.1 Mode of Action
Pyroxasulfone (KIH-485) is an isoxazoline-type herbicide that can be applied to the soil
or post-emergence, but provides more consistent weed control when applied PRE (Anonymous
2006; Tanetani 2012). It is a very-long-chain fatty acid elongase (VLCFAE) inhibitor,
specifically in the steps from C18:0 to C20:0 and C20:0 to C22:0 (Tanetani et al. 2009; Tanetani
et al. 2011). The action mechanism is assumed to be a nucleophilic reaction of the SH group in
cysteine. Inhibition of VLCFAE prevents shoot elongation of developing seedlings by
interrupting apical meristem development (Anonymous 2006; Tanetani et al. 2009; Tanetani et
al. 2011). Cell membrane and waxy cuticle formation are also compromised (Health Canada
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2012). Pyroxasulfone controls weeds by inhibiting very-long-chain fatty acid biosynthesis and
subsequent shoot growth, thereby compromising the weed’s ability to compete for light.

2.4.2 Effect of Weather
Pyroxasulfone requires moisture to dissolve into the soil water solution so that it can be
taken up by the developing weed seedlings (Anonymous 2013a). Although approximately 1 cm
of rainfall is required for activation, it should not occur within 48 hours after PRE application
(Anonymous 2013a). Westra et al. (2014) found that mass flow largely affected the mobility of
pyroxasulfone in soil, thus heavy rainfall on cracked or coarse-textured soils could result in
excess pyroxasulfone leaving the root zone, thereby decreasing efficacy. However, Tidemann et
al. (2014b) found that weed control was better where high precipitation occurred. Pyroxasulfone
does not control weeds that germinate between the time of application and the activating rainfall
(Anonymous 2012a). Dry conditions following the activating rainfall will reduce efficacy as
pyroxasulfone is subject to degradation via volatility (Anonymous 2013a; Westra et al. 2014).
Thus, pyroxasulfone requires a short dry period after application followed by rainfall and nondrought conditions for maximum efficacy.

2.4.3 Effect of Soil Conditions
Pyroxasulfone availability is influenced by soil texture, organic matter, and pH. Finetextured soils containing higher clay content reduce availability and efficacy due to adsorption of
the herbicide onto clay particles, while coarse soils allow more water movement in soil pores,
allowing the chemical to potentially move out of the root zone (Anonymous 2013a; Westra et al.
2014). Organic matter also influences the efficacy of pyroxasulfone. Szmigielski et al. (2014)
found pyroxasulfone was less effective on high organic matter soils as it was adsorbed to the
particles. Half-life was also shorter in high organic matter soils (Szmigielski et al. 2014). This is
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reflected in a study by Tidemann et al. (2014b), who found that higher rates of pyroxasulfone
were required on high organic matter soils to reduce weed biomass by 50%. Westra et al. (2014)
also found that mobility of pyroxasulfone was reduced in soils with high organic matter,
indicating these soils will retain more herbicide. Pyroxasulfone should not be applied on soils
with more than 10% organic matter (Anonymous 2012a). In terms of pH, Szmigielski et al.
(2014) found that pyroxasulfone was less available at low soil pH, and that high pH shortens its
half-life. The application rate of pyroxasulfone should be adjusted based on soil clay and organic
matter content and soil pH level.
Soil moisture influences the level of weed control with pyroxasulfone. In a study by
Westra et al. (2014), pyroxasulfone in a soil that remained at field capacity for the duration of the
season had a half-life of 134 days, but wetter conditions the following year reduced the half-life
by 30 days, indicating that soil moisture affects its persistence in soil. This is supported by
results from a study conducted by Meuller and Steckel (2001), who found herbicide dissipation
was slower in dry soils, allowing longer persistence and long-season control. However, it should
be noted that wet soil conditions can cause more crop injury due to increased herbicide
availability in the soil solution (Tidemann et al. 2014a). Adequate moisture is required for
pyroxasulfone efficacy, but too much will accelerate degradation and increase crop injury.

2.4.4 Weed Species Controlled
Pyroxasulfone primarily provides annual grass control but also has activity on some
broadleaf species (Anonymous 2006). Its unique chemistry allows for lower application rates
than other Group 15 herbicides. In addition, its persistence in soil allows it to be applied in the
fall for the control of winter annual and biennial weed seedlings and control of summer annuals
the following growing season (Anonymous 2012a; Yamaji et al. 2014). Tidemann et al. (2014b)
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found that the herbicide rate must be adjusted according to soil organic matter content and weed
species present, as some weed species are more sensitive than others. Nurse et al. (2011) found
pyroxasulfone applied at 31.25 g ai ha-1 provided good (>90%) control of velvetleaf,
barnyardgrass and large crabgrass. Olson et al. (2011) reported that pyroxasulfone provided
greater than 90% control of large crabgrass and Boydston et al. (2012) found 99 to 100% control
of barnyardgrass when pyroxasulfone was applied at 150 g ai ha-1. Nurse et al. (2011) estimated
that 93 g ai ha-1 of pyroxasulfone was required for 90% control of redroot pigweed, based on
regression analysis. There is conflicting information in the published literature on the efficacy of
pyroxasulfone for the control of common lambsquarters. Odero and Wright (2013b) reported that
pyroxasulfone applied at 215 to 271 g ai ha-1 provided 90% control of common lambsquarters,
but a second study by Odero and Wright (2013a) found >95% control with pyroxasulfone at 123
g ai ha-1. Nurse et al. (2011) reported that 455 g ai ha-1 of pyroxasulfone was required for 90%
control of common lambsquarters. Green foxtail, prostrate pigweed (Amaranthus blitoides S.
Wats.) and wild buckwheat were poorly controlled at rates below 333 g ai ha-1 (Olson et al.
2011). Herbicide labels for pyroxasulfone state control of weeds such as dandelion (Taraxacum
officinale G.H. Weber ex Wiggers), jimsonweed, kochia, wild mustard, pigweeds, nightshades
and shepherd’s purse, and suppression of morning glory species (Anonymous 2013a).
Pyroxasulfone provides control of a wide spectrum of annual grass and broadleaf weeds at
comparatively low rates.
Pyroxasulfone is a useful herbicide for the control of specific herbicide-resistant weeds.
Pyroxasulfone provides good control of ALS-inhibitor resistant weeds such as wild oats (Avena
fatua L.) and cleavers, HPPD- and glyphosate-resistant weeds such as Amaranthus species,
Italian ryegrass (Lolium perenne spp multiflorum), and rigid ryegrass (Lolium rigidum Gaudin),
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which is a major pest in Australia and is also found in southern USA (Hulting et al. 2012;
Hausman et al. 2013; Meyers et al. 2013; Busi et al. 2014; Tidemann et al. 2014a ; Tidemann et
al. 2014b). However, a sentinel study found that rigid ryegrass is capable of developing
resistance to pyroxasulfone if exposed to recurrent low doses over four generations (Busi et al.
2012; Busi et al. 2014). Pyroxasulfone can be a component of an integrated weed management
system to control specific herbicide resistant weeds, but high rates should be employed to avoid
herbicide resistance to pyroxasulfone.

2.4.5 Crop Tolerance
Pyroxasulfone can be used in corn, cotton (Gossypium sp.), soybean, and wheat, with
potential for use in sunflower, peanuts, and potatoes, but is only registered for corn and soybean
crops in Canada (Yamaji et al. 2014). Selectivity is determined by the decreased inhibition of
VLCFAEs in these crops compared to weed species (Tanetani et al. 2012). Mueller and Steckel
(2011) found that pyroxasulfone applied at 332 g ai ha-1 did not negatively affect corn yield.
Similarly, Odero and Wright (2013b) reported no negative effect on corn when pyroxasulfone
was applied at rates between 190 and 275 g ai ha-1. Sikkema et al. (2008b) tested pyroxasulfone
at 209 and 418 g ai ha-1 on eight varieties of sweet corn and found that although some injury was
observed, it was transient and there was no effect on sweet corn yield. Pyroxasulfone at 209 and
418 g ai ha-1 caused unacceptable crop phytotoxicity and stand reduction in dry bean (Soltani et
al. 2009b). Similarly, in additional studies, pyroxasulfone applied to other dry bean cultivars
resulted in crop injury and yield loss (Sikkema et al. 2008a; Stewart et al. 2010). Tidemann et al.
(2014a) tested pyroxasulfone on field pea and found that rates of 300 and 400 g ai ha-1 caused
stunting and a slight yield decrease compared to lower rates, but yield was still higher than
untreated plots due to less weed interference. In soybean, pyroxasulfone at 89 g ai ha-1, applied
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pre-emergence in conventional till and pre-plant in no-till, caused no crop phytotoxicity, but
yield was reduced due to weed interference (Mahoney et al. 2014). In another study,
pyroxasulfone applied at 89 and 178 g ai ha-1 caused little injury and no yield loss in soybean
(McNaughton et al. 2014). Grey et al. (2013) found no more than 5% injury in soybean treated
with pyroxasulfone at 182 g ai ha-1. Olson et al. (2011) found that pyroxasulfone at 333 g ai ha-1
did not adversely affect sunflower yields. In potato, little to no injury was observed when
pyroxasulfone was applied at 90 or 150 g ai ha-1 and yields were doubled compared to weedy
controls (Boydston et al. 2012). Multiple studies have shown excellent tolerance of wheat to
pyroxasulfone at rates below 100 g ai ha-1 (Walsh et al. 2011; Hulting et al. 2012; Boutsalis et al.
2014). Pyroxasulfone selectivity in wheat is likely due to accelerated cleavage of
methylenesulfonyl linkage as compared to weeds (Tanetani et al. 2013). To summarize, corn,
field pea and sunflower can tolerate pyroxasulfone at high rates while soybean, wheat and potato
have good tolerance at lower rates. Pyroxasulfone causes unacceptable injury and yield loss in
dry bean at rates above 209 g ai ha-1.

2.4.6 Environmental Concerns
Water contamination is a concern with the use of pyroxasulfone for weed control. Surface
waters can be contaminated by spray drift and later runoff for several months after application
(Anonymous 2013a). Its high mobility and persistence is also an issue because leaching may
cause a buildup in groundwater systems (Anonymous 2013a). Pyroxasulfone is toxic to fish and
aquatic invertebrates, and so buffer zones of 1 to 5 metres are required if pyroxasulfone is to be
applied in close proximity to water (Anonymous 2012a; Health Canada 2012). Minimal toxic
effects are found in mammals following prolonged exposure (Health Canada 2012). Thus,
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pyroxasulfone poses a minimal risk to terrestrial species but should be used with care to avoid
harming aquatic species.

2.5 Summary
Dry bean is a fairly prominent crop in Ontario agriculture, but obtaining high yields can
be difficult as the crop is sensitive to weed interference. Early emerging weeds can be controlled
using a soil-applied herbicide; however, in Ontario, soil-applied herbicides registered for dry
bean are limited. Only two herbicides, imazethapyr and halosulfuron, provide primary control of
broadleaf weed species and are both ALS inhibitors. Sulfentrazone is a soil-applied herbicide
with good control of many broadleaf weed species, and has a different mode of action than the
herbicides currently registered in Ontario. Pyroxasulfone, although a grass herbicide, also
controls a variety of broadleaf weed species. Its unique chemistry compared to other Group 15
herbicides creates potential for a slightly different mode of action. Research is needed to
determine if these two herbicides could be incorporated into Ontario weed management
strategies in dry bean.

2.6 Hypotheses and Objectives
Sulfentrazone provides broadleaf weed control and has selectivity in pulse crops in
Western Canada. There are a limited number of soil-applied broadleaf herbicides registered for
use in Ontario dry bean, and the two soil-applied herbicides registered for broadleaf control in
dry bean have the same mode of action. Sulfentrazone would provide a new mode of action for
broadleaf weed control in Ontario dry bean. As the efficacy of sulfentrazone is influenced by soil
characteristics and weather conditions, research conducted in Ontario is needed to determine if
sulfentrazone provides acceptable weed control without causing unacceptable crop injury for
registration for use in Ontario dry bean.
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The hypotheses of this research are:
1. Sulfentrazone will not cause injury and yield loss in dry bean.
2. Tank mixes of sulfentrazone plus a soil-applied grass herbicide will provide control of
many common annual grass and broadleaf weeds in Ontario.
3. The addition of halosulfuron or imazethapyr to sulfentrazone plus s-metolachlor will
result in increased control of broadleaf weeds.
The objectives of this research are:
1. To determine the tolerance of different dry bean market classes to sulfentrazone and
sulfentrazone plus pyroxasulfone.
2. To determine the spectrum of weed control provided by sulfentrazone.
3. To determine which grass herbicide compliments sulfentrazone the best in regards to
grass and broadleaf weed control.
4. To determine if there is an improvement in broadleaf weed control by adding low rates of
imazethapyr or halosulfuron to sulfentrazone plus s-metolachlor.
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3. Tolerance of four dry bean market classes to pre-emergence applications of
sulfentrazone
3.1 Abstract
Ontario dry bean growers are currently limited to ALS inhibitor herbicides for soilapplied broadleaf weed control; therefore another mode of action is needed. Sulfentrazone is a
PPO inhibitor herbicide that has activity on some annual grass and broadleaf weed species. Four
field trials were conducted over two years (2014, 2015) to determine the tolerance of four dry
bean market classes (adzuki, kidney, small red Mexican and white bean) to PRE applications of
sulfentrazone at 140, 210, 280 and 420 g ai ha-1. Crop injury, plant height, plant density, shoot
biomass, seed moisture content and yield were examined. Sulfentrazone (420 g ai ha-1) caused up
to 74, 22, 30, and 57% injury in adzuki, kidney, small red Mexican and white bean, respectively.
Plant density, height and yield were not reduced for kidney or small red Mexican bean.
Sulfentrazone (420 g ai ha-1) reduced white bean plant density, height and yield by 28, 29 and
29%, respectively; and reduced adzuki bean plant density, height and yield by 51, 34 and 57%,
respectively. Overall, kidney and small red Mexican bean were the most tolerant to
sulfentrazone, followed by white bean, and then adzuki. This study determined sulfentrazone
applied PRE is safe for Ontario kidney bean and small red Mexican bean crops.

3.2 Introduction
Dry bean (Phaseolus vulgaris L.) is an important crop for southwestern Ontario. In 2014,
over 50 000 ha of white and coloured dry beans were seeded in Ontario, producing 125 000 T
with an approximate value of $111 000 000 (Kalusekera 2015). Popular market classes of dry
bean grown in Ontario include black, cranberry, kidney, white (navy), otebo, small red Mexican,
and adzuki (Vigna angularis (Willd) Ohwi & Ohashi). Weeds can significantly reduce dry bean
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yield as weeds can outcompete the beans for essential resources (Woolley et al. 1993; Ghamari
and Ahmadvand 2012; Hadi et al. 2006). Studies have found 70% yield loss can occur in dry
bean from competition with weeds (Malik et al. 1993).
Only two soil-applied broadleaf herbicides are registered for Ontario dry bean—
imazethapyr and halosulfuron. Both are Group 2, ALS inhibitor herbicides. As there are more
than ten documented weed species with group 2 resistance in Ontario, another mode of action is
needed for weed management in dry bean (Heap 2014). Sulfentrazone is a soil-applied,
protoporphyrinogen oxidase IX (PPO) inhibitor herbicide that provides residual control of many
broadleaf weeds and some grasses. Sulfentrazone causes an excess of protoporphyrinogen IX in
the chloroplast, which then leaks into the cytoplasm and is converted to protoporphyrin IX. As
weeds emerge from the soil, the protoporphyrin IX reacts with light to produce O+, which
peroxidizes cell membranes causing cellular leakage. It controls weed species such as
Amaranthus retroflexus L. (redroot pigweed), Amaranthus tuberculatus var. rudis (waterhemp),
Chenopodium album L. (common lambsquarters), Digitaria spp. (crabgrass), Panicum spp. and
Setaria faberii L. (giant foxtail) (Niekamp et al. 1999; Niekamp and Johnson 2001; Anonymous
2012b). Sulfentrazone is registered Canada-wide for pre-emergence (PRE) use in chickpea
(Cicer arientinum L.), soybean (Glycine max L.), sunflower (Helianthus annuus L.), and field
pea (Pisum sativum L.). There is little information on the response of dry bean market classes to
PRE applications of sulfentrazone in Ontario.
The objective of this research was to determine the tolerance of four market classes of
dry bean (adzuki, ‘Erimo’; kidney, ‘Red Hawk’; small red Mexican, ‘Merlot’; white (navy),
‘T9905’) to PRE applications of sulfentrazone in Ontario.
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3.3 Materials and Methods
3.3.1 Experiment
Four field trials were conducted over a two-year period (2014, 2015) at the Huron
Research Station near Exeter, Ontario and University of Guelph Ridgetown Campus in
Ridgetown, Ontario, Canada. In 2014, the soil in Ridgetown was a loam with 40% sand, 35% silt
and 25% clay, organic matter content of 7.1% and pH of 6.6. In 2015, Ridgetown soil was a
sandy clay loam with 53% sand, 27% silt, 20% clay, organic matter content of 5.3% and pH of
7.0. Exeter Site A was a silty clay loam with 18%, 46%, and 36% sand, silt and clay,
respectively, with an organic matter content of 4.7% and pH of 7.5. Site B was a loam with 35%
sand, 43% silt, 22% clay, organic matter content of 3.6% and pH of 7.6. Seedbeds were prepared
by moldboard ploughing in the fall and two passes with a cultivator with rolling basket harrows
in the spring.
The experiments were arranged in split-plot design with 4 replicates. Main plots were
herbicide rate and subplots were dry bean market class (adzuki, kidney, small red Mexican and
white bean). Plots were 6 m wide (2 rows of each market class spaced 0.75 m apart) by 8 m long
in Ridgetown and 3 m (1 row of each market class spaced 0.75 m apart) by 10 m long in Exeter.
All experiments were seeded to a depth of 4 to 5 cm in late May to early June. Different discs
were used to adjust the seeding population depending on market class and location as per
provincial agronomic recommendations. In Ridgetown, adzuki, small red Mexican and white
bean were seeded at a rate of 232 900 seeds ha-1and kidney bean was seeded at 175 500 seeds
ha-1. At the Exeter locations, adzuki bean was seeded at 272 000 seeds ha-1, white bean was
seeded at 254 000 seeds ha-1, and kidney and small red Mexican bean were seeded at 212 000
seeds ha-1. Herbicide treatments included an untreated control and four rates of sulfentrazone
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(140, 210, 280 and 420 g ai ha-1). Herbicides were applied using a CO2 pressurized backpack
sprayer and a 1 m handheld boom with three ULD 110-02 nozzles (Hypro, New Brighton, MN)
spaced 0.5 m apart, calibrated to deliver 200 L ha-1 at 240 kPa. Plots were maintained weed-free
by hand-hoeing for the entire growing season to eliminate the confounding factor of weed
interference.
Crop injury was visually assessed at 1, 2, 3, 4, 6, and 8 weeks after crop emergence
(WAE). At 3 WAE, plant density was determined by counting the number of plants in a metre of
row for each market class. A metre of row for each market class was then harvested at ground
level, placed in separate paper bags, and dried in a kiln. Once dry, the plants were weighed to
determine dry shoot weight. At 6 WAE, 10 plants from each treatment were randomly selected
for height measurement, and their heights were averaged for each market class. Seed moisture
content and yield—adjusted to 15% moisture for adzuki and 18% moisture for kidney, small red
Mexican and white bean—were determined at maturity.

3.3.2 Statistical Analysis
All analyses were conducted in SAS version 9.4 (SAS Institute Inc., NC). Fixed effects
for the analysis included sulfentrazone rate, bean market class, and their interaction, and their
significance was determined with the F-test. Random effects included environment (yearlocation combination), block nested within environment, rate by environment interaction, market
class by environment interaction, and rate by market class by environment interaction. Their
significance was determined with the Z-test. The assumptions of normality and homogeneity of
the residuals were tested with the UNIVARIATE procedure under various transformations of the
data. The transformation that produced the highest Shapiro-Wilk statistic for each data set was
selected for the analysis. Data were then subjected to analysis of variance using the MIXED
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procedure and Fisher’s Protected LSD test with a significance level of 0.05. Data were
transformed back to the original scale for presentation.

3.4 Results and Discussion
Statistical analyses determined that the market class by environment interaction was
significant for most data sets. This is likely due to the bean classes responding differently to the
different soil types and weather conditions. However, there were no significant environment, rate
by environment interaction, or rate by market class by environment interaction effects, and so
data were pooled for the analysis. Analyses revealed that sulfentrazone rate was significant for
all assessments, and bean market class was significant for injury at 2, 3, 4, 6 and 8 WAE, plant
density, height, shoot dry weight, seed moisture content and yield (Table 3.1). Rate by market
class interaction was significant for injury 3, 4, 6 and 8 WAE, plant density, height, and yield
(Table 3.1).

3.4.1 Crop injury
Crop injury symptoms in this study included leaf crinkling and cupping, reduced growth,
and reduced plant stand. At 1 WAE, sulfentrazone at 140, 210, 280, and 420 g ai ha-1 caused 2, 4,
11, and 35% injury, respectively (Table 3.1). None of the herbicide treatments were equivalent to
the control. At 2 WAE, the level of injury caused by sulfentrazone at 140, 210, 280, and 420 g ai
ha-1 was similar to 1 WAE with 1, 5, 10, and 29% injury, respectively. Soltani et al. (2014c)
reported a similar level of injury of 11% in dry bean treated with 280 g ai ha-1 sulfentrazone at 2
WAE, but Hekmat et al. (2007) found sulfentrazone at 420 g ai ha-1only caused an average of
12% injury across eight market classes of dry bean. Between 3 and 8 WAE, the level of injury
was dependent on the bean market class and rate of sulfentrazone, and injury was highest at 4
WAE. Adzuki was the most sensitive, with sulfentrazone (140, 210, 280 and 420 g ai ha-1)
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causing up to 2, 25, 41, and 74% injury, respectively (Table 3.2). White bean experienced up to
4, 13, 33, and 57% injury at 140, 210, 280 and 420 g ai ha-1, respectively. Kidney and small red
Mexican were the most tolerant, with sulfentrazone causing ≤10% injury at rates below 280 g ai
ha-1, while 420 g ai ha-1 caused up to 22% injury. Soltani et al. (2014c) also found kidney bean
was more tolerant to sulfentrazone than white bean. In other studies examining PPO inhibitors on
dry bean, flumioxazin applied PRE at 140 g ai ha-1 caused up to 34% injury in black, kidney,
cranberry and white bean (Soltani et al. 2005). Fomesafen caused 5% injury or less in black,
cranberry, great northern, kidney, pink, pinto and white bean (Wilson 2005; Sikkema et al.
2009b). Saflufenacil applied PRE at 50 g ai ha-1 caused up to 31% injury in adzuki, black, kidney
and white bean (Soltani et al. 2014d).

3.4.2 Plant Density
Small red Mexican bean and kidney bean densities were not reduced by any of the
herbicide treatments compared to the control (Table 3.3). White bean had densities equivalent to
the control at up to 280 g ai ha-1 of sulfentrazone. Sulfentrazone at 420 g ai ha-1 reduced white
bean density by 28%. Sulfentrazone at 140 and 210 g ai ha-1 did not reduce adzuki bean density
relative to the control, but sulfentrazone at 280 and 420 g ai ha-1 reduced density by 34 and 51%,
respectively. Soltani et al. (2014d) found saflufenacil applied PRE reduced plant density by 53%
in black bean, 38% in kidney bean and 70% in white bean.

3.4.3 Shoot Dry Weight
Shoot dry weight was not affected by sulfentrazone at 140 or 210 g ai ha-1 (Table 3.1).
Shoot dry weight was reduced by 11% at 280 g ai ha-1 and 28% at 420 g ai ha-1. In contrast,
Hekmat et al. (2007) did not observe a decrease in dry bean shoot dry weight when treated with
420 g ai ha-1 of sulfentrazone. Flumioxazin applied PRE reduced shoot dry weight for black and
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white bean, but not for cranberry or kidney bean (Soltani et al. 2005a). Saflufenacil reduced
black and white bean shoot dry weight by up to 41%, but did not reduce adzuki or kidney bean
shoot dry weight (Soltani et al. 2014d).

3.4.4 Plant Height
Shorter plant heights can cause reduced yield at harvest due to harvest losses at the cutter
bar of the combine. Kidney bean and small red Mexican bean height were not reduced by any of
the sulfentrazone rates evaluated (Table 3.3). Adzuki bean height was reduced at 420 g ai ha-1 by
34%, while white bean height was reduced by 17% at 280 g ai ha-1 and 29% at 420 g ai ha-1.
These results both agree and conflict with a study by Hekmat et al. (2007). In Hekmat et al.
(2007), sulfentrazone at 420 g ai ha-1 also did not reduce kidney bean height, but white bean
(‘OAC Thunder’) height was equivalent to the control, which may indicate some differential
cultivar sensitivity to sulfentrazone. In other studies, saflufenacil did not reduce adzuki or kidney
bean height (Soltani et al. 2014d). Flumioxazin did not reduce cranberry or kidney bean height
relative to the control, but black bean height was reduced by 24% and white bean height was
reduced by 29% (Soltani et al. 2005a).

3.4.5 Seed Moisture Content and Yield
Herbicide injury can cause delayed maturity of the crop which can cause seed damage
from delayed harvest and storage problems. Delayed maturity is indicated by elevated seed
moisture content. In this study, sulfentrazone at 140, 210 and 280 g ai ha-1 did not increase seed
moisture content compared to the untreated control, but seed moisture was 1.2% higher for the
beans treated with 420 g ai ha-1 (Table 3.1). Kidney bean and small red Mexican bean yields
were not significantly reduced by any of the rates evaluated (Table 3.3). Adzuki bean yield was
not affected by sulfentrazone at 140 and 210 g ai ha-1, yielding 91% and 89% of the control,
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respectively. In contrast, sulfentrazone at 280 g ai ha-1 reduced adzuki yield by 28% and 420 g ai
ha-1 reduced yield by 57%. Soltani et al. (2010) found saflufenacil reduced adzuki bean yield by
56%. White bean yield was not reduced compared to the control by rates up to 280 g ai ha-1, but
was reduced by 29% at 420 g ai ha-1. In contrast, Hekmat et al. (2007) found white bean yield
was equivalent to the untreated control but was numerically reduced by 17% by sulfentrazone
(420 g ai ha-1). This difference could be attributed to a different cultivar used in that study.
Soltani et al. (2014c) did not find a decrease in yield in black, cranberry, kidney or white bean
treated with sulfentrazone at rates up to 280 g ai ha-1.

3.5 Conclusions
In this study, kidney bean and small red Mexican bean demonstrated the highest tolerance
to PRE applications of sulfentrazone; plant density, height, and yield were not affected at any of
the rates evaluated, and there was an acceptable margin of crop safety for rates up to 280 g ai
ha-1. White bean had the next best tolerance, with plant density and yield only affected at 420 g
ai ha-1, and a narrow margin of crop safety at rates up to 210 g ai ha-1. Adzuki bean had the
poorest tolerance of the market classes evaluated, with plant density and yield reduced by 280
and 420 g ai ha-1, and unacceptable injury at 210 g ai ha-1 and above. Based on these results, PRE
applications of sulfentrazone are safe for kidney and small red Mexican bean production in
Ontario.

40

Table 3.1. Mean values of main effects and their interaction for crop injury, plant density, shoot dry weight, plant height, seed
moisture content and yield of dry bean treated with sulfentrazone PRE at Ridgetown and Exeter, Ontario in 2014 and 2015. Means
followed by the same letter within a column are not significantly different according to Fisher’s Protected LSD at P<0.05.a
Dry Bean Injury

Main effects

b

1
WAE

2
WAE

3
WAE

4
WAE
%

6
WAE

8
WAE

Plant
Density
# m-1 row

Shoot
Dry
Weight
g plant-1

Plant
Height
cm

Seed
Moisture
Content
%

Yieldc
T ha-1

Dry Bean Market
NS
**
**
**
*
*
*
**
**
*
**
Class
Adzuki
10
13 b
24
32
12
11
12
0.6 c
33.5
15.3 a
1.65
Kidney
5
4 a
7
6
2
2
14
2.7 a
55.2
17.1 ab
2.46
Small Red Mexican
7
4 a
7
5
2
1
16
2.3 a
59.0
19.4 b
3.39
White
12
12 b
21
24
6
3
17
1.4 b
49.6
18.6 ab
3.35
Sulfentrazone Rate
**
**
**
**
**
**
**
**
**
*
**
(g ai ha-1)
0
0 a
0 a
0
0
0
0
17
1.8 ab
52.2
17.0 a
3.04
140
2 b
1 b
3
2
1
1
15
1.8 a
52.4
17.2 ab
2.86
210
4 b
5 c
7
9
2
2
15
1.7 ab
50.9
17.3 ab
2.80
280
11 c
10 d
17
19
7
5
15
1.6 b
47.8
17.9 ab
2.50
420
35 d
29 e
38
40
16
9
12
1.3 c
43.0
18.2 b
2.22
Interaction
V×H
NS
NS
**
**
**
*
**
NS
**
NS
**
a
Abbreviations: WAE, weeks after crop emergence; H, herbicide treatment; NS, not significant at P=0.05; V, dry bean market class.
b
Significance at P<0.05 and P<0.01 denoted as * and **, respectively. Means were only separated when there was no interaction with
that main effect.
c
Adjusted to 15% moisture for adzuki and 18% moisture for kidney, small red Mexican and white bean.
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Table 3.2. Mean visible injury (%) of four market classes of dry bean treated with sulfentrazone
PRE at Ridgetown and Exeter, Ontario in 2014 and 2015. Means followed by the same letter in a
row (X-Z) or column (a-d) for each rating are not significantly different according to Fisher’s
Protected LSD at P<0.05.a
Sulfentrazone
Small Red
Adzuki Bean
Kidney Bean
White Bean
rate (g ai ha-1)
Mexican Bean
Injury 3 WAE
%
0
0
a
0
a
0
a
0
a
140
2
b
Z
2
b
Z
2
b
Z
4
b
Z
210
16
c
Z
3
b
Z
2
b
Z
12
bc
Z
280
35
cd
Y
6
bc
Z
7
bc
Z
29
cd YZ
420
64
d
Y
22
c
Z
21
c
Z
54
d
YZ
Injury 4 WAE
%
0
0
a
0
a
0
a
0
a
140
2
b
Z
1
ab
Z
1
ab
Z
4
b
Z
210
25
c
Z
2
b
Z
2
bc
Z
13
bc
Z
280
41
c
X
5
bc
Z
6
bc
YZ
33
cd XY
420
74
d
Y
19
c
Z
15
c
Z
57
d
Y
Injury 6 WAE
%
0
0
a
0
a
0
a
0
a
140
1
ab
Z
1
ab
Z
0
ab
Z
1
ab
Z
210
8
bc
Z
1
ab
Z
1
b
Z
2
bc
Z
280
27
cd
Y
2
b
Z
3
b
Z
10
cd YZ
420
58
d
X
6
b
YZ
5
b
Z
33
d
XY
Injury 8 WAE
%
0
0
a
0
a
0
a
0
a
140
1
ab
Z
1
ab
Z
0
ab
Z
0
ab
Z
210
8
bc
Z
1
ab
Z
1
ab
Z
2
bc
Z
280
17
cd
Y
3
b
YZ
2
b
Z
5
bc YZ
420
49
d
Y
5
b
Z
2
b
Z
12
c
YZ
a
Abbreviations: WAE, weeks after crop emergence.
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Table 3.3. Mean plant density, plant height, and yield as a percentage of the untreated control (0
g ai ha-1) of four market classes of dry bean treated with sulfentrazone PRE at Ridgetown and
Exeter, Ontario in 2014 and 2015. Means followed by the same letter in a row (X-Z) or column
(a-d) for each variable are not significantly different according to Fisher’s Protected LSD at
P<0.05.
Sulfentrazone rate
Small Red
Adzuki Bean
Kidney Bean
White Bean
(g ai ha-1)
Mexican Bean
Plant Density
%
0
100
a
Z
100
a
Z
100
a
Z
100
a
Z
140
96
a
Z
84
a
Z
92
a
Z
96
ab
Z
210
78
ab
Z
100
a
Z
91
a
Z
92
ab
Z
280
66
b
Y
98
a
YZ 99
a
Z
87
ab YZ
420
49
b
Y
78
a
YZ 86
a
Z
72
b
YZ
Plant Height
%
0
100
a
Y
100
a
Z
100
a
Z
100
a
Z
140
103
a
Y
102
a
Z
102
a
Z
95
ab
Z
210
98
a
Y
99
a
Z
101
a
Z
92
ab
Z
280
86
ab
Y
97
a
Z
99
a
Z
83
bc
Z
420
66
b
X
93
a
YZ 94
a
Z
71
c
Y
Yield
%
0
100
a
Y
100
a
YZ 100
a
Z
100
a
Z
140
91
ab
Y
99
a
YZ 95
a
Z
92
a
Z
210
89
ab
Y
96
a
YZ 93
a
Z
90
a
Z
280
72
b
Y
89
a
YZ 83
a
Z
83
ab
Z
420
43
c
Y
87
a
Z
87
a
Z
71
b
Z
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4. Response of four dry bean market classes to pre-emergence applications of
pyroxasulfone, sulfentrazone and pyroxasulfone + sulfentrazone
4.1 Abstract
Only one herbicide mode of action (ALS inhibitor) is currently available to Ontario dry
bean producers for soil-applied broadleaf weed control. Four field studies were conducted over
two years (2014, 2015) to examine the tolerance of four market classes of dry bean to
sulfentrazone (210 and 420 g ai ha-1) and pyroxasulfone (100 and 200 g ai ha-1) applied alone
and in combination. The registration of these two herbicides would provide Ontario dry bean
producers with two additional modes of action for broadleaf weed control. Pyroxasulfone caused
up to 23, 6, 7 and 10% injury in adzuki, kidney, small red Mexican and white bean, respectively,
sulfentrazone caused up to 51, 12, 15 and 44% injury and the combination caused up to 90, 23,
29 and 62% injury, respectively. Kidney and small red Mexican bean density, height, seed
moisture content and yield were not affected. Pyroxasulfone (200 g ai ha-1) + sulfentrazone (420
g ai ha-1) reduced adzuki and white bean density, shoot dry weight, height, and yield. This study
concludes that pyroxasulfone (100 g ai ha-1) + sulfentrazone (210 g ai ha-1) applied PRE can be
safely used to control weeds in Ontario kidney and small red Mexican bean production.

4.2 Introduction
In 2015, Ontario dry bean growers produced 115 000 tonnes of white and coloured dry
beans (Phaseolus vulgaris L.) on 52 600 ha (Kalusekera 2015). Dry bean market classes
commonly grown in Ontario include black, cranberry, kidney, otebo, small red Mexican, white
(navy), and adzuki (Vigna angularis (Willd) Ohwi & Ohashi) bean. One of the most critical
aspects of dry bean production is weed control, as weed interference has been reported to cause
more than 68% yield loss (Malik et al. 1993; Soltani et al. 2014a; Soltani et al. 2014b).
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Currently, Ontario dry bean producers are limited to two acetolactate synthase (ALS) inhibitor
herbicides for soil-applied broadleaf weed control, to which there are currently more than ten
resistant weed species in the province of Ontario (Heap 2014). Therefore, another mode of action
is needed for soil-applied broadleaf weed control in order to chemically control these weeds.
Sulfentrazone is a protoporphyrinogen oxidase (PPO) inhibitor herbicide that was
recently registered for use in Ontario soybean (Glycine max L.). Sulfentrazone inhibits the PPO
enzyme, causing an excess of protoporphyrinogen IX in the chloroplast of the cell (Nandihalli
and Duke 1993). The excess then leaks out of the chloroplast and into the cytoplasm, where
various reactions convert it to free oxygen radicals. These radicals disrupt cell membranes,
resulting in cellular leakage, loss of cell function, and cell death (Shaner 2014). Sulfentrazone
controls broadleaf weeds such as pigweeds (Amaranthus spp.), common lambsquarters
(Chenopodium album L.) and wild buckwheat (Polygonum convolvulus L.), and grasses such as
giant foxtail (Setaria faberii Hermm.), fall panicum (Panicum dichotomiflorum Michx.) and
witchgrass (Panicum capillare L.) (Niekamp et al. 1999; Hancock 2001; Niekamp and Johnson
2001; Anonymous 2012b).
Pyroxasulfone is an isoxazoline herbicide that is most effective when applied preemergence (PRE) (Anonymous 2006; Tanetani 2012). It is a very-long-chain fatty acid
biosynthesis inhibitor that is applied at much lower rates than other Group 15 herbicides
(Tanetani et al. 2011). Pyroxasulfone primarily controls common Ontario annual grass species
such as barnyard grass (Echinochloa crusgalli (L.) Beauv.), large crabgrass (Digitaria
sanguinalis (L.) Scop.), foxtails (Setaria spp.), wild-proso millet (Panicum miliaceum L.) and
fall panicum (Panicum dichotomiflorum Michx.), but also controls broadleaf species such as
velvetleaf (Abutilon theophrasti Medik.), pigweeds (Amaranthus spp.), common lambsquarters,
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common ragweed (Ambrosia artemisiifolia L.), and wild mustard (Sinapis arvensis L.) (Nurse et
al. 2011; Anonymous 2013a). In Ontario, pyroxasulfone is currently only available in a premix
or co-pack with other active ingredients for weed control in corn and soybean crops.
There is little information on dry bean tolerance to sulfentrazone, pyroxasulfone or their
combination. The objective of this study was to determine the tolerance of four market classes of
dry bean to PRE applications of sulfentrazone, pyroxasulfone, and a combination of the two.

4.3 Materials and Methods
4.3.1 Experiment
Four field trials were conducted at the University of Guelph Ridgetown Campus,
Ridgetown and Huron Research Station, Exeter in Ontario, Canada over two years (2014, 2015).
The 2014 Ridgetown site was a loamy soil with sand, silt and clay content of 40, 35 and 25%,
respectively, pH of 6.6 and organic matter content of 7.1%. The 2014 Exeter site was a
Brookston clay loam, with 41% sand, 40% silt, 19% clay, pH of 7.8 and organic matter content
of 3.8%. In 2015, soil at Ridgetown was a sandy clay loam with 53% sand, 27% silt, 20% clay,
pH of 7.0 and organic matter content of 5.3%. The soil at Exeter in 2015 was a silty clay loam
with 18% sand, 46% silt, 36% clay, pH of 7.5 and organic matter content of 4.7%. Seedbeds
were prepared by a fall moldboard ploughing followed by two passes in the spring with a
cultivator with rolling basket harrows.
Experiments were arranged in split-plot design, with herbicide as the main plot and bean
market class as the sub-plot. Bean market classes included adzuki (‘Erimo’), kidney (‘Red
Hawk’), small red Mexican (‘Merlot’), and white (‘T9905’) bean. Each experiment had four
replicates. Plots in Ridgetown were 6 m wide by 8 m long, and consisted of two rows of each
market class spaced 75 cm apart. Plots in Exeter were 3 m wide by 10 m long and consisted of 1
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row of each market class spaced 75 cm apart. In Ridgetown, kidney bean was seeded at
approximately 175 000 seeds ha-1 while adzuki, white and small red Mexican bean were seeded
at approximately 235 000 seeds ha-1. In Exeter, kidney and small red Mexican bean were seeded
at 200 000 seeds ha-1, adzuki bean was seeded at 275 000 ha-1, and white bean was seeded at
250 000 seeds ha-1. All experiments were seeded 4 to 5 cm deep between late May and early
June. Herbicide treatments included an untreated control, pyroxasulfone at 100 and 200 g ai ha-1,
sulfentrazone at 210 and 420 g ai ha-1, pyroxasulfone (100 g ai ha-1) + sulfentrazone (210 g ai
ha-1), and pyroxasulfone (200 g ai ha-1) + sulfentrazone (420 g ai ha-1). Herbicides were applied
with a CO2 pressurized backpack sprayer calibrated to deliver 200 L ha-1 at 240 kPA using a 1 m
handheld boom with three ULD 110-02 nozzles (Hypro, New Brighton, MN) spaced 0.5 m apart.
Plots were maintained weed-free the entire season by hand-hoeing to eliminate the confounding
factor of weed interference.
Visible crop injury was assessed at 1, 2, 3, 4, 6 and 8 weeks after crop emergence
(WAE). Plant density and shoot dry weight were determined at 3 WAE by counting the number
of plants in a metre of row for each market class in each treatment, clipping them at the soil
surface, placing them in a separate paper bag, drying in a kiln and weighing once dry. At 6
WAE, plant height was determined by randomly selecting ten plants in each market class in each
treatment and averaging their heights. Seed moisture content was determined at maturity. Yield
was determined at maturity and adjusted to 15% moisture for adzuki bean and 18% moisture for
kidney, small red Mexican and white bean.

4.3.2 Statistical Analysis
Statistical Analysis Software (SAS) v. 9.4 (SAS Institute Inc., NC) was used to perform
an analysis of variance on all data. Data were partitioned into the fixed effects of herbicide
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treatment, bean market class and their interaction, and the random effects of environment (yearlocation combination), block within environment, and interactions between environment and
each of the fixed effects. The significance of the fixed and random effects was determined using
the F-test and Z-test, respectively. The UNIVARIATE procedure was used to produce residual
plots and Shapiro-Wilk statistics to analyze the homogeneity and normality of the residuals
under various transformations. The transformation that produced the highest Shapiro-Wilk
statistic was used to analyze each data set. Injury, biomass, and seed moisture data were log
transformed, while yield and height data were arcsine square root transformed. The MIXED
procedure was used to obtain the least squares means and differences of least squares means to
achieve means separation between treatments at a Type 1 error of 0.05. Orthogonal contrasts
were also performed. Data were back transformed for presentation on the original scale.

4.4 Results and Discussion
Statistical analysis determined there was no interaction between bean market class and
herbicide treatment for injury at 1 and 2 WAE (Table 4.1); therefore the main effect of herbicide
will be discussed separately. There was an interaction between dry bean market class and
herbicide treatment for plant density, shoot dry weight, plant height, seed moisture content and
yield (Table 4.2). Therefore, only the interaction effects will be discussed.

4.4.1 Crop Injury
Crop injury symptoms included leaf malformation, marginal leaf necrosis, stunting, and
reduced plant stand. At 1 and 2 WAE, pyroxasulfone (100 and 200 g ai ha-1) caused up to 3%
and 7% injury, respectively (Table 4.1). Sulfentrazone (210 g ai ha-1) caused up to 8% injury and
was equivalent to either rate of pyroxasulfone, while sulfentrazone (420 g ai ha-1) caused up to
23% injury. The combination of pyroxasulfone (100 g ai ha-1) and sulfentrazone (210 g ai ha-1)
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caused up to 11% injury, which was equivalent to sulfentrazone alone but greater than
pyroxasulfone at 2 WAE. Similarly, pyroxasulfone (200 g ai ha-1) + sulfentrazone (420 g ai ha-1)
produced up to 42% injury which was not different from sulfentrazone (420 g ai ha-1) alone.
At 3, 4, 6 and 8 WAE, injury was greatest in adzuki bean, followed by white, small red
Mexican, then kidney bean (Table 4.1). Pyroxasulfone (100 g ai ha-1) produced the least amount
of injury of the herbicide treatments, causing 5% injury or less in all market classes (Table 4.3).
Pyroxasulfone (200 g ai ha-1) caused greater injury than the 100 g ai ha-1 rate in adzuki bean at 4
and 6 WAE. Pyroxasulfone (200 g ai ha-1) caused up to 23, 6, 7, and 10% injury in adzuki,
kidney, small red Mexican and white bean, respectively. The level of injury observed in adzuki
and white bean is consistent with other studies examining pyroxasulfone in dry bean, but the
injury observed in kidney and small red Mexican bean were much lower than the 10 to 21%
injury caused by pyroxasulfone (209 g ai ha-1) in other studies using the same cultivars (Sikkema
et al. 2008a; Soltani et al. 2009b). Weather conditions (rainfall, temperature, etc.) and soil factors
affecting herbicide availability may contribute to the differences among studies.
Sulfentrazone (210 g ai ha-1) caused up to 17% injury in adzuki bean, 4% injury in kidney
and small red Mexican bean, and 16% injury in white bean (Table 4.3), which is consistent with
a study by Soltani et al. (2014c). The high rate of sulfentrazone (420 g ai ha-1) caused greater
injury than the 210 g ai ha-1 rate in small red Mexican bean at 4 WAE, but injury was equivalent
for both rates in the other market classes. Sulfentrazone (420 g ai ha-1) caused up to 51, 12, 15
and 44% injury in adzuki, kidney, small red Mexican and white bean, respectively.
Pyroxasulfone (100 g ai ha-1) + sulfentrazone (210 g ai ha-1) caused up to 41, 6, 5, and
12% injury in adzuki, kidney, small red Mexican and white bean, respectively, and
pyroxasulfone (200 g ai ha-1) + sulfentrazone (420 g ai ha-1) caused up to 90, 23, 29, and 62%
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injury, respectively (Table 4.3). In other studies examining PRE tank mixtures of a Group 14
plus a Group 15 herbicide on dry bean, dimethenamid-p/saflufenacil at the 1X rate caused up to
18% injury in dry bean, while the 2X rate caused up to 45% injury (Soltani et al. 2014d).
Fomesafen + s-metolachlor only caused up to 6.4% injury (Sikkema et al. 2009b). With the
exception of white bean at 6 WAE, the level of injury produced by either herbicide combination
was not greater than the injury produced by the respective rate of sulfentrazone on its own.
Based on orthogonal contrasts, the addition of sulfentrazone to pyroxasulfone caused an increase
in bean injury of 5 to 18% at 1, 2, 3, 4, 6 and 8 WAE (Table 4.1). In contrast, the addition of
pyroxasulfone to sulfentrazone caused an increase in bean injury of 5 to 12% at 1, 4 and 6 WAE.

4.4.2 Plant Density
Kidney bean and small red Mexican bean densities were not reduced by any of the
herbicide treatments (Table 4.4). Pyroxasulfone (100 and 200 g ai ha-1), sulfentrazone (210 and
420 g ai ha-1), and pyroxasulfone (100 g ai ha-1) + sulfentrazone (210 g ai ha-1) did not reduce
adzuki or white bean density relative to the control. In contrast, pyroxasulfone (200 g ai ha-1) +
sulfentrazone (420 g ai ha-1) reduced adzuki and white bean density by 45 and 33%, respectively.
Dimethenamid-p/saflufenacil also reduced plant density by 49% (Soltani et al. 2014d). Based on
orthogonal contrasts, the addition of sulfentrazone to pyroxasulfone reduced dry bean density by
2 plants m-1 of row; however, there was no impact on dry bean density when pyroxasulfone was
added to sulfentrazone (Table 4.2).

4.4.3 Shoot Dry Weight
Pyroxasulfone (100 g ai ha-1) and sulfentrazone (210 g ai ha-1) alone did not affect shoot
dry weight for any of the dry bean market classes (Table 4.4). Pyroxasulfone (200 g ai ha-1),
sulfentrazone (420 g ai ha-1), and pyroxasulfone (100 g ai ha-1) + sulfentrazone (210 g ai ha-1)
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numerically reduced adzuki shoot weight by 21, 33, and 30%, respectively, but not relative to the
control. Pyroxasulfone (200 g ai ha-1) + sulfentrazone (420 g ai ha-1) reduced adzuki shoot
weight by 69%. Kidney bean shoot dry weight was not reduced by any of the herbicide
treatments compared to the control. Pyroxasulfone (200 g ai ha-1) + sulfentrazone (420 g ai ha-1)
reduced small red Mexican bean shoot weight by 36%. White bean shoot weight was not reduced
compared to the control by pyroxasulfone (100 and 200 g ai ha-1), sulfentrazone (210 g ai ha-1),
or pyroxasulfone (100 g ai ha-1) + sulfentrazone (210 g ai ha-1), but sulfentrazone (420 g ai ha-1)
and pyroxasulfone (200 g ai ha-1) + sulfentrazone (420 g ai ha-1) reduced shoot weight by 36 and
60%, respectively. In other studies, pyroxasulfone (209 g ai ha-1) reduced shoot weight by up to
30%, and sulfentrazone (280 g ai ha-1) reduced shoot weight by up to 19% (Soltani et al. 2009b;
Soltani et al. 2014c). Orthogonal contrasts indicated that the addition of sulfentrazone to
pyroxasulfone reduced bean shoot dry weight; however, there was no impact on bean dry weight
when pyroxasulfone was added to sulfentrazone (Table 4.2).

4.4.4 Plant Height
Taller plants are desirable for dry bean crops to reduce harvest losses. Pyroxasulfone and
sulfentrazone, alone and in combination, did not reduce kidney or small red Mexican bean
height. This contrasts other studies which found a 20% decrease in pinto and small red Mexican
bean height, and a 13% decrease in kidney bean height when treated with 209 g ai ha-1
pyroxasulfone PRE (Sikkema et al. 2008a; Soltani et al. 2009b). Pyroxasulfone (100 and 200 g ai
ha-1), sulfentrazone (210 g ai ha-1), and pyroxasulfone (100 g ai ha-1) + sulfentrazone (210 g ai
ha-1) also did not reduce adzuki or white bean height compared to the control. Sulfentrazone (420
g ai ha-1) reduced adzuki and white bean height by 28 and 24%, respectively, and pyroxasulfone
(200 g ai ha-1) + sulfentrazone (420 g ai ha-1) reduced adzuki and white bean height by 46 and
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29%, respectively. This is higher than in other studies, which found sulfentrazone (420 g ai ha-1)
caused a 6 to 15% height reduction in black, brown, cranberry, kidney, otebo, pinto, white, and
yellow eye beans (Hekmat et al. 2007). Based on orthogonal contrasts, the addition of
sulfentrazone to pyroxasulfone reduced bean height 5 cm. However, there was no impact on bean
height when pyroxasulfone was added to sulfentrazone (Table 4.2).

4.4.5 Seed Moisture
Elevated seed moisture content indicates a delay in crop maturity, which will cause
increased drying costs. In this study, kidney, small red Mexican and white bean seed moisture
contents were not affected by any of the herbicide treatments compared to the control (Table
4.5). Pyroxasulfone (200 g ai ha-1) + sulfentrazone (420 g ai ha-1) increased adzuki bean seed
moisture by 2.4%. Given that the seed moisture content of adzuki bean treated with sulfentrazone
(420 g ai ha-1) was not different from this combination, the delayed maturity can be attributed to
the sulfentrazone rather than the pyroxasulfone. This is reflected by the orthogonal contrasts,
which show the addition of sulfentrazone to pyroxasulfone increased bean moisture content
(delayed maturity) at harvest by 0.9%; however, there was no impact on bean maturity when
pyroxasulfone was added to sulfentrazone (Table 4.2).

4.4.6 Yield
Kidney and small red Mexican bean yield were not affected by any of the herbicide
treatments evaluated (Table 4.5). Pyroxasulfone and sulfentrazone applied on their own did not
reduce white bean yield relative to the control, although yield was numerically reduced by 23%
by sulfentrazone at 420 g ai ha-1. This is similar to other studies, where sulfentrazone (420 g ai
ha-1) reduced black, brown, cranberry, kidney, otebo, pinto, white and yellow eye bean yield by
15, 0, 11, 0, 3, 0, 17 and 0%, respectively (Hekmat et al. 2007). Pyroxasulfone (100 g ai ha-1) +
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sulfentrazone (210 g ai ha-1) also did not reduce white bean yield relative to the control, but
pyroxasulfone (200 g ai ha-1) + sulfentrazone (420 g ai ha-1) reduced yield by 28%. Adzuki bean
yield was the most affected of all the market classes evaluated. Sulfentrazone (420 g ai ha-1)
reduced yield by 43% and pyroxasulfone (200 g ai ha-1) + sulfentrazone (420 g ai ha-1) reduced
yield by 59%. The yield reduction caused by pyroxasulfone + sulfentrazone in this study is lower
than that caused by dimethenamid-p/saflufenacil, which caused up to 61% yield loss in white
bean (Soltani et al. 2014d). Based on orthogonal contrasts, there was no effect on bean yield
when sulfentrazone was added to pyroxasulfone or when pyroxasulfone was added to
sulfentrazone (Table 4.2).

4.5 Conclusions
In general, the level of injury caused by pyroxasulfone was lower and sulfentrazone was
higher in this study than that reported in other studies, which may be a result of different weather
and soil conditions. Adzuki bean was the least tolerant to PRE mixtures of pyroxasulfone +
sulfentrazone, with up to 90% injury and a 59% yield loss. White bean was the second most
sensitive, with a narrow margin of crop safety at the low rates, and kidney and small red
Mexican bean had acceptable tolerance at the low rates. Based on the results of this study,
pyroxasulfone (100 g ai ha-1) + sulfentrazone (210 g ai ha-1) applied PRE is likely a safe
herbicide combination for kidney and small red Mexican beans in Ontario.
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Table 4.1. Visible injury of four market classes of dry bean due to pyroxasulfone and sulfentrazone, alone and in combination,
applied PRE in 2014 and 2015 at the Huron Research Station, Exeter, ON and University of Guelph Ridgetown Campus, Ridgetown,
ON.
Dry Bean Injury
Main Effectsz
y
y
1 WAE
2 WAE
3 WAE
4 WAE
6 WAE
8 WAE
----------------------------------- ---%---------------------------------------------------------Dry Bean Market Class
*
**
**
**
**
*
Adzuki
14 b
21 b
27
25
16
11
Kidney
5 a
6 a
7
7
3
3
Small Red Mexican
8 ab
7 a
7
7
4
2
White
15 b
15 b
16
14
7
4
-1
Herbicide Treatment (g ai ha )
**
**
**
**
**
**
Untreated
0 a
0 a
0
0
0
0
Pyroxasulfone (100)
3 b
3 b
3
3
1
1
Pyroxasulfone (200)
6 bc
7 bc
10
10
5
4
Sulfentrazone (210)
6 bc
8 bc
9
7
4
3
Sulfentrazone (420)
16 cd
23 de
25
23
12
7
Pyroxasulfone + Sulfentrazone
11 bcd
10 cd
11
9
5
3
(100+210)
Pyroxasulfone + Sulfentrazone
40 d
42 e
43
42
28
15
(200+420)
Interaction
B×H
NS
NS
**
*
**
**
Contrasts
Pyroxasulfone vs pyroxasulfone
4 vs 22**
4 vs 21**
6 vs 22**
6 vs 20**
3 vs 12**
2 vs 7**
+ sulfentrazone
Sulfentrazone vs pyroxasulfone
10 vs 22**
13 vs 21
15 vs 22
13 vs 20*
7 vs 12*
4 vs 7
+ sulfentrazone
Abbreviations: B, bean market class; H, herbicide treatment; NS, not significant at α=0.05; PRE, pre-emergence; WAE, weeks after
emergence.
z
Means of main effects were only separated when the interaction was not significant. Significance of main effects, interactions and
contrasts are denoted by * for P<0.05 and ** for P<0.01.
y
Means followed by the same letter in each column are not significantly different according to Fisher’s Protected LSD at P<0.05.
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Table 4.2. Plant density, shoot dry weight, plant height, seed moisture content and yield of four market classes of dry bean treated
PRE with sulfentrazone and pyroxasulfone, alone and in combination, near Ridgetown and Exeter, ON, Canada over two years (2014,
2015).
Seed Moisture
Main Effectsz
Plant Density
Shoot Dry Weight
Plant Height
Yield
Content
----# m-1 row-------g plant-1------------cm-------- ---------%--------- ----T ha-1----Dry Bean Market Class
*
**
**
*
**
Adzuki
14
0.7
33.8
15.3
1.70
Kidney
15
3.2
59.2
19.5
2.71
Small Red Mexican
17
2.4
61.1
21.0
3.39
White
17
1.5
52.1
19.5
3.60
-1
Herbicide Treatment (g ai ha )
**
**
**
**
**
Untreated
17
2.2
56.4
18.4
3.16
Pyroxasulfone (100)
17
2.0
54.8
18.0
2.93
Pyroxasulfone (200)
17
1.7
51.7
18.7
2.78
Sulfentrazone (210)
16
2.0
53.2
18.4
2.93
Sulfentrazone (420)
15
1.6
47.7
19.3
2.57
Pyroxasulfone + Sulfentrazone
16
1.9
53.2
18.5
3.05
(100+210)
Pyroxasulfone + Sulfentrazone
13
1.3
43.4
19.9
2.33
(200+420)
Interaction
B×H
**
**
**
*
**
Contrasts
Pyroxasulfone vs pyroxasulfone +
17 vs 15**
1.9 vs 1.6**
53.3 vs 48.3**
18.3 vs 19.2**
2.85 vs 2.68
sulfentrazone
Sulfentrazone vs pyroxasulfone +
16 vs 15
1.8 vs 1.6
50.5 vs 48.3
18.8 vs 19.2
2.75 vs 2.68
sulfentrazone
z
Significance of main effects, interactions and contrasts indicated by * for P<0.05 and ** for P<0.01. Means were not separated as the
interaction was significant.
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Table 4.3. Visible injury (%) of four market classes of dry bean treated PRE with sulfentrazone and
pyroxasulfone, alone and in combination, near Ridgetown and Exeter, ON, Canada over two years (2014,
2015). Means followed by the same letter in a row (Y-Z) or column (a-d) for each rating are not
significantly different according to Fisher’s Protected LSD at P<0.05.z
Herbicide Treatment
Small Red
Adzuki Bean
Kidney Bean
White Bean
(g ai ha-1)
Mexican Bean
Injury 3 WAE
--------------------------------------%-------------------------------------------Untreated
0
a
0
a
0
a
0
a
Pyroxasulfone (100)
5
b
Z
3
b
Z
2
b
Z
3
b
Z
Pyroxasulfone (200)
22
bc
Z
5
bc
Z
7
bc
Z
10
bc
Z
Sulfentrazone (210)
17
bc
Z
4
b
Z
4
bc
Z
16
cde
Z
Sulfentrazone (420)
51
cd
Y
12
bc
Z
15
cd
YZ
44
de
YZ
Pyroxasulfone +
41
cd
Y
6
bc
Z
5
bc
Z
12 bcd YZ
Sulfentrazone (100+210)
Pyroxasulfone +
86
d
Z
23
c
Z
29
d
Z
59
e
Z
Sulfentrazone (200+420)
Injury 4 WAE
--------------------------------------%-------------------------------------------Untreated
0
a
0
a
0
a
0
a
Pyroxasulfone (100)
5
b
Z
3
b
Z
2
b
Z
2
b
Z
Pyroxasulfone (200)
23
cd
Z
6
bc
Z
6
bcd
Z
9
bc
Z
Sulfentrazone (210)
14
bc
Y
4
b
YZ
2
b
Z
12
bc
YZ
Sulfentrazone (420)
49
cd
Z
11
bc
Z
14
cd
Z
37
cd
Z
Pyroxasulfone +
28
cd
Y
5
bc
Z
4
bc
Z
11
bc
YZ
Sulfentrazone (100+210)
Pyroxasulfone +
90
d
Z
21
c
Z
26
d
Z
62
d
Z
Sulfentrazone (200+420)
Injury 6 WAE
----------------------------------- ---- %-------------------------------------------Untreated
0
a
0
a
0
a
0
a
Pyroxasulfone (100)
1
b
Z
1
ab
Z
1
b
Z
2
b
Z
Pyroxasulfone (200)
14
c
Z
3
bc
Z
3
bc
Z
4
b
Z
Sulfentrazone (210)
9
bc
Z
2
bc
Z
2
bc
Z
4
b
Z
Sulfentrazone (420)
39
cd
Y
4
bc
Z
6
bc
Z
22
b
YZ
Pyroxasulfone +
17
cd
Z
3
bc
Z
3
bc
Z
4
b
Z
Sulfentrazone (100+210)
Pyroxasulfone +
86
d
Y
11
c
Z
12
c
Z
49
c
YZ
Sulfentrazone (200+420)
Injury 8 WAE
----------------------------------- ---- %-------------------------------------------Untreated
0
a
0
a
0
a
0
a
Pyroxasulfone (100)
1
ab
Z
2
b
Z
1
ab
Z
1
ab
Z
Pyroxasulfone (200)
8
bc
Z
3
b
Z
3
b
Z
2
b
Z
Sulfentrazone (210)
6
bc
Z
2
b
Z
1
b
Z
2
b
Z
Sulfentrazone (420)
33
cd
Y
4
b
Z
2
b
Z
9
bc
YZ
Pyroxasulfone +
11
c
Z
2
b
Z
1
b
Z
2
b
Z
Sulfentrazone (100+210)
Pyroxasulfone +
67
d
Y
9
b
Z
4
b
Z
20
c
YZ
Sulfentrazone (200+420)
z
Abbreviations: PRE, pre-emergence; WAE, weeks after emergence
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Table 4.4. Plant density, shoot dry weight and plant height (expressed as percentages of the untreated control) of four market classes of dry bean
treated PRE with sulfentrazone and pyroxasulfone, alone and in combination, near Ridgetown and Exeter, ON, Canada over two years (2014,
2015). Means followed by the same letter in a row (W-Z) or column (a-c) for each variable are not significantly different according to Fisher’s
Protected LSD at P<0.05.
Small Red Mexican
Herbicide Treatment (g ai ha-1)
Adzuki Bean
Kidney Bean
White Bean
Bean
Plant Density
--------------------------------------------- ---------------- %-------------------------------------------------------Untreated
100
a
Z
100
a
Z
100
a
Z
100
a
Z
Pyroxasulfone (100)
100
a
Z
105
a
Z
98
a
Z
86
ab
Z
Pyroxasulfone (200)
92
a
Z
104
a
Z
98
a
Z
97
a
Z
Sulfentrazone (210)
84
ab
Z
102
a
Z
98
a
Z
98
a
Z
Sulfentrazone (420)
71
ab
Z
98
a
Z
93
a
Z
84
ab
Z
Pyroxasulfone + Sulfentrazone
78
ab
Z
100
a
Z
96
a
Z
98
a
Z
(100+210)
Pyroxasulfone + Sulfentrazone
55
b
Y
90
a
YZ
101
a
Z
67
b
YZ
(200+420)
Shoot Dry Weight
------------------------------------------------------%---------------------------------------------------Untreated
100
a
X
100
a
Z
100
a
YZ
100
a
Y
Pyroxasulfone (100)
95
a
X
93
a
Z
92
ab
YZ
83
ab
Y
Pyroxasulfone (200)
79
a
X
85
a
Z
78
ab
YZ
67
abc
Y
Sulfentrazone (210)
102
a
X
90
a
Z
90
ab
YZ
78
ab
Y
Sulfentrazone (420)
67
ab
X
82
a
Z
70
ab
YZ
64
bc
Y
Pyroxasulfone + Sulfentrazone
70
ab
X
99
a
Z
89
ab
Z
71
ab
Y
(100+210)
Pyroxasulfone + Sulfentrazone
31
b
W
86
a
Z
64
b
Y
40
c
X
(200+420)
Plant Height
-----------------------------------------------------%---------------------------------------------------Untreated
100
a
Y
100
a
Z
100
a
Z
100
a
Z
Pyroxasulfone (100)
97
a
Y
97
a
Z
98
a
Z
96
a
YZ
Pyroxasulfone (200)
84
ab
Y
96
a
Z
95
a
Z
90
ab
Z
Sulfentrazone (210)
90
ab
Y
97
a
Z
98
a
Z
91
ab
YZ
Sulfentrazone (420)
72
bc
Y
96
a
Z
91
a
Z
76
bc
YZ
Pyroxasulfone + Sulfentrazone
87
ab
Y
98
a
Z
97
a
Z
92
ab
Z
(100+210)
Pyroxasulfone + Sulfentrazone
54
c
Y
91
a
Z
87
a
Z
71
c
Z
(200+420)
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Table 4.5. Seed moisture content (%) and yield (as a percent of the untreated control) of four market classes of dry bean treated PRE with
sulfentrazone and pyroxasulfone, alone and in combination, near Ridgetown and Exeter, ON, Canada over two years (2014, 2015). Means
followed by the same letter in a row (Y-Z) or column (a-c) are not significantly different according to Fisher’s Protected LSD at P<0.05.

Herbicide Treatment (g ai ha-1)
Seed Moisture Content
Untreated
Pyroxasulfone (100)
Pyroxasulfone (200)
Sulfentrazone (210)
Sulfentrazone (420)
Pyroxasulfone + Sulfentrazone (100+210)
Pyroxasulfone + Sulfentrazone (200+420)
Yield
Untreated
Pyroxasulfone (100)
Pyroxasulfone (200)
Sulfentrazone (210)
Sulfentrazone (420)
Pyroxasulfone + Sulfentrazone (100+210)
Pyroxasulfone + Sulfentrazone (200+420)

Adzuki Bean

Kidney Bean

-----------------------------------------------

14.9
14.6
15.1
14.9
15.5
15.3
17.3

a
a
a
a
ab
a
b

Z
Z
Z
Z
Z
Z
Z

19.7
19.1
20.2
19.3
19.7
19.1
19.8

a
a
a
a
a
a
a

Z
Z
Z
Z
YZ
Z
Z

-----------------------------------------------

100
95
83
82
57
78
41

58

a
a
ab
ab
bc
ab
c

Y
Z
Y
Y
Y
Y
Y

100
95
89
98
96
104
87

a
a
a
a
a
a
a

YZ
Z
YZ
YZ
Z
YZ
Z

Small Red Mexican
Bean

White Bean

%----------------------------------------------------

20.2
20.0
20.8
20.8
22.4
20.5
22.1

a
a
a
a
a
a
a

Z
Z
Z
Z
Y
Z
Z

19.1
18.9
19.1
19.3
20.1
19.4
20.8

a
a
a
a
a
a
a

Z
Z
Z
Z
YZ
Z
Z

%----------------------------------------------------

100
92
89
99
93
102
91

a
a
a
a
a
a
a

YZ
Z
YZ
Z
Z
Z
Z

100
90
89
90
77
98
72

a
ab
ab
ab
ab
a
b

Z
Z
Z
Z
Z
Z
Z

5. Sulfentrazone tank mix partners for weed control in white bean (Phaseolus
vulgaris L.)
5.1 Abstract
Soil-applied broadleaf herbicides for weed management in dry bean (Phaseolus vulgaris
L.) in Ontario are limited. Sulfentrazone is an effective broadleaf herbicide with some grass
activity and is currently registered for use in soybean and some pulse crops in Canada. If
registered for use in dry bean in Ontario, sulfentrazone would provide growers with another
mode of action for broadleaf weed control. Five field studies were conducted over a two-year
period (2014, 2015) to determine the tolerance of white bean to sulfentrazone applied preemergence (PRE) and if the spectrum of weeds controlled can be expanded by tank-mixing
sulfentrazone with a soil-applied grass herbicide. Sulfentrazone (140 and 210 g ai ha-1) was
mixed with pendimethalin, dimethenamid-p, s-metolachlor or pyroxasulfone. All the tankmixes
evaluated provided good control of green foxtail (Setaria viridis L.), pigweeds (Amaranthus
powelli S. Wats and A. retroflexus L.), and common lambsquarters (Chenopodium album L.) but
only sulfentrazone + pendimethalin had an adequate margin of crop safety. Based on this study,
sulfentrazone combined with a grass herbicide provides acceptable control of some grass and
broadleaf weed species; however, further research is required to determine if there is an adequate
margin of crop safety for weed management in Ontario dry bean.

5.2 Introduction
White (navy) bean (Phaseolus vulgaris L.) is a major market class of dry edible bean
grown in Ontario. In 2014, Ontario growers produced 60 000 tonnes of white bean with a value
of $43 640 000 (Kulasekera 2015). Good weed control is critical for dry bean producers, as weed
interference is the largest cause of yield loss in dry bean. Weed interference can reduce dry bean
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yield by up to 70% (Malik et al. 1993). Weeds can also decrease bean quality due to presence of
plant fragments contaminating the bean lot, or plant juices causing mud tagging or staining of the
seed coat. Many farmers use herbicides for weed control in dry bean.
Sulfentrazone is a protoporphyrinogen oxidase IX (PPO) inhibitor herbicide registered in
Canada for pre-emergence (PRE) application in soybean (Glycine max L.), chickpea (Cicer
arientinum L.), sunflower (Helianthus annuus L.), flax (Linum usitatissimum L.) and field pea
(Pisum sativum L.) crops (Anonymous 2012b). Inhibition of the PPO enzyme causes excessive
accumulation of protoporphyrin IX, which reacts with light in the cytoplasm to produce singlet
oxygen radicals (Shaner 2014). These free radicals disrupt cell membranes causing leakage of
cell contents, loss of cell function and eventual death of the plant. Sulfentrazone controls
common broadleaf species found in Ontario such as Abutilon theophrasti Medik. (velvetleaf),
Amaranthus retroflexus L. (redroot pigweed), Amaranthus tuberculatus VAR. rudis (common
waterhemp), Ambrosia artemisiifolia L. (common ragweed), and Chenopodium album L.
(common lambsquarters) (Niekamp et al. 1999; Niekamp and Johnson 2001; Anonymous
2012b). Sulfentrazone also suppresses some annual grass species, including Digitaria
(crabgrass), Setaria (foxtail), and Panicum species.
Pendimethalin is a dinitroaniline herbicide that can be applied pre-plant incorporated
(PPI) or PRE in soybean and PPI in chickpea and dry, snap (Phaseolus vulgaris L.), and lima
(Phaseolus lunatus L.) bean (Shaner 2014). In Ontario, pendimethalin is registered for soil
application in soybean and field corn (Zea mays L.), as well as PPI in adzuki (Vigna angularis
(Willd.) Ohwi & Ohashi), lima and snap bean (OMAFRA 2016). White bean has demonstrated
good tolerance to pendimethalin applied PPI (Soltani et al. 2011). Pendimethalin controls
common annual grass and broadleaf weed species such as Echinochloa crusgalli (L.) Beauv.
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(barnyard grass), Digitaria spp., Setaria spp., common lambsquarters and Amaranthus spp.
(OMAFRA 2016).
Dimethenamid-p and s-metolachlor are Group 15, chloroacetamide herbicides registered
for soil application in all dry bean market classes in Ontario. They control annual grass weed
species including barnyard grass, Panicum dichotomiflorum (L.) Michx. (fall panicum), Panicum
capillare L. (witchgrass), crabgrasses and foxtails (S. viridis (L.) Beauv., Setaria pumila (Poir.)
Roem. & Schult., and S. faberi Herrm.). Pyroxasulfone is a Group 15, isoxazoline herbicide that
controls grasses such as barnyard grass and crabgrasses, as well as small-seeded broadleaf weeds
including common lambsquarters and pigweeds (Nurse et al. 2011; Anonymous 2013a).
Pyroxasulfone is applied early pre-plant to early post-emergence in corn, soybean and wheat
crops (Shaner 2014). Pyroxasulfone is currently registered for use in Ontario corn and soybean.
Ontario dry bean producers have limited options for broadleaf weed control. The
registration of sulfentrazone in dry bean in Ontario would provide growers with a different mode
of action for broadleaf weed control. The objectives of this research were to determine the
tolerance of white bean (var. T9905) to tank mixes of sulfentrazone plus a grass herbicide
applied PRE, to determine the level of weed control provided by sulfentrazone and to determine
which grass herbicide best compliments sulfentrazone for broad spectrum weed control.

5.3 Materials and Methods
5.3.1 Experiment
Five field studies were conducted over a two-year period (2014, 2015) at the University
of Guelph, Ridgetown Campus near Ridgetown, Ontario and the Huron Research Station near
Exeter, Ontario, Canada. Near Exeter, in 2014, the soil was a Brookston clay loam with 31%
sand, 42% silt and 27% clay, a pH of 7.8 and organic matter content of 4.3%. In 2015,
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Ridgetown soils were a Watford Brady series, with site A consisting of 52% sand, 24% silt, 24%
clay, a pH of 7.3 and organic matter content of 4.3%, and site B was a sandy clay loam of 46%
sand, 27% silt, 27% clay, a pH of 6.4 and organic matter content of 3.7%. In 2015, Exeter site A
had 32% sand, 42% silt, 26% clay, a pH of 7.7 and organic matter content of 3.2%, and Exeter
site B soil consisted of 35%, 43% and 22% sand, silt, and clay, respectively, a pH of 7.6 and
organic matter content of 3.6%. Seedbed preparation at all sites consisted of moldboard
ploughing in the fall followed by two passes with an s-tine cultivator with rolling basket harrows
in the spring. Beans were planted at approximately 233 000 seeds ha-1 in rows spaced 75 cm
apart, 4-5 cm deep in late May to early June both years. Plots in Exeter were 3 m wide by 10 m
long and plots in Ridgetown were 3 m by 8 m.
Experiments were arranged in randomized complete block design with four replicates.
Fourteen herbicide treatments (Table 5.1) were applied in addition to a weedy and a weed-free
control that was sprayed with s-metolachlor (1050 g ai ha-1) and halosulfuron (35 g ai ha-1)
applied PRE and maintained weed-free by hand-hoeing thereafter. Herbicides were sprayed
using a pressurized CO2 backpack sprayer with a 1.5 m handheld boom with four ULD 120-02
nozzles (Hypro, New Brighton, MN) calibrated to deliver 200 L ha-1 at 240 kPa.
Crop injury was assessed at 2 and 4 weeks after crop emergence (WAE) based on a visual
comparison between the herbicide treatment and the weed-free control on a percent scale, 0%
being no observed injury and 100% being total plant death. Weed control was assessed visually
by species at 4 and 8 weeks after herbicide application (WAA) on a scale of 0 to 100%, 0%
being no control and 100% being complete control. At 8WAA, weed stand counts in 1 m2 per
plot were recorded by species, weeds were cut at the soil surface and placed in paper bags by
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species, dried in a kiln, and weighed for dry biomass. Seed moisture and yield (adjusted to 18%
moisture) were recorded at harvest.

5.3.2 Statistical Analysis
Statistical analysis was performed using SAS 9.4 software (SAS Institute Inc., NC).
Treatments were partitioned as fixed effects and random effects were partitioned as environment
(year-location combination), replicate, replicate nested within environment, and environment by
treatment interaction. Significance of the fixed and random effects was evaluated with the F-test
and Z-test, respectively. Using the UNIVARIATE procedure, the highest Shapiro-Wilk statistic
was used to determine the appropriate transformation for the data. Normality and homogeneity of
the residuals were also tested using scatter plots produced by the UNIVARIATE procedure.
Injury, yield and weed control data were analysed using an arcsine square root transformation to
meet ANOVA assumptions. Weed density and biomass were transformed with a logarithmic
transformation prior to analysis. All data were subjected to an analysis of variance with the
MIXED procedure in SAS using Fisher’s Protected LSD with a significance value of 0.05.
Presented results are the back-transformed means.

5.4 Results and Discussion
Statistical analysis determined that all data had an environment by treatment interaction
effect, likely due to varying soil and weather conditions. However, environment, replicate, and
replicate within environment effects were not significant, therefore all environments were
combined for analysis.

5.4.1 Crop Injury, Seed Moisture and Yield
Injury symptoms included leaf puckering, shortening of the midrib and reduced growth,
and were more pronounced at the Exeter locations than the Ridgetown locations. At 2 WAE,
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grass herbicides (pendimethalin, dimethenamid-p, s-metolachlor and pyroxasulfone) applied
alone resulted in 5% injury or less (Table 5.1). Sulfentrazone applied at 140 and 210 g ai ha-1
caused 5% and 10% injury in white bean, respectively. These results are consistent with a study
by Soltani et al. (2014c) which found that sulfentrazone caused 6% and 19% injury at 140 and
280 g ai ha-1, respectively, at 2 WAE. The addition of pendimethalin to sulfentrazone at either
rate did not result in greater injury than with sulfentrazone applied alone. The co-application of
sulfentrazone with dimethenamid-p, s-metolachlor or pyroxasulfone resulted in injury up to 18%,
19%, and 23%, respectively. Soltani et al. (2014d) also found greater injury in dry bean when a
Group 14 herbicide was combined with a Group 15 herbicide compared to either herbicide
applied alone. White bean injury from sulfentrazone (140 g ai ha-1) plus a grass herbicide
decreased slightly or remained constant at 4 WAE compared to 2 WAE. In contrast, at 4 WAE,
white bean injury from sulfentrazone (210 g ai ha-1) plus a grass herbicide increased or remained
constant compared to 2 WAE. Decreases in injury are likely due to breakdown of the herbicide
in the soil and the crop outgrowing the herbicide induced injury, while increases in injury are
likely due to continued uptake of the herbicide from the soil and inability of the white bean to
metabolize the herbicide. None of the herbicide combinations impacted seed moisture or white
bean yield at harvest.

5.4.2 Weed Control, Density and Biomass
The main weed species present at the experiment sites were common ragweed, common
lambsquarters, wild mustard (Sinapis arvensis L.), and green foxtail. Redroot pigweed was
present at the Exeter locations and green pigweed was present at the Ridgetown locations, but the
pigweeds were combined for analysis.
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Pigweeds. At 4 and 8 WAA, sulfentrazone (140 and 210 g ai ha-1) applied PRE provided 98
to100% control of pigweeds (Table 5.2). At 8 WAA, pendimethalin provided only 59% control
of pigweed species, while the Group 15 herbicides (dimethenamid-p, s-metolachlor and
pyroxasulfone) provided 96 to 98% control. There was no improvement in the control of
pigweeds when pendimethalin, dimethenamid-p, s-metolachlor or pyroxasulfone was added to
sulfentrazone versus sulfentrazone applied on its own. Sulfentrazone (140 and 210 g ai ha-1)
applied PRE reduced pigweed density and biomass by 97 to 100%. Pendimethalin applied PRE
reduced pigweed density and biomass 44 and 30%, respectively, while s-metolachlor applied
PRE reduced pigweed density and biomass 78 and 76%, respectively. In contrast, dimethenamidp and pyroxasulfone reduced pigweed density and biomass by greater than 90%. There was no
further decrease in pigweed density or biomass when pendimethalin, dimethenamid-p, smetolachlor or pyroxasulfone was added to sulfentrazone. These results are consistent with
Walsh et al. (2015) who reported 214 g ai ha-1 of sulfentrazone was required to reduce redroot
pigweed biomass by 90% in soybean, and Wilson et al. (2002) who observed 95 to 100% control
of redroot pigweed in potato with sulfentrazone at rates between 140 and 420 g ai ha-1.
Common Ragweed. At 4 and 8 WAA, sulfentrazone (140 and 210 g ai ha-1) applied PRE
provided 5 to 9% and 10 to 11% control of common ragweed, respectively, but did not decrease
common ragweed density or biomass relative to the weedy control (Table 5.3). At 4 WAA,
sulfentrazone plus pendimethalin, dimethenamid-p, s-metolachlor or pyroxasulfone provided up
to 10, 29, 20, and 71% control of common ragweed, respectively, which is consistent with other
studies (Krausz et al. 1998; Niekamp and Johnson 2001). These results are also consistent with
the results of Walsh et al. (2015) who reported that 514 g ai ha-1 of sulfentrazone was required
for a 90% decrease in common ragweed biomass. In contrast, the results from this study differ
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from Krausz et al. (1998) who reported that 170 g ai ha-1 of sulfentrazone controlled ragweed
93% in soybean. None of the tank mixtures evaluated reduced ragweed density or biomass
compared to the untreated control.
Common Lambsquarters. At 4 and 8 WAA, sulfentrazone (140 and 210 g ai ha-1) applied PRE
provided 100% control of common lambsquarters (Table 5.4). At 8 WAA, pendimethalin,
dimethenamid-p, s-metolachlor or pyroxasulfone provided 84, 18, 27 and 54% control of
common lambsquarters, respectively. There was no improvement in common lambsquarters
control when sulfentrazone was applied in a tank mix with pendimethalin, dimethenamid-p,
s-metolachlor or pyroxasulfone. Sulfentrazone alone and all the herbicide tank mixes reduced
lambsquarters density and biomass to levels that were equivalent to the weed-free control. This is
consistent with the study by Walsh et al. (2015), who found 90% lambsquarters biomass
reduction was accomplished with 133 g ai ha-1 sulfentrazone.
Wild Mustard. At 4 and 8 WAA, sulfentrazone (140 and 210 g ai ha-1) applied PRE provided 43
to 70% and 18 to 23% control of wild mustard, respectively (Table 5.5). At 4 WAA,
pendimethalin, dimethenamid-p, s-metolachlor or pyroxasulfone provided 34, 48, 33 and 95%
control of wild mustard, respectively, but by 8 WAA the control decreased to 13, 16, 2 and 63%,
respectively. At 4 WAA, sulfentrazone plus a Group 15 herbicide provided ≥75% control of wild
mustard, but control decreased as the season progressed. At 8 WAA, the addition of
pendimethalin, dimethenamid-p or s-metolachlor to sulfentrazone did not improve wild mustard
control relative to sulfentrazone alone. In contrast, sulfentrazone (140 and 210 g ai ha-1) plus
pyroxasulfone applied PRE provided 78 and 93% control of wild mustard, respectively.
Sulfentrazone (140 and 210 g ai ha-1) reduced wild mustard density and biomass up to 61% and
51%, respectively. The addition of pendimethalin, dimethenamid-p or s-metolachlor to
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sulfentrazone did not reduce wild mustard density or biomass. In contrast, sulfentrazone plus
pyroxasulfone reduced wild mustard density and biomass up to 96 and 98%, respectively.
Sulfentrazone alone at 350 g ai ha-1 can provide ≥85% control of wild mustard, but the rates used
in this study were likely too low to achieve the same level of control (Hancock 2001).
Green Foxtail. Sulfentrazone (140 and 210 g ai ha-1) applied PRE provided 78 and 86% control
of green foxtail at 4 WAA, but control decreased to 54 and 69% at 8 WAA, respectively (Table
5.6). Sulfentrazone reduced green foxtail density and biomass up to 81 and 86%, respectively. At
8 WAA, pendimethalin, dimethenamid-p, s-metolachlor or pyroxasulfone provided 80, 99, 98
and 97% control of green foxtail, respectively. When sulfentrazone was combined with a grass
herbicide, all tank mixes provided ≥92% control at 4 and 8 WAA and reduced green foxtail
density and biomass by ≥93%. Niekamp and Johnson (2001) also found that giant foxtail control
was improved when sulfentrazone was tank-mixed with a grass herbicide.

5.5 Conclusions
Sulfentrazone applied alone provided excellent control of pigweed species and common
lambsquarters. Green foxtail control was improved when tank-mixed with all grass herbicides
evaluated in this study. Sulfentrazone tank-mixed with pendimethalin was the least injurious to
the crop, followed by dimethenamid-p, s-metolachlor, and then pyroxasulfone. Of the tank mixes
examined in this study, pyroxasulfone complimented sulfentrazone the best with respect to broad
spectrum weed control. However, pyroxasulfone is not yet registered for use in dry bean in
Ontario, and pendimethalin and dimethenamid-p are only registered for pre-plant incorporated
application in dry bean. Therefore, should the registration of sulfentrazone be approved for
Ontario in dry bean, the only tank mix option is with s-metolachlor. Based on this study, tank
mixes of sulfentrazone plus s-metolachlor do not have an adequate crop safety margin for use in
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white bean. Further research is needed to determine if sulfentrazone is a suitable herbicide for
other market classes of dry bean grown in Ontario.
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Table 5.1. Mean visible white bean injury (%) at 2 and 4 weeks after emergence, seed moisture (%) at harvest and yield (T ha-1,
adjusted to 18% moisture) for various tank mixes of sulfentrazone plus a soil-applied grass herbicide at Ridgetown and Exeter, ON,
Canada (2014, 2015).
Rate
Dry bean injury (%)
Treatment
Seed moisture (%)
Yield (T ha-1)
-1
(g ai ha )
2 WAE
4 WAE
Untreated Control
0 az
0 a
17.0 a
1.9 a
Weed Free Control
0 a
0 a
17.3 a
1.7 a
Pendimethalin
1080
2 ab
1 ab
17.5 a
1.8 a
Dimethenamid-p
544
3 ab
4 abc
17.3 a
1.8 a
S-metolachlor
1050
3 ab
2 ab
17.1 a
1.7 a
Pyroxasulfone
100
5 abcd
8 abcde
17.2 a
1.5 a
Sulfentrazone
140
5 abcde
4 abcd
17.0 a
2.0 a
Sulfentrazone
210
10 bcdef
7 abcde
17.3 a
1.8 a
Sulfentrazone + pendimethalin
140 + 1080
5 abc
5 abcd
17.2 a
1.9 a
Sulfentrazone + pendimethalin
210 + 1080
10 bcdef
11 bcdef
17.0 a
1.8 a
Sulfentrazone + dimethenamid-p
140 + 544
12 bcdef
10 bcdef
17.1 a
1.9 a
Sulfentrazone + dimethenamid-p
210 + 544
18 def
18 def
17.2 a
1.8 a
Sulfentrazone + s-metolachlor
140 + 1050
10 bcdef
9 bcdef
17.5 a
1.7 a
Sulfentrazone + s-metolachlor
210 + 1050
19 ef
21 ef
17.4 a
1.8 a
Sulfentrazone + pyroxasulfone
140 + 100
16 cdef
16 cdef
17.2 a
1.7 a
Sulfentrazone + pyroxasulfone
210 + 100
23 f
27 f
17.4 a
1.8 a
SE (±)
0.06
0.06
0.01
0.01
z
Means followed by the same letter indicate no significant difference at P=0.05 according to Fisher’s Protected LSD test.
Data are averaged across years and locations.
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Table 5.2. Mean visible control (%) ratings, density, and dry biomass of Amaranthus retroflexus and Amaranthus powelli (redroot
pigweed and green pigweed) treated with sulfentrazone alone and in combination with a grass herbicide applied pre-emergence in
2014 and 2015 at Ridgetown and Exeter, ON, Canada. Means followed by the same letter within a column are not significantly
different according to a Fisher’s protected LSD test at P<0.05.
Rate
Visible Control (%)
Density 8WAA
Biomass 8WAA
Treatment
(g ai ha-1)
4 WAA
8 WAA
(plants m-2)
(g m-2)
Untreated Control
0 c
0 c
3.2 c
3.3 b
Weed Free Control
100 a
100 a
0.0 a
0.0 a
Pendimethalin
1080
59 b
59 b
1.8 bc
2.3 ab
Dimethenamid-p
544
96 a
96 a
0.1 a
0.3 ab
S-metolachlor
1050
97 a
97 a
0.7 ab
0.8 ab
Pyroxasulfone
100
98 a
98 a
0.1 a
0.2 ab
Sulfentrazone
140
98 a
98 a
0.1 a
0.0 a
Sulfentrazone
210
100 a
100 a
0.0 a
0.0 a
Sulfentrazone + pendimethalin
140 + 1080
100 a
100 a
0.0 a
0.0 a
Sulfentrazone + pendimethalin
210 + 1080
100 a
100 a
0.1 a
0.1 a
Sulfentrazone + dimethenamid-p
140 + 544
100 a
100 a
0.0 a
0.0 a
Sulfentrazone + dimethenamid-p
210 + 544
100 a
100 a
0.0 a
0.0 a
Sulfentrazone + s-metolachlor
140 + 1050
100 a
100 a
0.0 a
0.0 a
Sulfentrazone + s-metolachlor
210 + 1050
100 a
100 a
0.0 a
0.0 a
Sulfentrazone + pyroxasulfone
140 + 100
100 a
100 a
0.1 a
0.1 a
Sulfentrazone + pyroxasulfone
210 + 100
100 a
100 a
0.0 a
0.0 a
SE (±)
0.06
0.08
0.17
0.29
Data averaged for years and locations. Abbreviation: WAA, weeks after application.
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Table 5.3. Mean visible control (%) ratings, density, and dry biomass of Ambrosia artemisiifolia (common ragweed) treated with
sulfentrazone alone and in combination with a grass herbicide applied pre-emergence in 2014 and 2015 at Ridgetown and Exeter, ON,
Canada. Means followed by the same letter within a column are not significantly different according to a Fisher’s protected LSD test
at P<0.05.
Rate
Visible Control (%)
Density 8WAA
Biomass 8WAA
Treatment
(g ai ha-1)
4 WAA
8 WAA
(plants m-2)
(g m-2)
Untreated Control
0 e
0 e
4.1 b
6.6 b
Weed Free Control
100 a
100 a
0.0 a
0.0 a
Pendimethalin
1080
9 cde
7 de
6.4 b
12.9 b
Dimethenamid-p
544
24 bcde
21 bcde
3.2 b
6.3 b
S-metolachlor
1050
9 cde
5 de
3.8 b
13.4 b
Pyroxasulfone
100
39 bcd
28 bcd
2.5 b
7.2 b
Sulfentrazone
140
5 de
11 de
5.4 b
13.6 b
Sulfentrazone
210
9 cde
10 de
6.5 b
17.4 b
Sulfentrazone + pendimethalin
140 + 1080
4 de
5 de
3.6 b
9.1 b
Sulfentrazone + pendimethalin
210 + 1080
10 cde
10 de
5.6 b
15.9 b
Sulfentrazone + dimethenamid-p
140 + 544
29 bcde
23 bcde
4.1 b
11.9 b
Sulfentrazone + dimethenamid-p
210 + 544
26 bcde
34 bcd
2.9 b
7.0 b
Sulfentrazone + s-metolachlor
140 + 1050
15 cde
9 de
4.5 b
18.5 b
Sulfentrazone + s-metolachlor
210 + 1050
20 bcde
12 cde
4.9 b
20.7 b
Sulfentrazone + pyroxasulfone
140 + 100
58 bc
64 b
2.7 b
7.5 b
Sulfentrazone + pyroxasulfone
210 + 100
71 ab
58 bc
2.1 b
6.0 b
SE (±)
0.12
0.13
0.47
0.67
Data averaged for years and locations. Abbreviation: WAA, weeks after application.
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Table 5.4. Mean visible control (%) ratings, density, and dry biomass of Chenopodium album (common lambsquarters) treated with
sulfentrazone alone and in combination with a grass herbicide applied pre-emergence in 2014 and 2015 at Ridgetown and Exeter, ON,
Canada. Means followed by the same letter within a column are not significantly different according to a Fisher’s protected LSD test
at P<0.05.
Rate
Visible Control (%)
Density 8WAA
Biomass 8WAA
Treatment
(g ai ha-1)
4 WAA
8 WAA
(plants m-2)
(g m-2)
Untreated Control
0 d
0 d
14.4 e
4.7 cd
Weed Free Control
100 a
100 a
0.0 a
0.0 a
Pendimethalin
1080
87 a
84 ab
2.1 bcd
0.6 ab
Dimethenamid-p
544
24 bc
18 cd
4.6 d
4.4 cd
S-metolachlor
1050
8 cd
27 c
5.6 de
7.1 d
Pyroxasulfone
100
49 b
54 bc
2.4 cd
1.6 bc
Sulfentrazone
140
100 a
100 a
0.3 abc
0.2 a
Sulfentrazone
210
100 a
100 a
0.0 a
0.0 a
Sulfentrazone + pendimethalin
140 + 1080
100 a
100 a
0.1 a
0.0 a
Sulfentrazone + pendimethalin
210 + 1080
100 a
100 a
0.2 ab
0.2 a
Sulfentrazone + dimethenamid-p
140 + 544
100 a
100 a
0.2 ab
0.1 a
Sulfentrazone + dimethenamid-p
210 + 544
100 a
100 a
0.1 a
0.0 a
Sulfentrazone + s-metolachlor
140 + 1050
100 a
100 a
0.0 a
0.0 a
Sulfentrazone + s-metolachlor
210 + 1050
100 a
100 a
0.0 a
0.0 a
Sulfentrazone + pyroxasulfone
140 + 100
100 a
100 a
0.1 a
0.0 a
Sulfentrazone + pyroxasulfone
210 + 100
99 a
100 a
0.1 a
0.0 a
SE (±)
0.08
0.11
0.22
0.16
Data averaged for years and locations. Abbreviation: WAA, weeks after application.
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Table 5.5. Mean visible control (%) ratings, density, and dry biomass of Sinapis arvensis (wild mustard) treated with sulfentrazone
alone and in combination with a grass herbicide applied pre-emergence in 2014 and 2015 at Exeter, ON, Canada. Means followed by
the same letter within a column are not significantly different according to a Fisher’s protected LSD test at P<0.05.
Rate
Visible Control (%)
Density 8WAA
Biomass 8WAA
Treatment
-1
-2
(g ai ha )
4 WAA
8 WAA
(plants m )
(g m-2)
Untreated Control
0 g
0 e
15.3 d
46.6 cd
Weed Free Control
100 a
100 a
0.0 a
0.0 a
Pendimethalin
1080
34 f
13 cde
8.1 cd
39.7 cd
Dimethenamid-p
544
48 def
16 cede
9.2 cd
81.3 d
S-metolachlor
1050
33 f
2 de
9.0 cd
64.5 d
Pyroxasulfone
100
95 abc
63 abcd
2.4 abc
8.4 abcd
Sulfentrazone
140
43 ef
18 cde
5.9 bcd
32.7 cd
Sulfentrazone
210
70 bcdef
23 bcde
7.6 cd
22.8 cd
Sulfentrazone + pendimethalin
140 + 1080
66 cdef
40 bcde
5.3 bcd
30.1 cd
Sulfentrazone + pendimethalin
210 + 1080
75 bcde
31 bcde
4.1 bcd
16.5 bcd
Sulfentrazone + dimethenamid-p
140 + 544
81 abcde
37 bcde
6.7 cd
32.4 cd
Sulfentrazone + dimethenamid-p
210 + 544
91 abc
46 bcde
4.9 bcd
30.6 cd
Sulfentrazone + s-metolachlor
140 + 1050
75 bcde
31 bcde
3.1 abcd
17.8 bcd
Sulfentrazone + s-metolachlor
210 + 1050
85 abcd
21 cde
4.5 bcd
24.0 cd
Sulfentrazone + pyroxasulfone
140 + 100
96 ab
78 abc
1.9 abc
5.4 abc
Sulfentrazone + pyroxasulfone
210 + 100
99 a
93 ab
0.6 ab
1.0 ab
SE (±)
0.10
0.22
0.29
0.57
Data averaged for both years. Abbreviation: WAA, weeks after application.
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Table 5.6. Mean visible control (%) ratings, density, and dry biomass of Setaria viridis (green foxtail) treated with sulfentrazone alone
and in combination with a grass herbicide applied pre-emergence in 2014 and 2015 at Ridgetown and Exeter, ON, Canada. Means
followed by the same letter within a column are not significantly different according to a Fisher’s protected LSD test at P<0.05.
Rate
Visible Control (%)
Density 8WAA
Biomass 8WAA
Treatment
-1
-2
(g ai ha )
4 WAA
8 WAA
(plants m )
(g m-2)
Untreated Control
0 f
0 e
84.1 e
35.9 f
Weed Free Control
100 a
100 a
0.0 a
0.0 a
Pendimethalin
1080
85 de
80 bc
15.1 cd
6.1 de
Dimethenamid-p
544
99 abc
99 a
2.0 ab
0.8 ab
S-metolachlor
1050
99 abc
98 a
1.7 ab
0.8 ab
Pyroxasulfone
100
98 abc
97 a
3.9 bc
1.7 abcd
Sulfentrazone
140
78 e
54 d
19.5 d
7.3 e
Sulfentrazone
210
86 de
69 cd
16.2 cd
4.9 cde
Sulfentrazone + pendimethalin
140 + 1080
92 cd
92 ab
6.2 bcd
2.4 bcde
Sulfentrazone + pendimethalin
210 + 1080
94 bcd
94 ab
4.2 bcd
1.5 abc
Sulfentrazone + dimethenamid-p
140 + 544
99 abc
98 a
2.7 ab
1.2 abc
Sulfentrazone + dimethenamid-p
210 + 544
100 ab
98 a
1.5 ab
0.7 ab
Sulfentrazone + s-metolachlor
140 + 1050
99 ab
99 a
1.3 ab
0.7 ab
Sulfentrazone + s-metolachlor
210 + 1050
99 ab
99 a
0.9 ab
0.6 ab
Sulfentrazone + pyroxasulfone
140 + 100
99 ab
98 a
2.0 ab
0.8 ab
Sulfentrazone + pyroxasulfone
210 + 100
99 abc
99 a
1.1 ab
0.7 ab
SE (±)
0.06
0.09
0.52
0.48
Data averaged for years and locations. Abbreviation: WAA, weeks after application.
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6. Weed control with sulfentrazone plus a low rate of imazethapyr in white
bean (Phaseolus vulgaris L.)
6.1 Abstract
Ontario dry bean (Phaseolus vulgaris L.) growers have few options for broadleaf weed
control. Sulfentrazone is a Group 14 herbicide that provides good control of several common
Ontario weed species, and would provide another mode of action for broadleaf weed control if
registered for use in Ontario dry bean. Five field studies were conducted during 2014 and 2015
to determine if a low dose of imazethapyr added to a tank mix of sulfentrazone + s-metolachlor
would improve broadleaf control in white bean. Sulfentrazone (140 and 210 g ai ha-1) was mixed
with imazethapyr and s-metolachlor and evaluated at 2 and 4 weeks after crop emergence for
crop injury. Weed control was assessed visually at 4 and 8 weeks after herbicide application
(WAA), and weed stand counts and biomass were determined at 8 WAA. Seed moisture and
yield were determined at harvest. At 8 WAA, sulfentrazone (140 g ai ha-1) controlled pigweed
species, common ragweed, common lambsquarters, wild mustard, barnyard grass and green
foxtail 100, 4, 100, 2, 86 and 62%, respectively. The addition of imazethapyr (37.5 g ai ha-1) to
sulfentrazone (140 g ai ha-1) improved the control of common ragweed, wild mustard and green
foxtail by 19, 98 and 33%, respectively. The three-way tank mix of sulfentrazone (140 g ai ha-1)
plus s-metolachlor (1050 g ai ha-1) plus imazethapyr (37.5 g ai ha-1) controlled pigweed species,
common ragweed, common lambsquarters, wild mustard, barnyard grass and green foxtail 100,
35, 100, 100, 96 and 100%, respectively. The tank mixes evaluated caused unacceptably high
levels of crop injury; this study does not support the registration of sulfentrazone plus smetolachlor + imazethapyr for use in Ontario white bean.
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6.2 Introduction
In 2015, Ontario growers produced 115 000 tonnes of dry edible bean (Phaseolus
vulgaris L.) on 52 600 ha (Kulasekera 2015). White bean accounted for over half of this
production, and has been the prominent market class of dry bean grown in Ontario for several
decades (Statistics Canada 2015). Dry bean is extremely sensitive to weed pressure and do not
compete well. Some studies have reported white bean yield losses between 68 and 77% due to
weed interference (Malik et al. 1993; Soltani et al. 2014a; Soltani et al. 2014b). Weeds can also
reduce the quality of the beans through dockage, pick, or plant juices causing discolouration of
the seed coat. Therefore, weed control is a critical component of dry bean production. One
method of controlling weeds is with the use of herbicides.
Sulfentrazone is a Group 14, protoporphyrinogen oxidase IX (PPO) inhibitor herbicide in
the aryl triazinone family, recently registered in Ontario for use in soybean (Glycine max L.).
Sulfentrazone causes excessive accumulation of protoporphyrinogen IX in the chloroplasts of
plant cells. The excess protoporphyrinogen IX leaks out of the chloroplast and undergoes various
reactions in the cytoplasm to produce O+ radicals, which then peroxidize the lipids in the cell
membranes. Cell membrane integrity is compromised, the cell dies, and the plant can no longer
function normally (Shaner 2014). Sulfentrazone is primarily a broadleaf herbicide that also has
some grass activity, and controls common Ontario weed species such as redroot pigweed
(Amaranthus retroflexus L.), common waterhemp (Amaranthus tuberculatus VAR. rudis),
common lambsquarters (Chenopodium album L.), crabgrass (Digitaria), foxtail (Setaria) and
Panicum species (Niekamp et al. 1999; Niekamp and Johnson 2001; Anonymous 2012b).
Imazethapyr is a Group 2, imadazolinone herbicide that provides broadleaf and grass
control (Shaner 2014). In Ontario, it is registered for soil and post-emergence (POST)
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application in soybean, pre-emergence (PRE) application in lima bean (Phaseolus lunatus L.),
and pre-plant incorporated (PPI) and PRE application in peas (Pisum savitum L.), snow peas
(Pisum sativum L. var. saccharatum), adzuki bean (Vigna angularis L.) and all Phaseolus
vulgaris market classes (OMAFRA 2016). Imazethapyr controls green foxtail (Setaria viridis
(L.) Beauv.), yellow foxtail (Setaria pumila (Poir.) Roem. & Schult.), proso millet (Panicum
miliaceum L.), lambsquarters, wild mustard (Sinapis arvensis L.), annual nightshades (Solanum
spp.), pigweeds (Amaranthus spp.), and velvetleaf (Abutilon theophrasti Medik.) (OMAFRA
2016). Studies have shown that imazethapyr applied PRE can still provide effective weed control
at reduced rates (Sikkema et al. 2005; Soltani et al. 2007).
S-metolachlor is a Group 15, chloroacetamide herbicide that controls eastern black
nightshade (Solanum ptycanthum Dunal), barnyard grass (Echinochloa crusgalli (L.) Beauv.),
crabgrass, fall panicum (Panicum dichotomiflorum (L.) Michx.), witchgrass (Panicum capillare
L.), and foxtails (OMAFRA 2016). It is the only grass herbicide currently registered for PRE
application in Ontario dry bean.
Few soil-applied herbicide options are available to Ontario dry bean producers for
broadleaf weed control. If registered in Ontario, sulfentrazone would provide dry bean growers
with a different mode of action for broadleaf control. The objectives of this research were to
determine if a low rate of imazethapyr added to sulfentrazone would improve broadleaf weed
control, and to determine the tolerance of white bean to sulfentrazone, s-metolachlor, and
imazethapyr applied alone and in combination.
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6.3 Materials and Methods
6.3.1 Experiment
Five field studies were conducted over 2014 and 2015 at the Huron Research Station
(Exeter) and the University of Guelph Ridgetown Campus (Ridgetown) in Ontario, Canada. The
soil at the 2014 site near Exeter was a clay loam comprised of 31%, 42% and 27% sand, silt, and
clay, respectively, and had a pH of 7.8 and organic matter content of 4.3%. In 2015, the first
Exeter site was a loamy soil of 32% sand, 42% silt, 26% clay, pH of 7.7 and organic matter
content of 3.2%. The second Exeter site in 2015 was also a loam consisting of 35% sand, 43%
silt and 22% clay, pH of 7.6 and organic matter content of 3.6%. In 2015, Ridgetown soils were
sandy clay loams, with the first site having a sand, silt and clay content of 52%, 24% and 24%,
respectively, a pH of 7.3 and organic matter content of 4.3%, and the second site consisting of
46% sand, 27% silt, 27% clay, a pH of 6.4 and organic matter content of 3.7%. All sites were
prepared by moldboard ploughing in the fall and two passes with an s-tine cultivator with rolling
baskets in the spring. Plots were 3 m by 10 m in Exeter and 3 m by 8 m in Ridgetown, and were
seeded with white bean cultivar T9905 at a rate of approximately 233 000 seeds ha-1, 4 to 5 cm
deep in rows spaced 75 cm apart. All experiments were seeded in late May to early June.
The experiments were arranged in randomized complete block design with four replicates
of thirteen treatments. An untreated weedy control and a weed-free control were included in each
replicate; the weed-free control was sprayed with s-metolachlor (1050 g ai ha-1) + halosulfuron
(35 g ai ha-1) applied PRE and maintained weed-free by hand-hoeing for the rest of the season.
Herbicide treatments included s-metolachlor (1050 g ai ha-1) for grass control, sulfentrazone at
140 and 210 g ai ha-1, imazethapyr at 37.5 g ai ha-1 (half the registered label rate), and various
co-applications of these herbicides (Table 1). Herbicides were applied PRE using a 1.5 m
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handheld boom with four ULD 120-02 nozzles (Hypro, New Brighton, MN) attached to a
pressurized CO2 backpack sprayer calibrated to deliver 200 L ha-1 at 240 kPa.
White bean injury was assessed at two and four weeks after crop emergence (WAE) by
visually comparing the beans in each herbicide treatment to the weed-free control, and was
ranked from 0% (no injury) to 100% (total plant death). Weed control was assessed by species at
four and eight weeks after herbicide application (WAA) by visually comparing the weeds in each
herbicide treatment to the weedy control, and was ranked from 0% (no control) to 100%
(complete control). At 8 WAA, weed density and biomass for each species were determined by a
stand count in 1 m2 per plot, after which the weeds were cut at the soil surface, placed in a
separate paper bag for each species, dried in a kiln, and weighed. Seed moisture and yield—
adjusted to 18% moisture—were recorded at harvest.

6.3.2 Statistical Analysis
All analyses were performed using SAS 9.4 software (SAS Institute Inc., NC). Data were
partitioned into the fixed effects of treatment and the random effects of replicate, environment
(year-location combination), replicate nested within environment, and environment by treatment
interaction. The F-test was used to determine the significance of the fixed effects and the Z-test
was used to determine the significance of the random effects. The UNIVARIATE procedure was
used to test the assumptions of homogeneity and normality of the residuals with various
transformations of the data. All transformations applied to the data met the assumptions,
therefore the transformation that produced the least amount of error was selected for the analysis.
Crop injury, seed moisture, yield, and weed control data were transformed with the arcsine
square root transformation. Weed density and biomass data were analysed with a logarithmic
transformation. The MIXED procedure was used for to perform an analysis of variance on all
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data, using a Fisher’s Protected LSD test with α=0.05. Data were converted back to the original
scale for presentation.

6.4 Results and Discussion
Analyses determined that replicate, environment, and replicate within environment
effects were not significant, therefore data were pooled for analysis.

6.4.1 Crop Injury
White bean injury symptoms included leaf malformation and stunting. S-metolachlor,
imazethapyr, and imazethapyr + s-metolachlor caused 3%, 2%, and 6% injury, respectively, at 2
and 4 WAE (Table 6.1). Sulfentrazone (140 g ai ha-1) caused 5% injury at 2 WAE and 3% injury
at 4 WAE, while sulfentrazone (210 g ai ha-1) caused 12% injury at 2 and 4 WAE. Sulfentrazone
(140 and 210 g ai ha-1) + s-metolachlor caused up to 23% at 2 WAE, and up to 22% at 4 WAE.
The levels of injury caused by sulfentrazone + s-metolachlor were not different than the injury
produced by sulfentrazone alone, but were greater than the weed-free control. Sulfentrazone (140
g ai ha-1) + imazethapyr caused up to 7% injury and sulfentrazone (210 g ai ha-1) + imazethapyr
caused up to 18% injury 4WAE. This is consistent with a study by Soltani et al. (2014c), which
found that sulfentrazone (140 g ai ha-1) + imazethapyr (37.5 g ai ha-1) caused 6% injury and
sulfentrazone (280 g ai ha-1) + imazethapyr (37.5 g ai ha-1) caused 19% injury in white bean.
Sulfentrazone (140 g ai ha-1) + s-metolachlor + imazethapyr caused 11% injury at 2 WAE and
10% injury at 4 WAE. In contrast, sulfentrazone (210 g ai ha-1) + s-metolachlor + imazethapyr
produced the highest injury of all the treatments, causing 31% injury at 2 WAE and 30% injury
at 4 WAE. As imazethapyr + s-metolachlor only produced 6% injury, these high levels of injury
are likely due to the addition of the high rate of sulfentrazone to the tank mix.
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6.4.2 Weed Control, Density and Biomass
Pigweed Species. Green pigweed (Amaranthus powelli S. Wats) was the dominant pigweed
species at the Ridgetown locations and redroot pigweed (A. retroflexus) was the dominant
species at the Exeter locations. Pigweed species were combined for analysis. At 4 WAA, all
herbicides and herbicide combinations provided excellent (≥92%) control of pigweeds (Table
6.2). Sulfentrazone (140 and 210 g ai ha-1) controlled pigweeds 100%, while s-metolachlor
provided 93% control and imazethapyr provided 92% control. There was no improvement in
pigweed control when sulfentrazone was used in a co-application versus sulfentrazone applied
alone. At 8 WAA, sulfentrazone, s-metolachlor and imazethapyr controlled pigweed species
100%, 79% and 87%, respectively. Tank mixes of sulfentrazone + s-metolachlor, sulfentrazone +
imazethapyr and sulfentrazone + s-metolachlor + imazethapyr provided excellent (≥98%) control
of pigweeds. All herbicides and herbicide combinations reduced pigweed density and biomass
by 91 to 100% and 86 to 100%, respectively, and were not different from the weed-free control.
This is consistent with other studies which found excellent control of redroot pigweed with
sulfentrazone at similar rates (Wilson et al. 2002; Walsh et al. 2015).
Common ragweed. At 4 WAA, sulfentrazone alone at 140 and 210 g ai ha-1 provided 16% and
23% control of common ragweed, respectively (Table 6.3). S-metolachlor and imazethapyr
provided 28% and 37% control, respectively. There was no improvement in control when
sulfentrazone (140 or 210 g ai ha-1) was co-applied with imazethapyr, s-metolachlor or
s-metolachlor + imazethapyr. Niekamp et al. (1999) noted improved control of common ragweed
when sulfentrazone was combined with the imidazolinone herbicide imazaquin, though the rates
used in that study were much higher than in the present study. Sulfentrazone (140 or 210
g ai ha-1) + s-metolachlor + imazethapyr improved ragweed control to 74% and 61%,

81

respectively, but the level of control was not different from co-applications of sulfentrazone (140
and 210 g ai ha-1) + imazethapyr or sulfentrazone (140 and 210 g ai ha-1) + s-metolachlor.
Sulfentrazone (140 g ai ha-1) + s-metolachlor + imazethapyr provided the highest level of control
at 74%, which was not statistically different from the weed-free control. At 8 WAA, control
decreased for all herbicides and herbicide combinations. Sulfentrazone (140 and 210 g ai ha-1)
provided 4% and 10% control of common ragweed, respectively, sulfentrazone + s-metolachlor
provided up to 18% control and sulfentrazone + imazethapyr provided up to 23% control.
Sulfentrazone (140 and 210 g ai ha-1) + s-metolachlor + imazethapyr provided 35% and 39%
control, respectively. Ragweed density and biomass were reduced up to 46 and 26%,
respectively, but were not reduced compared to the weedy control.
Common lambsquarters. At 4 and 8 WAA, sulfentrazone (140 and 210 g ai ha-1) provided
100% control of common lambsquarters (Table 6.4). S-metolachlor provided 27% control at both
4 and 8 WAA, while imazethapyr provided 99% control at 4 WAA and 97% control at 8 WAA.
Sulfentrazone (140 and 210 g ai ha-1) + s-metolachlor + imazethapyr provided 100% control of
lambsquarters at 4 and 8 WAA. Sulfentrazone (140 and 210 g ai ha-1) alone reduced
lambsquarters density by 99% and biomass by 100%. Sulfentrazone (140 g ai ha-1) +
s-metolachlor + imazethapyr reduced both density and biomass by 100%, while sulfentrazone
(210 g ai ha-1) + s-metolachlor + imazethapyr reduced lambsquarters density and biomass by
98%. All tank mixes reduced density and biomass relative to the weedy control. Other studies
have reported excellent lambsquarters control when sulfentrazone was applied alone or in a
co-application (Bailey et al. 2002; Brown & Masiunas 2002).
Wild mustard. At 4 WAA, sulfentrazone at 140 and 210 g ai ha-1 provided 35% and 80%
control, respectively, s-metolachlor provided 31% control, and imazethapyr provided 97%
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control of wild mustard (Table 6.5). Sulfentrazone (140 g ai ha-1) tank-mixed with s-metolachlor
improved control to 76%, while sulfentrazone (210 g ai ha-1) + s-metolachlor did not provide
improved control compared to sulfentrazone alone. The level of control with sulfentrazone (140
and 210 g ai ha-1) + s-metolachlor decreased as the season progressed, with only 8% and 25%
control, respectively, at 8 WAA. In contrast, sulfentrazone (140 and 210 g ai ha-1) plus
imazethapyr provided 97 to 100% control throughout the season. The co-application of all three
herbicides provided 100% control at both 4 and 8 WAA. Sikkema et al. (2005) found that
imazethapyr applied PRE at rates as low as 15 g ai ha-1 still provided up to 100% control of wild
mustard, which likely contributes to the high level of control throughout the season.
Sulfentrazone alone at 140 and 210 g ai ha-1 reduced wild mustard density by 7% and 55%,
respectively, but was not an improvement compared to the weedy control. There was no
reduction in density when sulfentrazone was combined with s-metolachlor, but sulfentrazone
(140 and 210 g ai ha-1) + imazethapyr significantly reduced density by up to 97%. Similarly,
sulfentrazone alone reduced wild mustard biomass by up to 33% but was not different from the
weedy control, and reduction was not improved when tank-mixed with s-metolachlor but was
improved to almost 100% when tank-mixed with imazethapyr. Sulfentrazone (140 and 210
g ai ha-1) + s-metolachlor + imazethapyr reduced wild mustard density by 98 to 100% and
biomass by 100%.
Barnyard grass. At 4 WAA, sulfentrazone (140 and 210 g ai ha-1) provided up to 81% control
of barnyard grass (Table 6.6). Wilson et al. (2002) also noted that sulfentrazone at these rates
provided up to 78% control of barnyard grass. S-metolachlor provided 100% control and
imazethapyr alone controlled barnyard grass by 69%. Sulfentrazone (140 and 210 g ai ha-1) +
s-metolachlor provided excellent control of barnyard grass, providing 100% control at 4 WAA
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and 98 to 100% control 8 WAA. Sulfentrazone (140 and 210 g ai ha-1) + imazethapyr had good
(86 to 92%) control of barnyard grass at 4 WAA, but control decreased to ≤61% at 8 WAA. The
co-application of sulfentrazone (140 and 210 g ai ha-1) + s-metolachlor + imazethapyr provided
100% control at 4 WAA and up to 98% control 8 WAA. There was no improvement in barnyard
grass control at either 4 or 8 WAA when sulfentrazone was used in a co-application versus
sulfentrazone applied alone. Sulfentrazone (140 and 210 g ai ha-1), imazethapyr, and
sulfentrazone + imazethapyr did not reduce barnyard grass density or biomass relative to the
weedy control. In contrast, s-metolachlor reduced density and biomass by 97%, and
sulfentrazone + s-metolachlor reduced density and biomass by 98%. Sulfentrazone (140 g ai ha-1)
+ s-metolachlor + imazethapyr reduced density and biomass by 100% and sulfentrazone (210
g ai ha-1) + s-metolachlor + imazethapyr reduced density and biomass by 98%.
Green foxtail. At 4 WAA, sulfentrazone (140 and 210 g ai ha-1), s-metolachlor, and imazethapyr
provided 80%, 90%, 99% and 85% control of green foxtail, respectively (Table 6.7). This is
consistent with other studies, which found that sulfentrazone (260 g ai ha-1) provided 87%
control of giant foxtail (Setaria faberi Herrm.) and imazethapyr (30 g ai ha-1) provided 75 to
93% control of green foxtail (Krausz et al. 1998; Sikkema et al. 2005). At 8 WAA, control with
sulfentrazone (140 and 210 g ai ha-1) decreased to 62% and 79%, respectively, control with
s-metolachlor was stable, and control with imazethapyr increased to 92%. Sulfentrazone +
s-metolachlor provided 99 to 100% control 4 and 8 WAA. This was an improvement in control
compared to sulfentrazone alone, but not compared to s-metolachlor alone. The co-application of
sulfentrazone + s-metolachlor also reduced green foxtail density by 99% and biomass up to 99%.
Sulfentrazone (140 g ai ha-1) + imazethapyr provided 94% control at 4 WAA, which was an
improvement compared to sulfentrazone on its own, while sulfentrazone (210 g ai ha-1) +
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imazethapyr provided 96% control but did not improve control compared to sulfentrazone. At 8
WAA, sulfentrazone (140 and 210 g ai ha-1) + imazethapyr provided 95 to 97% control, which
was greater than sulfentrazone (140 g ai ha-1) alone but not sulfentrazone (210 g ai ha-1).
Sulfentrazone + imazethapyr reduced foxtail biomass by 95%, but did not reduce foxtail density
relative to the weedy control. Sulfentrazone (140 and 210 g ai ha-1) + s-metolachlor +
imazethapyr provided 99 to 100% control at 4 and 8 WAA, and decreased density by 99% and
biomass by 100%.

6.4.3 Seed Moisture and Yield
There was no impact on white bean seed moisture at harvest, indicating that weed
interference and/or herbicide injury did not cause delayed maturity (Table 6.1). However, there
were variations in yield amongst the treatments. Weed interference reduced white bean yield
52%. Weed interference with sulfentrazone alone at 140 and 210 g ai ha-1 resulted in the lowest
numeric yields among the herbicide treatments evaluated at 1.42 and 1.49 T ha-1, respectively.
Reduced weed interference with s-metolachlor, imazethapyr, and imazethapyr + s-metolachlor
produced yields that were 33%, 34% and 32% lower than the weed-free control, and were not
different than the weedy control. The addition of s-metolachlor or imazethapyr to sulfentrazone
did not improve yields compared to sulfentrazone alone, and were not improved relative to the
weedy control. Sulfentrazone (210 g ai ha-1) + s-metolachlor + imazethapyr produced the third
lowest yield at 1.60 T ha-1. As this co-application produced the highest amount of injury, it is
likely this 37% yield loss is mostly attributed to herbicide injury rather than weed interference. In
contrast, sulfentrazone (140 g ai ha-1) + s-metolachlor + imazethapyr produced the highest yield
of all the herbicide treatments at 1.89 T ha-1, and was the only treatment that produced a yield
greater than the weedy control. It is likely that the high yield produced by this co-application is
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due to relatively less injury and better broad spectrum weed control compared to the other tank
mixes evaluated in this study.

6.5 Conclusions
This study found that PRE applications of sulfentrazone provide excellent control of
pigweeds and common lambsquarters. The addition of imazethapyr to sulfentrazone increased
wild mustard control to 100%, and while it did improve common ragweed control compared to
sulfentrazone alone, it did not improve control to an acceptable level. Sulfentrazone +
s-metolachlor + imazethapyr provided excellent control of pigweeds, lambsquarters, wild
mustard, barnyard grass and green foxtail, but did not have an acceptable margin of crop safety.
Based on this study, tank mixes of sulfentrazone + s-metolachlor + imazethapyr are too injurious
to white bean for registration in Ontario. Further research is needed to determine if sulfentrazone
is a suitable herbicide for weed management programs in other market classes of dry bean in
Ontario.
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Table 6.1. Mean visible injury, seed moisture at harvest, and yield (adjusted to 18% moisture) of white bean treated with
sulfentrazone, imazethapyr and s-metolachlor PRE in five field studies over two years at the University of Guelph Ridgetown
Campus, Ridgetown, ON (2015) and Huron Research Station, Exeter, ON (2014, 2015). Means followed by the same letter within a
column are not statistically different at α=0.05 using Fisher’s Protected LSD.
Rate
Dry bean injury (%)
Seed moisture
Yield
Treatment
(%)
(T ha-1)
(g ai ha-1)
2 WAE
4 WAE
Untreated Control
0 a
0 a
17.8 a
1.20 c
Weed Free Control
0 a
0 a
17.2 a
2.52 a
S-metolachlor
1050
3 abc
3 abc
17.9 a
1.68 bc
Sulfentrazone
140
5 abc
3 abcd
17.7 a
1.42 bc
Sulfentrazone
210
12 cde
12 cdef
17.9 a
1.49 bc
Imazethapyr
37.5
2 ab
2 ab
17.5 a
1.67 bc
Sulfentrazone + s-metolachlor
140 + 1050
13 cde
14 defg
17.4 a
1.60 bc
Sulfentrazone + s-metolachlor
210 + 1050
23 ef
22 fg
17.8 a
1.61 bc
Imazethapyr + s-metolachlor
37.5 + 1050
6 abcd
6 abcde
17.7 a
1.71 bc
Sulfentrazone + imazethapyr
140 + 37.5
6 abcd
7 abcde
17.9 a
1.80 abc
Sulfentrazone + imazethapyr
210 + 37.5
17 def
18 egf
17.9 a
1.67 bc
Sulfentrazone + s-metolachlor
140 + 1050 +
11 bcde
10 bcdef
17.6 a
1.89 ab
+ imazethapyr
37.5
Sulfentrazone + s-metolachlor
210 + 1050 +
31 f
30 g
17.8 a
1.60 bc
+ imazethapyr
37.5
SE (±)
0.05
0.05
0.02
0.01
Abbreviations: PRE, pre-emergence; WAE, weeks after emergence. Data are averaged for years and locations.
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Table 6.2. Mean visible control, plant density and biomass ratings for pigweeds (A. powelli and A. retroflexus) treated with tank mixes of
sulfentrazone, imazethapyr and s-metolachlor applied PRE in Ridgetown, ON and Exeter, ON, Canada over two years (2014, 2015).
Rate
Visible Control (%)
Density 8WAA
Biomass 8WAA
Treatment
(g ai ha-1)
4 WAA
8 WAA
(plants m-2)
(g m-2)
Untreated Control
0 c
0 c
8.5 b
6.3 b
Weed Free Control
100 a
100 a
0.0 a
0.0 a
S-metolachlor
1050
93 ab
79 b
0.8 a
0.9 a
Sulfentrazone
140
100 ab
100 a
0.2 a
0.1 a
Sulfentrazone
210
100 ab
100 a
0.1 a
0.0 a
Imazethapyr
37.5
92 b
87 ab
0.4 a
0.3 a
Sulfentrazone + s-metolachlor
140 + 1050
99 ab
98 ab
0.1 a
0.0 a
Sulfentrazone + s-metolachlor
210 + 1050
100 a
100 a
0.0 a
0.0 a
Imazethapyr + s-metolachlor
37.5 + 1050
100 ab
99 ab
0.2 a
0.2 a
Sulfentrazone + imazethapyr
140 + 37.5
100 ab
100 a
0.0 a
0.0 a
Sulfentrazone + imazethapyr
210 + 37.5
100 ab
100 a
0.0 a
0.0 a
Sulfentrazone + s-metolachlor +
140 + 1050 +
100 ab
100 a
0.0 a
0.0 a
imazethapyr
37.5
Sulfentrazone + s-metolachlor +
210 + 1050 +
100 a
100 a
0.0 a
0.0 a
imazethapyr
37.5
SE (±)
0.06
0.08
0.15
0.18
Abbreviations: PRE, pre-emergence; WAA, weeks after application.
Means followed by the same letter within a column are not statistically different at α=0.05 using Fisher’s Protected LSD. Data are averaged
for years and locations.
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Table 6.3. Mean visible control, plant density and biomass ratings for common ragweed (Ambrosia artemisiifolia) treated with tank
mixes of sulfentrazone, imazethapyr and s-metolachlor applied PRE in Ridgetown, ON and Exeter, ON, Canada over two years (2014,
2015).
Rate
Visible Control (%)
Density 8WAA
Biomass 8WAA
Treatment
-1
-2
(g ai ha )
4 WAA
8 WAA
(plants m )
(g m-2)
Untreated Control
0 c
0 c
7.6 b
12.5 b
Weed Free Control
100 a
100 a
0.1 a
0.1 a
S-metolachlor
1050
28 bc
1 bc
5.0 b
12.7 b
Sulfentrazone
140
16 bc
4 bc
4.1 b
9.2 b
Sulfentrazone
210
23 bc
10 bc
5.2 b
15.3 b
Imazethapyr
37.5
37 b
23 bc
7.0 b
12.8 b
Sulfentrazone + s-metolachlor
140 + 1050
33 bc
18 bc
4.8 b
14.5 b
Sulfentrazone + s-metolachlor
210 + 1050
56 b
17 bc
4.6 b
14.9 b
Imazethapyr + s-metolachlor
37.5 + 1050
36 b
29 bc
4.8 b
10.8 b
Sulfentrazone + imazethapyr
140 + 37.5
41 b
23 bc
6.3 b
15.3 b
Sulfentrazone + imazethapyr
210 + 37.5
45 b
20 bc
5.1 b
13.3 b
Sulfentrazone + s-metolachlor +
140 + 1050 +
74 ab
35 b
4.1 b
9.3 b
imazethapyr
37.5
Sulfentrazone + s-metolachlor +
210 + 1050 +
61 b
39 b
4.4 b
10.7 b
imazethapyr
37.5
SE (±)
0.14
0.17
0.61
0.81
Abbreviations: PRE, pre-emergence; WAA, weeks after application.
Means followed by the same letter within a column are not statistically different at α=0.05 using Fisher’s Protected LSD. Data are
averaged for years and locations.
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Table 6.4. Mean visible control, plant density and biomass ratings for common lamb’s quarters (Chenopodium album) treated with
tank mixes of sulfentrazone, s-metolachlor and imazethapyr applied PRE in Ridgetown, ON and Exeter, ON, Canada over two years
(2014, 2015).
Rate
Visible Control (%)
Density 8WAA
Biomass 8WAA
Treatment
-1
-2
(g ai ha )
4 WAA
8 WAA
(plants m )
(g m-2)
Untreated Control
0 c
0 c
11.8 c
5.5 b
Weed Free Control
100 a
100 a
0.0 a
0.0 a
S-metolachlor
1050
27 b
27 b
4.6 b
4.8 b
Sulfentrazone
140
100 a
100 a
0.1 a
0.0 a
Sulfentrazone
210
100 a
100 a
0.1 a
0.0 a
Imazethapyr
37.5
99 a
97 a
2.3 b
0.1 a
Sulfentrazone + s-metolachlor
140 + 1050
100 a
100 a
0.0 a
0.0 a
Sulfentrazone + s-metolachlor
210 + 1050
100 a
100 a
0.0 a
0.0 a
Imazethapyr + s-metolachlor
37.5 + 1050
99 a
95 a
0.6 a
0.1 a
Sulfentrazone + imazethapyr
140 + 37.5
100 a
100 a
0.0 a
0.0 a
Sulfentrazone + imazethapyr
210 + 37.5
99 a
100 a
0.0 a
0.0 a
Sulfentrazone + s-metolachlor +
140 + 1050 +
100 a
100 a
0.0 a
0.0 a
imazethapyr
37.5
Sulfentrazone + s-metolachlor +
210 + 1050 +
100 a
100 a
0.2 a
0.1 a
imazethapyr
37.5
SE (±)
0.08
0.09
0.16
0.13
Abbreviations: PRE, pre-emergence; WAA, weeks after application.
Means followed by the same letter within a column are not statistically different at α=0.05 using Fisher’s Protected LSD. Data are
averaged for years and locations.
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Table 6.5. Mean visible control, plant density and biomass ratings for wild mustard (Sinapis arvensis) treated with tank mixes of
sulfentrazone, imazethapyr and s-metolachlor applied PRE in Exeter, ON, Canada over two years (2014, 2015).
Rate
Visible Control (%)
Density 8WAA
Biomass 8WAA
Treatment
(g ai ha-1)
4 WAA
8 WAA
(plants m-2)
(g m-2)
Untreated Control
0 f
0 c
31.8 e
98.5 c
Weed Free Control
100 a
100 a
0.0 a
0.0 a
S-metolachlor
1050
31 e
0 c
26.4 e
114.2 c
Sulfentrazone
140
35 e
2 c
29.7 e
80.2 c
Sulfentrazone
210
80 cd
17 bc
14.4 de
66.1 bc
Imazethapyr
37.5
97 abcd
99 a
0.6 ab
0.0 a
Sulfentrazone + s-metolachlor
140 + 1050
76 d
8 c
10.2 cde
33.7 bc
Sulfentrazone + s-metolachlor
210 + 1050
83 bcd
25 bc
6.7 bcde
31.5 bc
Imazethapyr + s-metolachlor
37.5 + 1050
91 acd
76 ab
2.8 abcd
4.9 ab
Sulfentrazone + imazethapyr
140 + 37.5
99 abc
100 a
0.9 abc
0.1 a
Sulfentrazone + imazethapyr
210 + 37.5
97 abcd
100 a
1.3 abc
0.4 a
Sulfentrazone + s-metolachlor +
140 + 1050 +
100 ab
100 a
0.1 a
0.0 a
imazethapyr
37.5
Sulfentrazone + s-metolachlor +
210 + 1050 +
100 ab
100 a
0.6 ab
0.1 a
imazethapyr
37.5
SE (±)
0.08
0.15
0.39
0.58
Abbreviations: PRE, pre-emergence; WAA, weeks after application.
Means followed by the same letter within a column are not statistically different at α=0.05 using Fisher’s Protected LSD. Data are
averaged for years and locations.
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Table 6.6. Mean visible control, plant density and biomass ratings for barnyard grass (Echinochloa crusgalli) treated with tank mixes
of sulfentrazone, imazethapyr and s-metolachlor applied PRE in Ridgetown, ON and Exeter, ON, Canada over two years (2014,
2015).
Rate
Visible Control (%)
Density 8WAA
Biomass 8WAA
Treatment
-1
-2
(g ai ha )
4 WAA
8 WAA
(plants m )
(g m-2)
Untreated Control
0 b
0 e
6.3 c
6.2 b
Weed Free Control
100 a
100 a
0.0 a
0.0 a
S-metolachlor
1050
100 a
99 ab
0.2 ab
0.2 a
Sulfentrazone
140
81 a
86 abcd
3.4 abc
2.8 ab
Sulfentrazone
210
74 a
73 abcd
4.7 bc
2.8 ab
Imazethapyr
37.5
69 a
49 d
3.4 abc
2.6 ab
Sulfentrazone + s-metolachlor
140 + 1050
100 a
100 a
0.1 a
0.1 a
Sulfentrazone + s-metolachlor
210 + 1050
100 a
98 abc
0.1 a
0.1 a
Imazethapyr + s-metolachlor
37.5 + 1050
99 a
99 ab
0.0 a
0.0 a
Sulfentrazone + imazethapyr
140 + 37.5
86 a
61 bcd
1.5 abc
1.4 ab
Sulfentrazone + imazethapyr
210 + 37.5
92 a
53 cd
2.2 abc
1.8 ab
Sulfentrazone + s-metolachlor +
140 + 1050 +
100 a
96 abcd
0.0 a
0.0 a
imazethapyr
37.5
Sulfentrazone + s-metolachlor +
210 + 1050 +
100 a
98 ab
0.1 a
0.1 a
imazethapyr
37.5
SE (±)
0.15
0.14
0.36
0.33
Abbreviations: PRE, pre-emergence; WAA, weeks after application.
Means followed by the same letter within a column are not statistically different at α=0.05 using Fisher’s Protected LSD. Data are
averaged for years and locations.
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Table 6.7. Mean visible control, plant density and biomass ratings for green foxtail (Setaria viridis) treated with tank mixes of
sulfentrazone, imazethapyr and s-metolachlor applied PRE in Ridgetown, ON and Exeter, ON, Canada over two years (2014, 2015).
Rate
Visible Control (%)
Density 8WAA
Biomass 8WAA
Treatment
-1
-2
(g ai ha )
4 WAA
8 WAA
(plants m )
(g m-2)
Untreated Control
0 g
0 d
73.6 d
40.3 d
Weed Free Control
100 a
100 a
0.0 a
0.0 a
S-metolachlor
1050
99 abc
99 a
3.2 abc
1.0 ab
Sulfentrazone
140
80 f
62 c
17.3 cd
10.0 c
Sulfentrazone
210
90 def
79 bc
14.8 cd
6.1 c
Imazethapyr
37.5
85 ef
92 ab
28.7 d
4.1 bc
Sulfentrazone + s-metolachlor
140 + 1050
100 abc
99 a
0.8 a
0.7 ab
Sulfentrazone + s-metolachlor
210 + 1050
99 abc
99 a
1.1 ab
0.5 ab
Imazethapyr + s-metolachlor
37.5 + 1050
99 abc
99 a
2.4 abc
0.7 ab
Sulfentrazone + imazethapyr
140 + 37.5
94 cde
95 ab
17.1 cd
2.2 abc
Sulfentrazone + imazethapyr
210 + 37.5
96 bcd
97 ab
13.0 bcd
2.2 abc
Sulfentrazone + s-metolachlor +
140 + 1050 +
99 abc
100 a
1.0 a
0.2 a
imazethapyr
37.5
Sulfentrazone + s-metolachlor +
210 + 1050 +
100 ab
100 a
0.7 a
0.2 a
imazethapyr
37.5
SE (±)
0.05
0.09
0.55
0.40
Abbreviations: PRE, pre-emergence; WAA, weeks after application.
Means followed by the same letter within a column are not statistically different at α=0.05 using Fisher’s Protected LSD. Data are
averaged for years and locations.
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7. Sulfentrazone plus a low rate of halosulfuron for weed control in white
bean (Phaseolus vulgaris L.)
7.1 Abstract
Halosulfuron was recently registered as the second soil-applied herbicide for broadleaf
weed control in Ontario dry bean, but does not provide an alternative mode of action.
Sulfentrazone is used to control broadleaf weeds in soybean and other pulse crops, and its
registration for Ontario dry bean would provide a different mode of action for broadleaf weed
control. Five field studies were conducted over two years (2014, 2015) to determine if the
spectrum of broadleaf weed control is improved by adding a half-rate of halosulfuron to
sulfentrazone PRE, and to determine the tolerance of white bean to sulfentrazone (140 or 210 g
ai ha-1), s-metolachlor (1050 g ai ha-1), and halosulfuron (17.5 g ai ha-1) applied alone and in
combination. Crop injury was assessed at 2 and 4 weeks after crop emergence. Weed control was
assessed at 4 and 8 weeks after herbicide application (WAA), and weed density and biomass
were determined at 8 WAA. Seed moisture and yield were determined at harvest. Halosulfuron
added to sulfentrazone improved the control of Ambrosia artemisiifolia and Sinapis arvensis.
Sulfentrazone + s-metolachlor + halosulfuron caused up to 23% crop injury. Therefore, this
study concludes that sulfentrazone + s-metolachlor + halosulfuron provides broad spectrum weed
control, but is too injurious to white bean for registration in Ontario.

7.2 Introduction
Dry edible bean (Phaseolus vulgaris L.) is a staple food that fit well in a typical Ontario
crop rotation of corn, soybean and wheat. Several market classes of dry bean are grown in
Ontario, including cranberry, black, Dutch brown, kidney, small red Mexican, otebo, pinto,
yellow eye and white (navy) bean. White bean is the predominant class of dry bean grown in

94

Ontario, accounting for approximately 50% of production (Kulasekera 2015; Statistics Canada
2015).
One of the most critical aspects of crop management for dry bean producers is weed
control, as dry beans are poor competitors (Ghamari and Ahmadvand 2012). In Ontario, weed
interference has caused white bean yield losses of 68 to 77% (Malik et al. 1993; Soltani et al.
2014a; Soltani et al. 2014b). Weeds can also affect bean quality at harvest by staining the seed
coat, producing unwanted aromas, or contaminating the beans with foreign plant parts. When
used in efficacious tank mix combinations that do not injure the crop, herbicides are effective
tools for controlling weeds.
Sulfentrazone is a photoporphyrinogen oxidase IX (PPO) inhibitor herbicide in the aryl
triazinone family and was recently registered Canada-wide for pre-emergence (PRE) application
in chickpea (Cicer arientinum L.), soybean (Glycine max L.), sunflower (Helianthus annuus L.),
flax (Linum usitatissimum L.) and field pea (Pisum sativum L.). Sulfentrazone is taken up by
germinating weeds and is translocated to the shoot, where it inhibits the PPO enzyme and causes
an excess of protoporphyrinogen IX. Various reactions occur in the cytoplasm resulting in the
conversion of protoporphyrinogen IX to O+ radicals, which disrupt the cell membranes and cause
loss of cell function (Hancock 2001; Shaner 2014). Sulfentrazone primarily controls broadleaf
species such as common lambsquarters (Chenopodium album L.), common waterhemp
(Amaranthus tuberculatus var. rudis), and redroot pigweed (Amaranthus retroflexus L.), as well
as annual grasses including Digitaria (crabgrass), Panicum and Setaria (foxtail) species
(Niekamp et al. 1999; Niekamp and Johnson 2001; Anonymous 2012b).
In 2014, halosulfuron was available for the first time for use in Ontario. Halosulfuron is a
sulfonyl urea herbicide, used in dry bean, corn (field, seed, sweet and popcorn – Zea mays L.)
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and various vegetable crops for broadleaf weed control. Halosulfuron controls common Ontario
weed species such as common ragweed (Ambrosia artemisiifolia L.), common lamsbquarters,
wild mustard (Sinapis arvensis L.), redroot pigweed, flower-of-an-hour (Hibiscus trionum L.),
and velvetleaf (Abutilon theophrasti Medik.) (Anonymous 2014). Several studies have shown
that dry bean has excellent tolerance to halosulfuron applied PRE (Soltani et al. 2014a; Soltani et
al. 2014b).
S-metolachlor is a chloroacetamide herbicide and is currently the only grass herbicide
registered for PRE application in dry bean. S-metolachlor controls grass species such as
Digitaria spp. (crabgrass), Echinochloa crusgalli (L.) Beauv. (barnyard grass), Panicum capilare
L. (witchgrass), Panicum dichotomiflorum (L.) Michx. (fall panicum), and Setaria spp.
(OMAFRA 2016).
Currently, halosulfuron and imazethapyr are the only soil-applied herbicides registered
for broadleaf weed control in Ontario dry bean, and are both ALS inhibitor herbicides. As there
are currently ten ALS inhibitor-resistant weed species in Ontario, dry bean growers will have
difficulty chemically controlling these weeds without another mode of action at their disposal
(Heap 2014). This study aimed to determine the tolerance of white bean to tank mixes of
sulfentrazone + s-metolachlor + halosulfuron and to determine if a low dose of halosulfuron
added to sulfentrazone would improve the spectrum of broadleaf weed control.

7.3 Materials and Methods
7.3.1 Experiment
Five field studies were conducted over a two-year period (2014, 2015) at the University
of Guelph Ridgetown Campus (Ridgetown) and Huron Research Station (Exeter) in Ontario,
Canada. The 2014 site in Exeter was a clay loam soil of 31% sand, 42% silt and 27% clay, and
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had a pH of 7.8 and organic matter content of 4.3%. In 2015, the Exeter sites were both a loamy
soil, with the first site consisting of 32% sand, 42% silt and 26% clay, pH of 7.7 and organic
matter content of 3.2%, and the second site consisting of 35% sand, 43% silt, 22% clay, a pH of
7.6 and organic matter content of 3.6%. In Ridgetown, the soil at both sites was a sandy clay
loam. The first site had a sand, silt, and clay content of 52%, 24%, and 24%, respectively, a pH
of 7.3 and organic matter content of 4.3%. The second site had a sand, silt, and clay content of
46%, 27%, and 27%, respectively, a pH of 6.4 and an organic matter content of 3.7%. All sites
were prepared by a moldboard ploughing in the fall followed by two passes with an s-tine
cultivator and rolling baskets in the spring. Plots were 3 m by 10 m in Exeter and 3 m by 8 m in
Ridgetown. All plots were seeded with white bean cultivar T9905 at a rate of approximately
233 000 seeds ha-1, 4 to 5 cm deep in rows spaced 75 cm apart.
Experiments were arranged in a randomized complete block design with four replicates
of thirteen treatments. An untreated weedy control and a weed-free control (sprayed with
s-metolachlor (1050 g ai ha-1) + halosulfuron (35 g ai ha-1) PRE and maintained weed-free by
hand-hoeing) were included in each replicate. Herbicide treatments included PRE applications of
sulfentrazone (140 and 210 g ai ha-1), half the registered rate of halosulfuron (17.5 g ai ha-1), and
s-metolachlor (1050 g ai ha-1) for grass control, used alone and in various combinations (Table
1). Herbicides were applied with a pressurized CO2 backpack sprayer and 1.5 m handheld boom
with four ULD 120-02 nozzles (Hypro, New Brighton, MN) spaced 50 cm apart, calibrated to
deliver 200 L ha-1 at 240 kPa.
Crop injury was visually assessed at 2 and 4 weeks after crop emergence (WAE) by
comparing the herbicide treatments to the weed-free control, and weed control was visually
assessed at 4 and 8 weeks after herbicide application (WAA) by comparing the herbicide
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treatments to the weedy control. Herbicide treatments were given a score between 0% (no injury
or weed control) to 100% (complete plant death). At 8 WAA, weed density and biomass were
determined by counting the number of plants by species in 1 m2 per plot, followed by cutting the
weeds at the soil surface, separating each species into a separate paper bag, drying in a kiln, and
weighing for dry biomass. White bean seed moisture and yield (adjusted to 18% moisture) were
determined at harvest.

7.3.2 Statistical Analysis
Statistical Analysis Software (SAS) version 9.4 (SAS Institute Inc., NC) was used for the
analysis. Data were partitioned into fixed and random effects to account for error. Treatments
were deemed as fixed effects and their significance determined by the F-test. Replicate,
environment, replicate within environment, and environment by treatment interaction were the
random effects and their significance was determined using the Z-test. Various transformations
of the data were applied using the UNIVARIATE procedure to test the assumptions of normality
and homogeneity of the residuals. All transformations met the assumptions for the crop injury,
weed control, seed moisture and yield data, therefore the arcsine square root transformation was
selected for the analysis as it produced the least amount of error. Weed density and biomass data
were transformed using a logarithmic transformation to meet the assumptions. An analysis of
variance was performed on all data using the MIXED procedure and Fisher’s Protected LSD test
(α=0.05). Values were converted back to the original scale for presentation.

7.4 Results and Discussion
7.4.1 Crop Injury
At 2 WAE, sulfentrazone (140 and 210 g ai ha-1) caused 5% and 10% injury in white
bean, respectively (Table 7.1). S-metolachlor and halosulfuron caused 2% injury, and
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halosulfuron + s-metolachlor caused 3% injury, but were equivalent to the control. The
combination of sulfentrazone (140 g ai ha-1) plus s-metolachlor or halosulfuron did not cause
greater injury than each herbicide individually, but sulfentrazone (210 g ai ha-1) plus smetolachlor or halosulfuron caused up to 22% injury. Similarly, sulfentrazone (140 g ai ha-1) + smetolachlor + halosulfuron caused 12% injury, while sulfentrazone (210 g ai ha-1) + smetolachlor + halosulfuron caused 23% injury. All tank mixes containing sulfentrazone caused
greater injury than the weed-free control. Injury levels at 4 WAE were similar to 2 WAE. The
level of injury caused by sulfentrazone remained constant at 4 WAE, s-metolachlor caused 3%
injury and halosulfuron caused 1% injury. Soltani et al. (2014b) also found that halosulfuron
(17.5 g ai ha-1) applied PRE produces very little injury in edible bean. Sulfentrazone + smetolachlor caused up to 24% injury and sulfentrazone + halosulfuron caused up to 15% injury.
Sulfentrazone (140 g ai ha-1) + s-metolachlor + halosulfuron caused 10% injury and
sulfentrazone (210 g ai ha-1) + s-metolachlor + halosulfuron caused 22% injury. Halosulfuron +
s-metolachlor and sulfentrazone (140 g ai ha-1) + halosulfuron were the only tank mixes at 4
WAE that did not cause injury greater than the weed-free control.

7.4.2 Weed Control, Density and Biomass
Pigweed species. Redroot pigweed and green pigweed (Amaranthus powelli S. Wats) were the
dominant pigweed species at the Exeter and Ridgetown locations, respectively, but were
combined for analysis. All herbicides and herbicide combinations provided ≥89% control of
pigweeds throughout the season (Table 7.2). Sulfentrazone (140 and 210 g ai ha-1) provided
100% control at 4 and 8 WAA, s-metolachlor provided 89% control at 4 WAA and 99% control
at 8 WAA, and halosulfuron provided 91% control at 4 WAA and 90% control at 8 WAA.
Soltani et al. (2014b) also found 85 to 95% control of redroot pigweed with halosulfuron (17.5 g
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ai ha-1) applied PRE. Sulfentrazone (140 and 210 g ai ha-1) + s-metolachlor provided 99 to 100%
control, while sulfentrazone (140 g ai ha-1) + halosulfuron provided 99% control at 4 and 8 WAA
and sulfentrazone (210 g ai ha-1) + halosulfuron provided 100% control throughout the season.
Sulfentrazone (140 and 210 g ai ha-1) + s-metolachlor + halosulfuron provided 98 to 100%
control. All herbicides and herbicide combinations reduced pigweed density and biomass relative
to the weedy control. This level of control is consistent with other studies that used similar rates
of sulfentrazone (Wilson et al. 2002; Walsh et al. 2015).
Common ragweed. At 4 WAA, sulfentrazone at 140 and 210 g ai ha-1 provided 19 and 24%
control of common ragweed, respectively (Table 7.3). S-metolachlor provided 27% control,
while halosulfuron provided 94% control and was the only herbicide that provided control
equivalent to the weed-free control. Trader et al. (2007) reported up to 97% control of common
ragweed in pumpkin with 18 g ai ha-1 halosulfuron. Sulfentrazone (140 and 210 g ai ha-1) +
s-metolachlor provided up to 26% control, and was not improved compared to either herbicide
applied alone. In contrast, sulfentrazone (140 and 210 g ai ha-1) + halosulfuron provided 86%
and 90% control, respectively, which was equivalent to the weed-free control and an
improvement compared to sulfentrazone applied alone. Similarly, sulfentrazone (140 and 210
g ai ha-1) + s-metolachlor + halosulfuron provided 94 to 98% control and were equivalent to the
weed-free control. Soltani et al. (2014a) also found good control of common ragweed with
halosulfuron tank mixes applied pre-plant incorporated. At 8 WAA, control decreased with all
herbicides and herbicide combinations. Sulfentrazone (140 and 210 g ai ha-1), s-metolachlor and
sulfentrazone + s-metolachlor provided up to 18% control and were not different from the weedy
control. In contrast, halosulfuron provided 83% control, sulfentrazone + halosulfuron provided
75 to 77% control, and sulfentrazone (140 and 210 g ai ha-1) + s-metolachlor + halosulfuron
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provided 90 to 94% control, and were equivalent to the weed-free control. Sulfentrazone (140
and 210 g ai ha-1) reduced ragweed density by 16% and 28%, respectively, and sulfentrazone + smetolachlor reduced density by up to 25%. Sulfentrazone + halosulfuron tank mixes reduced
density by up to 83%, but were not statistically different from the weedy control. Sulfentrazone
(140 and 210 g ai ha-1) + s-metolachlor + halosulfuron reduced ragweed density by 89 and 91%,
respectively, and were the only herbicide treatments that reduced density relative to the weedy
control. None of the herbicides applied on their own reduced ragweed biomass relative to the
weedy control. Sulfentrazone + s-metolachlor did not provide any biomass reduction, while
sulfentrazone (140 and 210 g ai ha-1) + halosulfuron reduced ragweed biomass by 74% and 84%,
respectively, but was not an improvement compared to the weedy control. Sulfentrazone (210
g ai ha-1) + s-metolachlor + halosulfuron also reduced biomass by 87%, but was not different
from the weedy control. Sulfentrazone (140 g ai ha-1) + s-metolachlor + halosulfuron was the
only herbicide treatment that reduced ragweed biomass relative to the weedy control, providing a
94% reduction.
Common lambsquarters. Sulfentrazone (140 and 210 g ai ha-1) provided 100% control of
common lambsquarters at 4 and 8 WAA (Table 7.4). S-metolachlor provided 7% control at 4
WAA and 16% control at 8 WAA, while halosulfuron provided 87 to 97% control. This is
consistent with another study which found 83 to 96% control of common lambsquarters with the
same rate of halosulfuron (Soltani et al. 2014b). Sulfentrazone + s-metolachlor and sulfentrazone
+ halosulfuron provided 99 to 100% control at 4 and 8 WAA, while the three-way tank mixes
provided 100% control. Sulfentrazone (140 and 210 g ai ha-1) reduced lambsquarters density by
100%, s-metolachlor reduced density by 67%, and halosulfuron reduced density by 82%.
Sulfentrazone + s-metolachlor reduced density by 100%, and sulfentrazone + halosulfuron
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reduced density by 99 to 100%. Both three-way tank mixes reduced density by 100%.
Sulfentrazone applied alone and in a co-application reduced lambsquarters density to an
equivalent level as the weed-free control. Similarly, sulfentrazone (140 and 210 g ai ha-1),
s-metolachlor and halosulfuron reduced lambsquarters biomass by 100%, 100%, 18% and 94%,
respectively. Sulfentrazone + s-metolachlor provided a 100% reduction, sulfentrazone +
halosulfuron provided 97 to 100% reduction in biomass, and sulfentrazone (140 and 210 g ai ha1

) + s-metolachlor + halosulfuron reduced biomass by 100%. Sulfentrazone has shown excellent

control of common lambsquarters when used alone and in a tank mix (Bailey et al. 2002; Brown
and Masiunas 2002).
Wild mustard. Sulfentrazone (140 and 210 g ai ha-1), s-metolachlor, and halosulfuron provided
50%, 48%, 20% and 100% control of wild mustard, respectively, at 4 WAA (Table 7.5).
Excellent control of wild mustard with halosulfuron has been noted in other studies (Soltani et al.
2014a; Soltani et al. 2014b). Control decreased to 5%, 12%, and 2% for sulfentrazone (140 and
210 g ai ha-1) and s-metolachlor, respectively, at 8 WAA but remained constant for halosulfuron.
Sulfentrazone (140 g ai ha-1) + s-metolachlor provided 54% control at 4 WAA, which was not an
improvement compared to sulfentrazone alone, and decreased to 1% control by 8 WAA. In
contrast, sulfentrazone (210 g ai ha-1) + s-metolachlor provided 87% control at 4 WAA and was
an improvement compared to sulfentrazone, but decreased to 20% control at 8 WAA.
Sulfentrazone + halosulfuron and sulfentrazone (140 and 210 g ai ha-1) + s-metolachlor +
halosulfuron provided 100% control at both 4 and 8 WAA. Sulfentrazone alone reduced wild
mustard density by 67%, and s-metolachlor reduced density by 49%, but neither herbicide
reduced density relative to the weedy control. Sulfentrazone (140 g ai ha-1) + s-metolachlor also
did not reduce density relative to the control, but sulfentrazone (210 g ai ha-1) + s-metolachlor
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significantly reduced density by 83%. Similarly, sulfentrazone reduced wild mustard biomass by
up to 66%, s-metolachlor reduced biomass by 45%, and sulfentrazone + s-metolachlor reduced
biomass by up to 84%, but none were different from the weedy control. In contrast, halosulfuron
and all co-applications containing halosulfuron reduced density and biomass equivalent to the
weed-free control.
Green foxtail. At 4 WAA, sulfentrazone (140 and 210 g ai ha-1) provided 68% and 84% control
of green foxtail (Setaria viridis (L.) Beauv), respectively, s-metolachlor provided 99% control
and halosulfuron provided 31% control (Table 7.6). Sulfentrazone at either rate combined with smetolachlor provided 99% control. Sulfentrazone (140 and 210 g ai ha-1) plus halosulfuron
provided 67% and 85% control, respectively, and were not an improvement compared to
sulfentrazone applied alone. Sulfentrazone + s-metolachlor + halosulfuron provided 98 to 99%
control. At 8 WAA, sulfentrazone (140 and 210 g ai ha-1) decreased to 45% and 80% control,
respectively, control with s-metolachlor remained constant, and control with halosulfuron
decreased to 11% and was not different from the weedy control. Sulfentrazone + s-metolachlor
provided 98 to 99% control, while sulfentrazone + halosulfuron provided 42 to 63% control. The
co-application of sulfentrazone + halosulfuron was not an improvement relative to sulfentrazone
on its own, but did provide control relative to the weedy control. Sulfentrazone (140 and 210 g ai
ha-1) + s-metolachlor + halosulfuron provided 95 to 98% control and were equivalent to the
weed-free control. Other studies have shown improved control of foxtail species when either
sulfentrazone or halosulfuron were tank mixed with a grass herbicide (Niekamp and Johnson
2001; Soltani et al. 2014a). Sulfentrazone (140 g ai ha-1) reduced green foxtail density by 77%,
which was not different from the weedy control, while sulfentrazone (210 g ai ha-1) reduced
density by 90%. S-metolachlor reduced density by 98% and halosulfuron reduced density by
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44%. Sulfentrazone at either rate plus s-metolachlor reduced foxtail density by up to 99%, and
was equivalent to the weed-free control. In contrast, sulfentrazone (140 g ai ha-1) + halosulfuron
provided only a 70% reduction and was not an improvement relative to the weedy control.
Sulfentrazone (210 g ai ha-1) reduced density relative to the weedy control, but was not an
improvement compared to either herbicide on its own. Sulfentrazone + s-metolachlor +
halosulfuron provided up to 99% density reduction. Sulfentrazone (140 and 210 g ai ha-1)
reduced green foxtail biomass by up to 90%, s-metolachlor reduced biomass by 98%, and
halosulfuron reduced biomass by 52% but not relative to the weedy control. Sulfentrazone + smetolachlor and sulfentrazone + s-metolachlor + halosulfuron reduced green foxtail biomass by
99% and 98%, respectively, and were equivalent to the weed-free control. Sulfentrazone (140 g
ai ha-1) + halosulfuron did not reduce green foxtail biomass relative to the weedy control, while
sulfentrazone (210 g ai ha-1) + halosulfuron reduced biomass by 87%.

7.4.3 Seed Moisture and Yield
Seed moisture at harvest ranged between 16.8 and 17.6% (Table 7.1). Sulfentrazone (210
g ai ha-1) + s-metolachlor had a higher moisture content than the weed-free control, which could
be due to the high level of injury produced by this tank mix causing delayed maturity. All other
herbicide treatments had a moisture content equivalent to the weed-free control. White bean
yield ranged from 1.2 to 2.7 T ha-1. Comparing the two controls, weed interference in this study
caused a 56% yield loss. Sulfentrazone (140 and 210 g ai ha-1), s-metolachlor, and halosulfuron
produced yields that were 52%, 44%, 44%, and 33% lower than the weed-free control,
respectively, and were not different from the weedy control. This yield loss is likely attributed to
weed interference rather than crop injury, as injury levels for these treatments were relatively
low. Sulfentrazone + s-metolachlor did not improve yield relative to either herbicide on its own
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or to the weedy control. In contrast, sulfentrazone (140 and 210 g ai ha-1) + halosulfuron
produced yields greater than the weedy control, at 2.0 T ha-1 and 1.8 T ha-1, respectively.
Sulfentrazone (140 g ai ha-1) + halosulfuron improved yield compared to sulfentrazone alone, but
sulfentrazone (210 g ai ha-1) + halosulfuron did not. Sulfentrazone + s-metolachlor +
halosulfuron produced yields that were equivalent to the weed-free control, likely attributed to
better weed control as crop injury was as high as 23%.

7.5 Conclusions
In this study, sulfentrazone applied PRE provided excellent control of pigweeds and
common lambsquarters. When a low rate of halosulfuron was added to sulfentrazone, the
spectrum of broadleaf weed control was improved. Sulfentrazone + halosulfuron provided good
to excellent control of pigweeds, common lambsquarters, common ragweed, and wild mustard.
Sulfentrazone + s-metolachlor + halosulfuron also provided excellent control of these species as
well as green foxtail, but did not have an adequate margin of crop safety, therefore this study
does not support the use of a tank mix of sulfentrazone + s-metolachlor + halosulfuron in white
bean in Ontario. However, this tank mix does provide broad spectrum weed control, and should
be examined in other market classes of dry bean to determine their tolerance to the coapplication of these three herbicides.
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Table 7.1. Mean visible injury, seed moisture, and yield at harvest (adjusted to 18% moisture) of white bean treated with various tank
mixes of sulfentrazone, s-metolachlor and halosulfuron applied PRE in five field studies at the University of Guelph Ridgetown
Campus, Ridgetown, ON and Huron Research Station, Exeter, ON over a two-year period (2014, 2015).
Rate
Dry bean injury (%)
Seed moisture
Yield
Treatment
-1
(%)
(T ha-1)
(g ai ha )
2 WAE
4 WAE
Untreated Control
0 a
0 a
17.5 ab
1.2 g
Weed-free Control
0 a
0 a
16.8 a
2.7 a
S-metolachlor
1050
2 abc
3 abc
17.2 ab
1.5 defg
Sulfentrazone
140
5 abc
5 abc
17.3 ab
1.3 fg
Sulfentrazone
210
10 bcde
10 bcd
17.4 ab
1.5 efg
Halosulfuron
17.5
2 ab
1 ab
17.1 ab
1.8 cdefg
Sulfentrazone + s-metolachlor
140 + 1050
9 bcd
10 bcd
17.3 ab
1.6 defg
Sulfentrazone + s-metolachlor
210 + 1050
22 e
24 d
17.6 b
1.5 efg
Halosulfuron + s-metolachlor
17.5 + 1050
3 abc
2 ab
17.0 ab
2.5 ab
Sulfentrazone + halosulfuron
140 + 17.5
8 bcd
6 abc
17.0 ab
2.0 bcde
Sulfentrazone + halosulfuron
210 + 17.5
17 de
15 cd
17.0 ab
1.8 cdef
Sulfentrazone + s-metolachlor
140 + 1050 +
12 cde
10 bcd
16.9 ab
2.3 abc
+ halosulfuron
17.5
Sulfentrazone + s-metolachlor
210 + 1050 +
23 e
22 d
16.9 ab
2.1 abcd
+ halosulfuron
17.5
SE (±)
0.06
0.06
0.01
0.01
Abbreviations: PRE, pre-emergence; WAE, weeks after emergence.
Means followed by the same letter within a column are not statistically different according to a Fisher’s Protected LSD test at α=0.05.
Data are averaged for years and locations.
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Table 7.2. Mean visible control, density, and dry biomass of pigweed species (Amaranthus powelli and A. retroflexus) after a PRE
application of sulfentrazone, s-metolachlor, halosulfuron, or combination for five field studies conducted near Ridgetown, ON and
Exeter, ON, Canada over a two-year period (2014, 2015).
Rate
Visible Control (%)
Density 8 WAA Biomass 8 WAA
Treatment
-1
(g ai ha )
4 WAA
8 WAA
(plants m-2)
(g m-2)
Untreated Control
0 b
0 b
7.0 b
4.5 b
Weed-free Control
100 a
100 a
0.0 a
0.0 a
S-metolachlor
1050
89 a
99 a
0.4 a
0.5 a
Sulfentrazone
140
100 a
100 a
0.3 a
0.3 a
Sulfentrazone
210
100 a
100 a
0.0 a
0.0 a
Halosulfuron
17.5
91 a
90 a
0.6 a
0.4 a
Sulfentrazone + s-metolachlor
140 + 1050
100 a
99 a
0.1 a
0.2 a
Sulfentrazone + s-metolachlor
210 + 1050
100 a
100 a
0.0 a
0.0 a
Halosulfuron + s-metolachlor
17.5 + 1050
98 a
98 a
0.3 a
0.5 a
Sulfentrazone + halosulfuron
140 + 17.5
99 a
99 a
0.1 a
0.1 a
Sulfentrazone + halosulfuron
210 + 17.5
100 a
100 a
0.2 a
0.2 a
Sulfentrazone + s-metolachlor +
140 + 1050 +
100 a
98 a
0.0 a
0.0 a
halosulfuron
17.5
Sulfentrazone + s-metolachlor +
210 + 1050 +
100 a
100 a
0.0 a
0.0 a
halosulfuron
17.5
SE (±)
0.09
0.09
0.17
0.23
Abbreviations: PRE, pre-emergence; WAA, weeks after application.
Means followed by the same letter within a column are not statistically different according to a Fisher’s Protected LSD test at α=0.05.
Data are averaged for years and locations.
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Table 7.3. Mean visible control, density, and dry biomass of common ragweed (Ambrosia artemisiifolia) after a PRE application of
sulfentrazone, s-metolachlor, halosulfuron, or combination for five field studies conducted near Ridgetown, ON and Exeter, ON,
Canada over a two-year period (2014, 2015).
Rate
Visible Control (%)
Density 8 WAA
Biomass 8 WAA
Treatment
-1
-2
(g ai ha )
4 WAA
8 WAA
(plants m )
(g m-2)
Untreated Control
0 b
0 c
7.5 d
11.1 bcd
Weed-free Control
100 a
100 a
0.2 a
0.3 a
S-metolachlor
1050
27 b
7 c
4.5 bcd
10.6 bcd
Sulfentrazone
140
19 b
11 c
6.3 cd
15.9 cd
Sulfentrazone
210
24 b
16 c
5.4 bcd
15.0 cd
Halosulfuron
17.5
94 a
83 a
1.5 abcd
2.3 abc
Sulfentrazone + s-metolachlor
140 + 1050
12 b
7 c
6.0 cd
15.4 cd
Sulfentrazone + s-metolachlor
210 + 1050
26 b
18 bc
5.6 bcd
19.5 d
Halosulfuron + s-metolachlor
17.5 + 1050
98 a
90 a
1.2 abcd
1.6 ab
Sulfentrazone + halosulfuron
140 + 17.5
86 a
75 ab
1.3 abcd
2.9 abcd
Sulfentrazone + halosulfuron
210 + 17.5
90 a
77 a
1.7 abcd
1.8 abc
Sulfentrazone + s-metolachlor +
140 + 1050 +
94 a
90 a
0.7 ab
0.7 a
halosulfuron
17.5
Sulfentrazone + s-metolachlor +
210 + 1050 +
98 a
94 a
0.8 abc
1.4 ab
halosulfuron
17.5
SE (±)
0.16
0.18
0.54
0.65
Abbreviations: PRE, pre-emergence; WAA, weeks after application.
Means followed by the same letter within a column are not statistically different according to a Fisher’s Protected LSD test at α=0.05.
Data are averaged for years and locations.
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Table 7.4. Mean visible control, density, and dry biomass of common lambsquarters (Chenopodium album) after a PRE application of
sulfentrazone, s-metolachlor, halosulfuron, or combination for five field studies conducted near Ridgetown, ON and Exeter, ON,
Canada over a two-year period (2014, 2015).
Rate
Visible Control (%)
Density 8 WAA
Biomass 8 WAA
Treatment
-1
-2
(g ai ha )
4 WAA
8 WAA
(plants m )
(g m-2)
Untreated Control
0 b
0 c
13.9 d
7.1 b
Weed-free Control
100 a
100 a
0.2 a
0.2 a
S-metolachlor
1050
7 b
16 c
4.6 c
5.8 b
Sulfentrazone
140
100 a
100 a
0.0 a
0.0 a
Sulfentrazone
210
100 a
100 a
0.0 a
0.0 a
Halosulfuron
17.5
87 a
97 ab
2.5 bc
0.4 a
Sulfentrazone + s-metolachlor
140 + 1050
100 a
99 ab
0.0 a
0.0 a
Sulfentrazone + s-metolachlor
210 + 1050
100 a
100 a
0.0 a
0.0 a
Halosulfuron + s-metolachlor
17.5 + 1050
91 a
76 b
1.0 ab
0.6 a
Sulfentrazone + halosulfuron
140 + 17.5
99 a
99 ab
0.1 a
0.2 a
Sulfentrazone + halosulfuron
210 + 17.5
100 a
99 ab
0.0 a
0.0 a
Sulfentrazone + s-metolachlor +
140 + 1050 +
100 a
100 ab
0.0 a
0.0 a
halosulfuron
17.5
Sulfentrazone + s-metolachlor +
210 + 1050 +
100 a
100 a
0.0 a
0.0 a
halosulfuron
17.5
SE (±)
0.09
0.11
0.17
0.17
Abbreviations: PRE, pre-emergence; WAA, weeks after application.
Means followed by the same letter within a column are not statistically different according to a Fisher’s Protected LSD test at α=0.05.
Data are averaged for years and locations.
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Table 7.5. Mean visible control, density, and dry biomass of wild mustard (Sinapis arvensis) after a PRE application of sulfentrazone,
s-metolachlor, halosulfuron, or combination for five field studies conducted near Ridgetown, ON and Exeter, ON, Canada over a twoyear period (2014, 2015).
Rate
Visible Control (%)
Density 8 WAA
Biomass 8 WAA
Treatment
-1
-2
(g ai ha )
4 WAA
8 WAA
(plants m )
(g m-2)
Untreated Control
0 e
0 c
31.0 c
93.6 b
Weed-free Control
100 a
100 a
0.0 a
0.0 a
S-metolachlor
1050
20 d
2 bc
15.9 bc
51.8 b
Sulfentrazone
140
50 cd
5 bc
10.3 bc
37.1 b
Sulfentrazone
210
48 cd
12 bc
10.3 bc
32.1 b
Halosulfuron
17.5
100 ab
100 a
0.0 a
0.0 a
Sulfentrazone + s-metolachlor
140 + 1050
54 c
1 bc
10.5 bc
51.7 b
Sulfentrazone + s-metolachlor
210 + 1050
87 b
20 b
5.3 b
14.8 b
Halosulfuron + s-metolachlor
17.5 + 1050
100 a
100 a
0.0 a
0.0 a
Sulfentrazone + halosulfuron
140 + 17.5
100 a
100 a
0.0 a
0.0 a
Sulfentrazone + halosulfuron
210 + 17.5
100 a
100 a
0.1 a
0.0 a
Sulfentrazone + s-metolachlor +
140 + 1050 +
100 a
100 a
0.0 a
0.0 a
halosulfuron
17.5
Sulfentrazone + s-metolachlor +
210 + 1050 +
100 a
100 a
0.0 a
0.0 a
halosulfuron
17.5
SE (±)
0.07
0.09
0.28
0.45
Abbreviations: PRE, pre-emergence; WAA, weeks after application.
Means followed by the same letter within a column are not statistically different according to a Fisher’s Protected LSD test at α=0.05.
Data are averaged for years and locations.
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Table 7.6. Mean visible control, density, and dry biomass of green foxtail (Setaria viridis) after a PRE application of sulfentrazone,
s-metolachlor, halosulfuron, or combination, for five field studies conducted near Ridgetown, ON and Exeter, ON, Canada over a twoyear period (2014, 2015).
Rate
Visible Control (%)
Density 8 WAA
Biomass 8 WAA
Treatment
-1
-2
(g ai ha )
4 WAA
8 WAA
(plants m )
(g m-2)
Untreated Control
0 d
0 f
87.3 f
42.4 g
Weed-free Control
100 a
100 a
0.0 a
0.0 a
S-metolachlor
1050
99 a
99 ab
1.8 abc
0.7 ab
Sulfentrazone
140
68 b
45 de
20.1 def
7.8 def
Sulfentrazone
210
84 b
80 bcd
8.3 bcde
4.4 bcde
Halosulfuron
17.5
31 c
11 ef
48.7 ef
20.3 fg
Sulfentrazone + s-metolachlor
140 + 1050
99 a
98 ab
1.6 abc
0.6 ab
Sulfentrazone + s-metolachlor
210 + 1050
99 a
99 ab
0.8 ab
0.4 a
Halosulfuron + s-metolachlor
17.5 + 1050
98 a
96 ab
3.5 abcd
1.5 abcd
Sulfentrazone + halosulfuron
140 + 17.5
67 b
42 de
26.3 def
10.8 efg
Sulfentrazone + halosulfuron
210 + 17.5
85 b
63 cd
11.9 cde
5.7 cdef
Sulfentrazone + s-metolachlor +
140 + 1050 +
98 a
95 abc
1.1 abc
0.8 ab
halosulfuron
17.5
Sulfentrazone + s-metolachlor +
210 + 1050 +
99 a
98 ab
1.3 abc
0.8 abc
halosulfuron
17.5
SE (±)
0.07
0.12
0.56
0.49
Abbreviations: PRE, pre-emergence; WAA, weeks after application.
Means followed by the same letter within a column are not statistically different according to a Fisher’s Protected LSD test at α=0.05.
Data are averaged for years and locations.
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8. General Discussion
8.1 Contributions
This is the first study to examine dry bean tolerance to mixtures of sulfentrazone +
pyroxasulfone, and only the second study to evaluate dry bean tolerance to sulfentrazone at rates
below 420 g ai ha-1 in Ontario. It is also the first study to examine the efficacy of sulfentrazone
for weed control in dry bean in Ontario. The research was conducted on adzuki bean (Vigna
angularis) and three market classes of Phaseolus vulgaris (kidney, small red Mexican, and
white) that have divergent phylogeny (Mensack et al. 2010).
Results of this study determined differential market class sensitivity to sulfentrazone and
sulfentrazone + pyroxasulfone. Kidney bean and small red Mexican bean have excellent
tolerance to PRE applications of sulfentrazone at rates up to 280 g ai ha-1 and pyroxasulfone at
rates up to 200 g ai ha-1, and tolerated the combination of pyroxasulfone (100 g ai ha-1) +
sulfentrazone (210 g ai ha-1) well. White bean has excellent tolerance to sulfentrazone at 140 g ai
ha-1 and pyroxasulfone at 100 g ai ha-1, and good tolerance to pyroxasulfone at 200 g ai ha-1. It
has a narrow margin of safety for sulfentrazone at 210 g ai ha-1 and pyroxasulfone (100 g ai ha-1)
+ sulfentrazone (210 g ai ha-1), ranging from 7 to 16% and 2 to 12% injury, respectively. White
bean does not tolerate sulfentrazone at rates of 280 or 420 g ai ha-1. Adzuki bean tolerated
sulfentrazone at 140 g ai ha-1 and pyroxasulfone at 100 g ai ha-1, but does not tolerate
sulfentrazone at 210 g ai ha-1 and above, pyroxasulfone at 200 g ai ha-1, or the combination of
sulfentrazone + pyroxasulfone at the rates evaluated. These findings confirmed that differences
in sulfentrazone sensitivity among these four dry bean types exist; therefore the first hypothesis
tested—that sulfentrazone will not cause injury and yield loss in dry bean—is rejected. Thus,
sulfentrazone and sulfentrazone + pyroxasulfone should only be considered for a minor use
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registration on a market class basis, should the appropriate authorities proceed with a
registration.
With respect to weed control efficacy, the main weed species evaluated in this study were
pigweeds, common lambsquarters, common ragweed, wild mustard, and green foxtail. The
spectrum of weed control provided by sulfentrazone at 140 and 210 g ai ha-1 included excellent
control of pigweeds (98 to 100% control) and common lambsquarters (100% control), and
variable control of green foxtail (45 to 90% control). This level of pigweed and lambsquarters
control was not compromised when sulfentrazone was combined with a grass herbicide or a low
dose of imazethapyr or halosulfuron.
Of the grass herbicide tank mixtures evaluated in this study, sulfentrazone +
pyroxasulfone (100 g ai ha-1) provided the best broad spectrum weed control, providing 100%
control of pigweeds, 99 to 100% control of common lambsquarters, 58 to 71% control of
common ragweed, 78 to 99% control of wild mustard, and 98 to 99% control of green foxtail.
The second hypothesis of this study was that tank mixes of sulfentrazone and a soil-applied grass
herbicide will provide control of the common annual grass and broadleaf weeds in Ontario.
Though the level of control of some of these weed species was excellent, this hypothesis is
rejected given the variable level of control of common ragweed and wild mustard. However,
given the good tolerance to pyroxasulfone at 200 g ai ha-1 in the tolerance trial, it might be
possible to increase the rate of pyroxasulfone in a mixture of sulfentrazone + pyroxasulfone to
improve common ragweed and wild mustard control. 86% control of common ragweed and over
90% control of wild mustard has been reported with approximately 175 g ai ha-1 and 126 g ai ha-1
of pyroxasulfone, respectively (Christoffers et al. 2010; Curran and Lingenfelter 2013). The
broad spectrum control provided by sulfentrazone + pyroxasulfone, coupled with the excellent
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tolerance in some market classes, indicates sulfentrazone + pyroxasulfone may be a favourable
tank mixture for weed control in certain dry beans, should the registration proceed.
Sulfentrazone + s-metolachlor provided the next best broad spectrum control of the grass
herbicide mixtures evaluated, providing excellent control of pigweeds, common lambsquarters
and green foxtail, but was weak on common ragweed and did not maintain acceptable control of
wild mustard later in the season. Thus, tank mixtures of sulfentrazone + s-metolachlor require the
addition of another broadleaf herbicide to compensate for the gaps in the spectrum of weed
control. This study determined there was a benefit to adding a low dose of imazethapyr or
halosulfuron to sulfentrazone + s-metolachlor with respect to wild mustard and common ragweed
control. Both herbicides increased wild mustard control to 100% when added to the mixture.
However, halosulfuron was superior to imazethapyr for ragweed control, providing 90 to 98%
control versus 35 to 74% control. The final hypothesis of this study, which was that the addition
of a low dose of halosulfuron or imazethapyr to sulfentrazone plus s-metolachlor will result in
increased control of broadleaf weeds, is therefore accepted. Thus, sulfentrazone is a good tank
mix partner for broad spectrum weed control, especially for the control of Group 2 resistant
lambsquarters and pigweed species, when combined with the herbicides currently registered for
PRE application in Ontario dry bean.

8.2 Limitations
All experiments in this study used only one cultivar of each market class of dry bean
evaluated. Several studies have reported differential bean cultivar sensitivity to herbicides (Park
and Hamill 1993; Urwin et al. 1996; Poling et al. 2009; Soltani et al. 2009b). Therefore, there is
the possibility that the observed responses in the cultivars used in this study are not
representative of the market class as a whole. For example, the excellent tolerance of ‘Red
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Hawk’ kidney bean and ‘Merlot’ small red Mexican bean may not be observed in other cultivars
of kidney and small red Mexican bean. Likewise, ‘T9905’ white bean and ‘Erimo’ adzuki bean
may be more sensitive cultivars within their respective market classes, and so the tolerance of
other cultivars might be greater than what was observed in this study.
Additionally, there is little information on dry bean tolerance to sulfentrazone in Ontario
at the rates used in this study. Only two other studies have examined sulfentrazone in Ontario dry
bean, and used rates of 105, 140, 280, 420 and 840 g ai ha-1 (Hekmat et al. 2007; Soltani et al.
2014c). The first three rates were from a study conducted between 2009 and 2011, and the latter
two rates were examined in a study conducted over 2004 and 2005. The injury to dry bean
observed in those studies was generally lower than what was observed in the present study. It is
possible that weather conditions in the years 2014 and 2015 were conducive to greater crop
injury, and so the true margin of safety for sulfentrazone may be greater than what was observed
in this study.
Lastly, given the difference in weed species populations within and between sites, there
was insufficient data to perform an analysis of sulfentrazone’s efficacy on some target weed
species. Common Ontario weed species that were excluded from the analysis include velvetleaf,
barnyard grass, and crabgrass. Without control data on these species, the true broad spectrum
efficacy of the mixtures outlined in this study is not known.

8.3 Future Research
This study suggests there should be a revision in methodology for developing precision
weed management programs in dry bean. This and several other studies have determined that
different market classes of dry bean can respond very differently to herbicides (Soltani et al.
2005a; Sikkema et al. 2007b; Poling et al. 2009; Sikkema et al. 2009a; Soltani et al. 2014c;
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Soltani et al. 2014b). Within these studies, the market classes descendant from the Andean centre
of domestication (COD) tend to have greater tolerance than the market classes from the Middle
American COD. There also appears to be a differential sensitivity among the land races within
each COD, with market classes from a highland land race (e.g. pinto, small red Mexican)
demonstrating greater tolerance than market classes from a lowland land race (e.g. black, white)
(See Mensack et al. (2010) for a brief description of the CODs and land races). Essentially, the
different market classes should not be treated as one collective crop. Herbicide regimes for dry
bean may need to consist of a collection of minor use herbicide registrations rather than a blanket
registration for herbicides that are suitable for all or most market classes.
For future studies, researchers should consider first performing an elimination trial, in
which the experiment includes as many market classes as is feasible from the different CODs
and land races, which are then subjected to the same herbicide dose(s). Those market classes
which demonstrate acceptable tolerance advance to the next round of trials, be they tolerance
trials to varying doses of the herbicide or weed control trials involving mixtures with other
herbicides. Further studies could also examine cultivar tolerances within market classes to
further identify which herbicides are suitable for which market classes. Researchers should also
consider planting weed seeds in weed control trials to achieve more uniform populations, and
thereby obtain more thorough weed control data for that herbicide.
By developing weed management programs in this manner, Ontario dry bean producers
may be provided with more herbicide options for weed control, even if only for a few market
classes. This may contribute to a more robust weed management program for the whole cropping
system, and help reduce selection pressure for herbicide-resistant weeds.
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10. Appendix 1: Example SAS coding for tolerance trials
title 'BEAN TOLERANCE TO SULFENTRAZONE AND PYROXASULFONE';
data first;
input env herbtrt bean$ block inj1 inj2 inj3 inj4 inj6 inj8 den bioplnt
height moist yield;
*env: 1-4 Ridgetown (2014) = 1, Ridgetown (2015) = 2, HRS (2015a) = 3, HRS
(2015b) = 4;
*bean: ADZ = adzuki, KID = kidney, SRM = small red mexican, W = white;
**/For injury data only. Include untreated control for all other data sets;
*if herbtrt=1 then delete;
**/Use following transformations as necessary to achieve residual normality;
*anv=log(x+1);
*anv=sqrt(x+0.5);
*anv=arsin(sqrt((x+1)/100));
proc mixed covtest;
class block bean herbtrt env;
model anv= herbtrt bean bean*herbtrt/outp=second residual;
random env env(block) env*herbtrt env*bean env*herbtrt*bean;
lsmeans herbtrt bean bean*herbtrt;
run;
proc univariate normal;
var resid;
histogram/normal;
run;
**/Use contrast and estimate statements when using herbicide combinations;
proc mixed covtest data=first;
class block bean herbtrt env;
model anv= herbtrt bean bean*herbtrt/outp=second residual;
contrast 'pyroxasulfone versus pyroxasulfone plus sulfentrazone' herbtrt 1 1
0 0 -1 -1;
contrast 'sulfentrazone vs pyroxasulfone plus sulfentrazone' herbtrt 0 0 1 1
-1 -1;
estimate 'BLUE: Mean of pyroxasulfone' intercept 2 herbtrt 1 1 0 0 0 0
/divisor=2;
estimate 'BLUE: Mean of sulfentrazone' intercept 2 herbtrt 0 0 1 1 0 0
/divisor=2;
estimate 'BLUE: Mean of pyrox plus sulfentrazone' intercept 2 herbtrt 0 0 0 0
1 1 /divisor=2;
random env env(block) env*herbtrt env*bean env*herbtrt*bean;
lsmeans herbtrt bean bean*herbtrt/adjust=tukey pdiff;
run;
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11. Appendix 2: Example SAS coding for weed control trials
data first;
input env trt block injury control biomass density moisture yield;
*env: 1-5 HRS (2014) = 1, Ridgetown Site A (2015) = 2, Ridgetown Site B
(2015) = 3, HRS Site A (2015) = 4, HRS Site B (2015) = 5;
**/For injury, seed moisture content and yield data;
analvar=arsin(sqrt((x+1)/100));
**/For weed control data;
if trt=2 then delete;
analvar1=control;
*if analvar1=100 then analvar1=100-0.05;
*if analvar1=0 then analvar1 =0+0.05;
analvar2=analvar1/100;
analvar=arsin(sqrt(analvar2));
**/For biomass and density data;
analvar=log(cnt+1);
proc mixed covtest;
class env trt block;
model analvar=trt/outp=second residual;
random env block block(env) trt*env;
lsmeans trt;
run;
proc print; run;
title 'test of normality';
proc univariate normal;
var resid;
histogram/normal;
run;
title 'residual analysis';
proc sgscatter; plot studentresid*(pred trt block env); run;
proc sgplot; scatter y=studentresid x=pred; refline 0; run;
proc sgplot; scatter y=studentresid x=trt; refline 0; run;
title 'analysis with tukeys';
proc mixed covtest data=first;
class env trt block;
model analvar=trt/outp=second residual;
random env block block(env) trt*env;
lsmeans trt/adjust=tukey pdiff;
ods html exclude lsmeans diffs;
ods output lsmeans=mmm diffs=ppp;
run;
%include 'C:\Users\ataziar\Downloads\pdmix800.sas';
%pdmix800(ppp,mmm,alpha=0.05, sort=no);

134

