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Abstract 
Herbicide resistance is becoming an increasing problem worldwide, one that is 

threatening global food production. Frequent use of herbicides with high efficacy has led to 

strong selection pressure for the development of herbicide resistant weed species. Faba bean 

(Vicia faba L.) is an emerging crop in western Canada. To date, there is very limited research 

that contains several integrated weed management strategies together to mitigate weed pressures. 

Field trials were conducted near Saskatoon, Floral and Melfort, Saskatchewan to address this 

gap. The first study in this research aimed to determine the optimal combination of pre-

emergence (PRE), residual herbicides and crop seeding rate to reduce the number of weeds 

exposed to a post emergent herbicide application. Weed control was improved by the addition of 

pyroxasulfone+sulfentrazone into a tank mix with glyphosate, but the greatest weed control was 

with when a PRE herbicide was combined with POST emergence application of 

imazamox+bentazon. Although no interaction was observed between herbicide and seeding rate, 

higher seeding rates tended to improve weed control and crop yield. The optimal seeding rate 

needed to reach the highest yield varied for each herbicide treatment. The objective of the second 

study was to determine if high or medium intensities of integrated weed management strategies 

(IWM), combined with a PRE herbicide with residual characteristics, could eliminate the need 

for a post emergence herbicide application. The best weed control was achieved with medium to 

high levels of intensity of integrated weed management strategies. Weed control generally did 

not differ among herbicides, regardless of the duration of the residual period.  The highest crop 

yield and seed size was also observed in the medium to high IWM treatments. Herbicide did not 

affect crop yield or seed size. Based on the results in these studies, growers should seed a faba 

bean crop in early May or late April, depending on environment, with an increased seeding rate 

(50-75 seeds m-2) and a narrower row spacing (<25 cm). Furthermore, using a pre-emergence 

herbicide such as pyroxasulfone+sulfentrazone, saflufenacil, or flumioxazin will help to further 

reduce early season weed pressure, while reducing the risk for developing herbicide resistant 

weeds. In addition, near perfect weed control was achieved with an effective PRE herbicide 

coupled with a high IWM intensity. This demonstrates that it is indeed possible to achieve both 

excellent weed control and good crop production without the use of an in-crop herbicide. 
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1.0 Introduction 
 

Faba bean (Vicia faba L.) is an annual legume crop belonging to the Fabaceae family that 

is grown mainly for animal feed, or as a vegetable for human consumption, and more recently for 

plant-based protein extraction. Commercial production of faba bean in Western Canada began in 

1972, with the total number of acres planted fluctuating over the years (Government of 

Saskatchewan, 2020b; Statistics Canada, 2020). Most of the faba beans grown in western Canada 

are grown in Saskatchewan and Alberta, with a small portion grown in Manitoba. Much of the 

Canadian faba bean harvest is exported to a traditional market in Egypt, although the market is 

slowly expanding into other areas of the world. Faba beans are of excellent nutritional value for 

human consumption compared with other pulse crops, mainly due to their high protein (+25%) 

and fiber (8.5%) concentrations. They also offer a low-fat content (as low as 1.5%) and low 

levels of anti-nutritional components (Marquardt et al., 1975; Nonnecke, 2015; Zee et al., 1987). 

Additionally, modern breeding has developed varieties with specific nutritional benefits to 

optimize animal feed nutrient composition (Crepon et al., 2010). Furthermore, the discovery of a 

low vicine-convicine marker is a fundamental change in the crop’s future (Khazaei et al., 2021). 

This discovery will allow for a rapid shift to low vicine types and is the driver for expansion of 

interest in faba bean for human consumption. Furthermore, the very high nitrogen fixation 

capabilities of faba bean increases interest in the crop even further.  

Growing faba bean in a crop rotation can be challenging as it is susceptible to several 

abiotic stress factors and weed management issues (Karkanis et al., 2018). While faba bean is 

more tolerant to frost than most other pulse crops, drought and heat stress are considered the 

most detrimental factors faced by growers (Murray et al., 1988). Drought conditions have 

decreased nitrogen fixation rates, as well as grain and straw yields in faba bean (Katerji et al., 

2011).  

Faba beans, among other pulse crops, is a characteristically poor competitor against 

weeds. This leads growers to look for cultural, mechanical, and herbicidal controls to help 

combat this issue. Unfortunately, there are limited herbicide options available to growers. A 

common method of weed control in faba bean, as well as in other pulse crops, is a pre-emergence 

(PRE) herbicide application (Government of Saskatchewan, 2020a). A non-selective herbicide 
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such as glyphosate can be tank-mixed with soil residual herbicide to control weeds early in the 

growing season. However, herbicide resistance, increased herbicide costs, and herbicide 

availability all limit a grower’s ability to achieve successful weed control with this method alone. 

Furthermore, research into the development of new herbicide options in pulse crops is very 

limited due to the relatively small market size compared to other cereal or oilseed crops. 

Research that helps eliminate some of the problems associated with faba bean production will be 

necessary to expand its cultivation within Saskatchewan. 

Herbicide resistant (HR) weeds are becoming a major challenge to global agriculture 

(Beckie et al., 2020). Herbicide use increased globally, especially in North America, after the 

introduction of HR crops. This further increased the problems associated with HR crops as 

growers now began to rely heavily on herbicides to control weeds in these new HR cropping 

systems (Beckie et al., 2020). There are currently over 500 unique cases globally of weed species 

that are resistant to at least one herbicide mode of action (Heap, 2020). Weeds have developed 

resistance to 23 of the 26 known herbicide modes of action, across 70 countries and 93 

domesticated crops (Heap, 2020). To date, there are 118 reported cases of herbicide-resistant 

weed species in Canada, 19 of which are located within Saskatchewan (Heap, 2020). It has been 

estimated that HR weed species infested 37% of annually cropped land across the prairies, and 

this number is consistently increasing (Beckie et al., 2013). Moreover, seven cases of HR weeds 

have been documented in faba bean globally (Heap, 2020). The major herbicide use patterns in 

faba bean are pre-emergence and in-crop applications and therefore, the loss of one or both 

options due to HR weeds would be very problematic for growers. Furthermore, there are very 

few in-crop herbicide options for faba bean, and with increased HR weed issues growers are 

quickly losing the ability to control the weeds that escape a pre-emergence herbicide application 

(Sikkema et al., 2005).  

Integrated weed management (IWM) strategies that can reduce or diversify herbicide use 

have been identified as crucial to combatting HR weeds (Norsworthy et al., 2012; Regnier and 

Janke, 1990; Walker and Buchanan, 1982).  Integrated weed management includes a series of 

tactics that include increasing crop competitiveness, knowledge of the critical period of weed 

control, influence of crop rotations, as well as mechanical weed control (Lemerle et al., 2001; 

Olsen et al., 2005; Rasmussen, 2004; Swanton and Weise, 1991). These systems offer an 

alternative to those that rely solely on herbicides to control weeds, and are therefore less likely to 
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select for resistance (Blackshaw et al., 2008). Pulse growers are more likely to see successful 

weed management by utilizing several IWM practices rather than relying exclusively on 

herbicides.  

Establishing a good crop with optimum ground cover is a prerequisite for any weed 

management program. Increasing plant density through seeding rate and row width are important 

aspects of a successful IWM program. Increased seeding rates result in early canopy closure, 

thereby allowing for stronger competition against weeds earlier in the season (Ahmed et al., 

2014; Baird et al., 2009; Vera et al., 2006). Additional increases in plant density can be achieved 

through reduced row spacing. Generally, narrow row spacings provide better weed control within 

a crop (Blackshaw et al., 2000; Dalley et al., 2004; Knezevic et al., 2006; Sajid et al., 2012; Wax 

and Pendleton, 1968). Additionally, adjusting the seeding date for pulse crops may change the 

timing of weed emergence, making them more likely to be eradicated by an in-crop herbicide 

application (Klingaman and Oliver, 1994). Furthermore, in-crop mechanical weed control 

options are available to pulse growers to control small annual weeds. Currently, there is evidence 

of the effectiveness of a rotary hoe, flex tine harrow, and inter-row cultivation as mechanical 

weed control options on many crops, including pulses in western Canada (Alba et al., 2020; 

Benaragama and Shirtliffe, 2013; Shirtliffe and Johnson, 2012; Stanley, 2018).  

Many of the aforementioned studies either have looked into the role of each component 

of IWM individually, or have examined the effect of IWM strategies in other pulse crops. 

Research that combines several IWM strategies to optimize weed control is limited, especially in 

faba bean. Additionally, studies are unavailable for pulse growers looking to combine in-crop 

cultural and mechanical techniques with pre-emergence herbicides to reduce the number of in-

crop weeds. Future research that provides a novel approach for controlling HR and non-HR 

weeds in faba bean through the effective use of IWM strategies is imperative.  

The overarching goal of this project was to determine whether the combination of pre-

emergence residual herbicides and in-crop cultural and mechanical weed control techniques can 

improve weed control in faba bean. It is hoped that the treatments imposed will reduce the 

number of weeds in faba bean crops, thereby reducing the chances of selecting for herbicide 

resistance. Furthermore, there would be a reduction in the competition that the faba bean crop 

will face due to reduced weed pressures. Two experiments are put forward in this thesis to help 

address the gap in the research. The objective of the first experiment was to determine the 
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optimal combination of pre-emergence, residual herbicides and seeding rates on weed and crop 

growth. We hypothesized that combining higher seeding rates with a residual pre-emergence 

herbicide will reduce weed growth, thereby improving weed management and crop yield. The 

objective of the second experiment is to determine if high intensity IWM strategies could be 

combined with a herbicide having a long residual period to eliminate the need for a post-

emergence herbicide application. For the second study, we hypothesized that increasing the 

residual activity of pre-emergence herbicides combined with increasing the intensity of 

integration of cultural and mechanical strategies will provide better weed control and reduced in-

crop weed densities. Ultimately, we hoped that using this strategy could totally eliminate the 

need for an in-crop herbicide in an uncompetitive crop, which would be a novel finding 

demonstrating that such an approach was indeed possible. 
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2.0 Literature Review 
 
2.1 Faba Bean  

2.1.1 Faba Bean Background 

 

Faba bean (Vicia faba L.) is an ancient, small-seeded, annual legume crop belonging 

to the family Fabaceae. While the origin of faba bean is still unknown, many speculate that it 

originated in Eurasia, but was also found in various ancient western civilizations (Nonnecke, 

2015). Some believe that legumes, including faba bean, were among the first domesticated plants 

in the Near East (Southwest Asia) (Kislev and Bar-Yosef, 1988). Commercial production of faba 

bean in Western Canada began in 1972, and the total number of acres planted in years following 

1972 has fluctuated since that time, as shown in Table 2.1 (Government of Saskatchewan, 

2020b; Statistics Canada, 2020).  

Faba bean is grown for pig, horse, and chicken feed, or as a vegetable for human 

consumption (Muehlbauer and Tullu, 1997). Canadian faba bean are mainly exported to Egypt, 

but the market is slowly expanding into parts of Africa (Government of Canada, 2020b). The 

high protein content (25%) of the seed is of excellent nutritional value for human intake 

(Nonnecke, 2015), and modern breeding has created varieties with specific nutritional benefits to 

optimize nutrition in animal feed (Crepon et al., 2010). Faba bean seeds can contain upwards of 

35% protein, lipid contents as low as 1.5%, and crude fiber contents around 8.5% while 

maintaining low levels of anti-nutritional compounds compared to other pulse crops (Marquardt 

et al., 1975; Zee et al., 1987). The specific nutrient composition of faba bean is strongly 

influenced by the variety grown, environmental conditions, and management practices (Cazzato 

et al., 2012; Marquardt et al., 1975; Mona et al., 2011; Witten et al., 2015). 
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Table 2.2 Estimated seeded acres of faba bean in the prairie provinces of Canada since 1991. 

Year Saskatchewan Seeded 
Area (acres) 

Alberta Seeded 
Area (acres) 

Manitoba Seeded 
Area (acres) 

1991 7,500 7,600 2,700 
1992 5,000 3,000 6,000 
1993 2,000 2,000 5,000 
1994 0 0 10,000 
1995 400 0 4,000 
1996 0 200 5,000 
1997 2,000 1,000 10,000 
1998 - 2,000 7,000 
1999 - 0 15,000 
2000 - 0 10,000 
2001 - 3,000 10,000 
2002 - 3,000 10,000 
2003 - 2,000 10,000 
2004 - 5,000 10,000 
2005 - 5,000 7,000 
2006 - 4,000 15,000 
2007 - - 10,000 
2014 - 75,000 - 
2015 - 80,000 - 
2016 - 45,000 - 
2017 60,000 35,000 - 
2018 37,000 34,700 - 
2019 50,000 35,000 7,100 
2020 55,900 32,000 7,600 

    
( - ) Data not available for specific reference period 
 
 

2.1.2 The Botany and Ecophysiology of Faba Bean  

 

Faba bean has an upright growth habit, growing up to 1.5 m tall (Government of 

Saskatchewan, 2020a). The plants have one or more strong, hollow stems, a large tap root, and 

white flowers with or without dark purple markings, depending on the variety. Flowers produce 

one to four green pods that turn brown to black at maturity. In Saskatchewan, faba bean needs 

over 100 days to mature, with some requiring up to 130 days to reach physiological maturity 

(Government of Saskatchewan, 2020a).   
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Faba bean is susceptible to several abiotic stress factors (Karkanis et al., 2018). Although 

faba bean is more tolerant to frost than other legume species such as field pea or chickpea 

(Murray et al., 1988), frost has been shown to have detrimental effects during early seedling 

stages and flowering (Maqbool et al., 2010). Drought and heat stress are considered the most 

detrimental factors to faba bean. Drought conditions have been shown to decrease nitrogen 

fixation, as well as grain and straw yields (Katerji et al., 2011). Faba bean is the most tolerant 

grain legume of waterlogged soils (Solaiman et al., 2007), but waterlogging will affect the plants 

during flowering such that plant biomass and yield will decrease linearly with extended periods 

of soil saturation (Pampana et al., 2015). 

Faba bean is a prolific nitrogen fixer, often to a greater extent than other pulse crops 

grown in Saskatchewan. Inoculated faba bean, chickpea (Cicer arietinum L.), lentil (Lens 

culinaris Medik), and pea (Pisum sativum L.) fixed 216, 176, 84 and 185 kg N ha-1, respectively 

(Rennie and Dubetz, 1986). It is estimated that 85% of the nitrogen requirement of faba bean is 

obtained through nitrogen fixation; this is greater than lentil, chickpea and pea (Rennie and 

Dubetz, 1986). Much of the remaining nitrogen requirement for faba bean is obtained from 

nutrients already in the soil. The application of nitrogen fertilizers is not recommended in faba 

bean, which reduces input costs for growers. Adding faba bean into a crop rotation can 

contribute to the soil nitrogen pool, thereby improving soil fertility for subsequent crops (Walley 

et al., 2007). Increased wheat (Triticum aestivum L.) and barley (Hordeum vulgare L.) seed 

protein have been shown in the growing season following a faba bean crop (Strydhorst et al., 

2008; Wright, 1990a). This increase in seed protein may be attributed to an increase in late 

season available N as faba bean residues break down. Additionally, there has been an increase in 

wheat yield if grown the year after faba bean (Wright, 1990b). Overall, faba bean can be 

valuable in diversifying cropping systems to reduce biotic stresses associated with short crop 

rotations (Jensen et al., 2010). 

Faba bean has significant potential to expand its acres within Saskatchewan and western 

Canada due to its adaptability to relatively cool, wet growing conditions. Many areas in western 

Canada are conducive for a successful faba bean crop production. Research that helps eliminate 

some of the problems associated with faba bean production will be important to expand its 

cultivation.  
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2.2 Weed Management in Pulse Crops 

2.2.1 Chemical weed control 

 

Managing weeds is the most consistent crop production challenge in many cropping 

systems around the globe. Weeds can cause yield losses up to 34% with current crop protection 

methods, costing growers in the United States $34 billion per year (Oerke, 2006, Pimental et al., 

2000). Herbicides have been the predominant strategy used to control weeds in conventional 

cropping systems. In faba bean, herbicide groups 1 (ACC inhibitors), 2 (ALS inhibitors), 3 (cell 

division inhibitors), 5 (PSI inhibitors), 6 (PSII inhibitors) and 14 (PPO inhibitors) are currently 

registered for use at various points in the growing season (Saskatchewan Ministry of Agriculture, 

2020). A common method of weed control in faba bean, as well as other pulse crops, is a pre-

emergence herbicide application (Government of Saskatchewan, 2020a). A non-selective 

herbicide such as glyphosate is often used with a soil residual herbicide to control weeds early in 

the growing season (Selleck and Baird, 1981). Unfortunately, issues with herbicide resistance, 

cost, and availability of certain herbicides can limit the weed control options available in pulse 

crops.  Furthermore, research into the development of new herbicide options in pulse crops is 

very limited due to the relatively small market size compared with other cereal or oilseed crops. 

Research on pulse crops often is conducted to examine current herbicides registered for use in 

other jurisdictions. This exemplifies the need for research that examines alternative weed control 

strategies. 

 

2.2.2 Soil Residual Herbicides  

 

Soil applied residual herbicides have played a crucial role in weed management systems 

in Canada for many years. Residual herbicides are those that can provide extended weed control 

within the soil after their initial application timing. They are useful to growers because they 

provide weed control for the early part of the growing season to help get the crop through the 

critical period of weed control, when it is most susceptible to yield losses (Selleck and Baird, 

1981). These herbicides are often used in addition to glyphosate in a pre-planting burn off 

application (Selleck and Baird, 1981). Glyphosate is a non-selective herbicide with no residual 

activity that provides excellent control of most weed species, including perennials. The addition 
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of a residual herbicide to a tank mix with glyphosate allows for the control of later germinating 

weed seedlings. However, antagonism between glyphosate and residual herbicides that results in 

reduced weed control has been shown in some herbicide tank-mixtures (Selleck and Baird, 

1981). 

 Soil residual, granular, pre-plant herbicides can be effective in pulse crops when used 

correctly. When incorporation of pre-plant granular herbicides such as pendimethalin, trifluralin 

and ethalfluralin is limited, the efficacy is reduced in no‐till systems (Campbell, 2016). 

Additionally, herbicides such as imazethapyr and metribuzin can also be used as a pre-plant 

option for growers, but should not be applied under cool and wet conditions as they can cause 

crop injury (Fedoruk and Shirtliffe, 2011; Wall and McMullan, 1994; Wall, 1996). Other soil 

residual herbicides such as saflufenacil, flumioxazin, pyroxasulfone and sulfentrazone are all 

registered for use in faba bean and have various levels of residual activity (Askew et al., 2002; 

Rahman et al., 2014, Westra et al., 2014) 

The advantages of using soil residual herbicides can be partially offset by the risk of 

carryover of the herbicide to subsequent growing seasons, which would ultimately affect 

susceptible crops in the rotation (Helling, 2005). There are several environmental and chemical 

parameters that may influence the persistence of a herbicide within the soil. These include the 

chemical properties of the herbicide itself, soil properties (texture, organic matter, pH, etc.), and 

climatic factors (temperature, rainfall, etc.) (Helling, 2005; Stickler et al., 1969). Landscape 

position also impacts the soil residual activity of herbicides, mainly due to the differences in soil 

properties (Schoenau et al., 2005). Generally, herbicide carryover is much more likely when 

there is low soil moisture, organic matter and temperature that contributes to slower microbial 

degradation of the herbicide (Helling, 2005). Unfortunately, much of western Canada has 

seasonally low temperatures and low moisture, so the potential for residual herbicide carryover 

needs to be thoroughly understood.  
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2.3 Herbicide Resistance  

2.3.1 Herbicide Resistance Globally 

 

At present, weed control in crops relies mainly on the use of herbicides. Around 3.5 

million tons of pesticides are being used worldwide each year, valued at approximately 45 billion 

USD (Akbaş, 2015). However, with increased herbicide usage, there is also an increased risk for 

the development of herbicide-resistant weeds that threaten crop production. Herbicide resistance 

is defined as the inherited ability for a plant to survive the application of a herbicide that would 

usually be fatal to susceptible plants of the population (Powles et al., 1997). Unfortunately, as the 

use of herbicides increases, so does the prevalence of herbicide-resistant weed species. 

Currently, the International Survey of Herbicide Resistant Weeds estimates that there are over 

500 unique cases (weed species resistant to at least one herbicide mode of action) of weeds 

showing herbicide resistance globally (Heap, 2020). Among these cases, there are over 260 

herbicide-resistant weed species (over 150 dicots and 110 monocots) reported to date (Heap, 

2020). Weeds have already developed resistance to 23 of the 26 known herbicide modes of 

action and to 167 different herbicides (Heap, 2020). Additionally, 70 countries have reported 

herbicide-resistant weed species within 93 domesticated crops (Heap, 2020). The acetolactate 

synthase (ALS) inhibitors (Group 2) show the greatest number of herbicide resistance cases, with 

over 160 HR species, and over 20 mutations that confer resistance to this group (Heap, 2020). 

There are over 40 weeds that have developed resistance to glyphosate (Group 9), and many of 

those show resistance to multiple modes of action (Heap, 2020). There are currently seven 

known cases of herbicide-resistant weed species that have been found in faba bean crops 

worldwide (Heap, 2020).  

Besides HR weeds, the cost of herbicides, their environmental impacts, and consumer 

fear of modern herbicide applications can all affect the availability of herbicides to farmers. 

Weed species such as wild oat (Avena fatua L.), green foxtail (Setari viridis L.), wild mustard 

(Sinapsis arvensis L.) and kochia (Bassia scoparia L.) are a few examples of species that have 

already developed resistance to one or more herbicide modes of action (Heap, 2019).  In many 

cases, incorporating preventative methods to delay or minimize the development of herbicide 

resistance will cost far less than attempting to control resistance once it fully develops. In the 

first year, when a grower may not realize that they have significant levels resistant weeds within 
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their field, there would be significant yield loss due to poor weed control, resulting in a loss in 

profits (Peterson, 1999). In following years, the addition of new herbicides to control the 

resistant biotypes further increase the financial strain on farmers (Peterson, 1999). The cost 

associated with herbicide resistance management is one of many reasons why research into 

alternative herbicide options or integrated management is crucial. 

There are several factors that cause herbicide-resistant weeds to evolve in an 

agroecosystem. Frequent applications of high efficacy herbicides with the same mode of action is 

among the most important of weed management strategies that contribute to resistance 

development. Furthermore, weed biology also affects the likelihood of resistance development. 

Annual weed species that are widely distributed, genetically variable, are favored within the 

cropping system, and are prolific seed producers that can distribute their seeds or pollen 

efficiently are more likely to develop resistance to one or more herbicides (Owen, 2001; Thill 

and Lemerle, 2001). Since annual weeds are most likely to develop herbicide resistance, in-crop 

post emergence (POST) herbicide application is more likely to contribute to herbicide resistance 

over other application timings.  

 

2.3.2 Herbicide Resistance in Western Canada  

 

To date, there are 118 reported cases of herbicide-resistant weed species in Canada, with 

19 of those within Saskatchewan (Heap, 2020). Both wild mustard (Sinapsis arvensis L.) 

(Warwick et al., 2005) and cleavers (Galium spurium L.) (Beckie et al., 2012) have developed 

group 2 herbicide resistance in Western Canada. In addition, group 9 resistant kochia was 

identified in Saskatchewan in 2012 (Hall et al., 2013). All three of these species are problematic 

weeds that cause significant problems for faba bean growers (Wall et al., 1991, 1993).  

It is estimated that HR weed species currently infest 37% of annually cropped land in the 

prairies. A study conducted in western Canada from 2007 to 2011 found that 44% of wild oats, 

27% of green foxtail, and 17% of cleavers sampled were resistant to one or more herbicide 

groups (Beckie et al., 2013). Group 1 and Group 2 resistant wild oat are the most prominent and 

detrimental HR weed species across the prairies (Heap, 2020).  
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2.3.3 Managing Herbicide Resistance 

 

To help combat herbicide-resistant weed species, growers are looking towards 

alternative herbicides or weed control options that may be entirely different than what they are 

currently using. Integrated weed management (IWM) is a tool that growers can use to help 

manage herbicide resistance. Additionally, several preventative measures can be implemented 

into a grower’s routine that may prevent new resistance issues or help keep current resistant 

weed population numbers down. Planting crop seed that is free of weed seeds, routinely scouting 

fields, having a thorough understanding of the biology of the weeds present, using on-label 

applications of herbicides that target specific weeds within a field, proper seedbank management 

and emphasizing crop competitiveness are a few of many ways to help control weed populations 

and manage herbicide resistance (Norsworthy et al., 2012). For example, Chandler and 

colleagues (2001) showed that decreased row spacing in soybean allowed for a reduced need for 

an in-crop glyphosate application, thus reducing the selection pressure for the development of 

resistance.  

 

2.4 Critical Period of Weed Control 
Competition is defined as “the tendency of neighboring plants to utilize the same 

quantum of light, ion of a mineral nutrient, molecule of water, or volume of space” (Grime 

1973). The competitive ability of a crop relative to weeds can be broken down into two aspects: 

the ability for a crop to maintain its yield in the presence of weeds (competitive tolerance), and 

the ability of a crop to suppress weed growth and weed-seed production (competitive ability) 

(Coleman et al., 2001; Goldberg and Landa, 1991). Both concepts are important in agricultural 

systems as both crop yield stability and the ability to limit contributions to the weed seed bank 

are crucial (Jordan, 1993). While the concepts are similar, they need to be separated as one may 

be present without the other (Watson et al., 2006). 

The critical period of weed control (CPWC) can be defined as the point in the crop 

growth cycle in which weeds need to be controlled to prevent yield losses (Knezevic, 2002). The 

CPWC can be broken down into two components. These include the length of time from crop 

planting that weeds need to be controlled to prevent yield loss, and the length of time that weeds 

can be tolerated by a crop before they interfere with it and severely reduce yield (Swanton and 
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Weise, 1991). The latter component is generally accepted as determining the beginning of the 

CPWC, whereas the former determines its end (Knezevic, 2002).  

Defining the CPWC in major crops can help make decisions on timing or the necessity of 

a POST herbicide application. The length of the CPWC varies between crops, and can be 

affected by weed species, planting pattern, and environmental conditions (Swanton and Weise, 

1991). In faba bean, the period between 25 and 75 days after sowing (seedling stage) is critical to 

obtain high yields (Tawaha and Turk, 2001). Weeds that have escaped the early season 

application of herbicides can be problematic later in the growing season. The main causes of 

early season weed survivors are improper spraying rates, incorrect spray timing, poor plant 

coverage, environmental factors, or missing adjuvants (Bagavanthiannan et al., 2012). Those 

weeds left to grow to maturity are often prolific seed producers and can contribute to weed seed 

bank build up. Weeds that emerged approximately 60 days after faba bean emergence (flowering 

stage) had next to no biomass and little impact on the crop (Frenda et al., 2013). This may be due 

to the increased competitive ability of the crop over the weeds once the crop has been 

established. With heavy reliance on POST herbicides in modern agriculture, the idea of the most 

effective timing for weed management and yield optimization is of high interest for growers.  

Compared with most other pulse crops, faba bean is a better competitor with weeds.  

This can be attributed to vigorous growth early in the season and taller plant height in faba bean 

(Frenda et al., 2013; Ponce and Santin, 2001). Even with this greater competitive ability, 

increased levels of weeds within the field is a major constraint in faba bean production (Frenda et 

al., 2013; Strydhorst et al., 2008).  Uncontrolled weeds left to compete against a faba bean crop 

reduced crop yield by 40% compared to the weed free control (Frenda et al., 2013). Additionally, 

the onset of the CPWC at the 5% yield loss level was found between the 28 and 33 day periods 

(Frenda et al., 2013). By decreasing the number of in crop weeds, faba bean is better able to fix 

atmospheric nitrogen and therefore produce higher yields (Strydhorst et al., 2008). 

 

2.5 Law of Constant Final Yield 
 

 The law of constant final yield describes the relationship between crop growth and plant 

density (Weiner and Freckleton, 2010). Generally, the law of constant final yield can be 

described as total plant biomass production (including yield) of plant stands growing at different 
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densities after a given period of time (Weiner, 2008). The plant density to yield relationship is 

not a simple linear increase, as shown in Figure 1.1. Instead, overall total biomass yield initially 

increases proportionally with plant density, levels off and remains constant with an ever-

increasing plant density (Weiner and Freckleton, 2010). At low plant densities (achieved through 

low seeding rates), there is minimal competition for resources such as water, light and nutrients 

(Weiner and Freckleton, 2010). As plant density increases, so does the competition for resources. 

This competition may lead to self-thinning, described as plant mortality due to competition in 

crowded plant stands (Westoby, 1984). Self-thinning often occurs well past the optimal 

maximum yield, therefore, is at a constant final yield (Weiner and Freckleton, 2010).   

 

 

 

 
Figure 2.1: (a) Biomass-density relationship according to constant final yield, divided into (b) 
four regions with respect to competition (Weiner and Freckleton, 2010).  This figure shows how 
total biomass remains constant with increasing density while reproductive biomss (yield) begins 
to decrease with increasing density. 

 

 Generally, increasing the seeding rate has been shown to improve weed management in 

many crops (Ahmed et al., 2014; Baird et al., 2009; McDonald, Hollaway and McMurray, 2007; 
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Vera et al., 2006). However, an essential aspect of research is to determine the point where crop 

yields can be maximized while achieving optimum weed control by increasing planting density. 

 

2.6 Integrated Weed Management 
 

Integrated weed management (IWM) can be defined as the process of using numerous 

weed control measures to manage weeds, including cultural, genetic, mechanical, biological and 

chemical options (Regnier and Janke, 1990; Walker and Buchanan, 1982).  Integrated weed 

management includes utilizing conservation tillage, increasing crop competitiveness (achieved 

through seeding competitive cultivars, and adapting seeding dates, sowing densities and row 

widths), knowledge of the critical period of weed control, influence of crop rotation and 

seedbank dynamics, as well as ways to use mechanical weeding tools to help manage weed 

issues over the long term (Lemerle et al., 2001; Olsen et al., 2005; Rasmussen, 2004; Swanton 

and Weise, 1991). These systems offer an alternative to those that rely only on herbicides to 

control weeds and are therefore less likely to select for herbicide resistance (Blackshaw et al., 

2008). Integrated weed management can be used with or without strategic herbicide applications 

to help manage weeds that may have developed resistance.  

Growers have several available options that can help to control weeds in pulse crops. 

Zero tillage, crop rotation, competitive crop cultivars, crop seeding rate, proper fertilization, and 

cover crops can all reduce weed populations if used effectively (Blackshaw et al., 2008). Using a 

minimum till rotary hoe in pulse crops has been shown to control small annual weeds, which 

could reduce the need for in-crop herbicides (Shirtliffe and Johnson, 2012; Alba et al., 2020). 

Additionally, one way to help control early season weeds that could be missed by a pre-

emergence glyphosate application is to tank-mix glyphosate with a residual herbicide (Daba and 

Sharma, 2018). A study conducted in 2014 showed that when using pre-emergence (PRE) 

herbicides, there was a decrease in weed density early in the growing season, thus producing 

high yields (DeWerff et al., 2014). An additional study showed that by combining PRE herbicide 

use and delayed planting dates, there was a reduction in the number of in-crop weeds exposed to 

post-emergence (POST) herbicides (DeWerff et al., 2015).  

Successful long term weed control will require a shift from the current in-crop herbicide 

method to a more integrated management plan that controls weeds in all stages of their life cycle. 
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When crop production practices are used to control weeds, herbicides may be used in a more 

targeted approach, which is more sustainable (Blackshaw et al., 2008). This method will help 

preserve the effectiveness of herbicides for years to come. By combining multiple crop 

production practices into viable systems at the farm level, widespread adoption may be achieved. 

At the time of writing this thesis, there have been no studies known to the author that have 

examined the combined use of residual herbicides tank mixed with glyphosate pre-plant with 

multiple IWM strategies to control weed populations and minimize weeds exposed to a post-

emergence herbicide in pulse crops. 

 

 

2.7 Components of Integrated Weed Management 
 

2.7.1 Seeding date 

 
Pre-emption of early season resources is the fundamental requirement to increase crop 

competitive ability. Timing of emergence of the crop relative to the weeds is often the most 

important factor determining competition for resources. While some crops are naturally more 

competitive than others, alterations can be made to the seeding date to increase the competitive 

advantage of the crop over the weeds. Early season weed control is crucial when managing weed 

competition in many crops (Lutman et al., 1994; May et al., 2003).  

Early seeding can improve the competitive advantage of the crop over the weeds. 

Altering seeding dates within the spring may also impact the timing of when weeds emerge 

(Klingaman and Oliver, 1994). Early planting dates allow for higher crop yields, whereas when 

herbicides are not used, delayed planting dates can better help with weed control (Buhler and 

Gunsolus, 1996). Even with a relatively narrow seeding window in western Canada, there may 

be some opportunities to alter the seeding dates for many crops. Changing the order in which 

crops are planted (crop sequence) in the spring will allow for the adjustment of seeding dates. In 

a trial conducted in both field pea and lentil, there was a 71% and 120% increase in crop yield, 

respectively, with earlier planting dates regardless of whether weeds were controlled or left to 

grow freely (Fernandez et al., 2010). Additionally, early planting dates have been shown to lead 

to higher crop yields and lower weed biomass in both soybean and cotton production (Klingaman 
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and Oliver, 1994). While earlier seeding dates can reduce yield losses due to weeds, it is 

important to note that weed seeds germinate based on soil temperature, soil moisture, and seed 

dormancy, and each species differs in its germination requirements (Forcella et al., 1992). It is 

also important to note that the relative effectiveness of early planting dates on weed densities 

changes among locations, weed species present, and year. 

Delayed seeding may also be an effective strategy for improved weed control (Coulter, 

2011). This is a common technique for organic growers because of its success in controlling 

many early-emerging weeds (Buhler and Gunsolus, 1996; Coulter and Nafziger, 2007; Gunsolus, 

1990). Postponing crop seeding allows for the soil to warm up, promoting rapid germination and 

emergence of the crop, therefore enhancing its competitive ability (Mohler, 2001). Additionally, 

using a false or stale seedbed technique has been shown to be successful in many crops. This 

practice involves tilling soil to the desired planting depth prior to seeding to get the non-dormant 

seeds at the soil surface to germinate (Merfield, 2013). By allowing time for the weeds to 

germinate, weed seedlings are killed when it comes time to seed the crop (Merfield, 2013). 

Finally, with delayed planting, there is an opportunity for early emerging weeds to be sprayed 

prior to crop seeding or emergence (Rasmussen, 2004).  

However, even with the potential for better weed control through delayed seeding, there 

may be a potential crop yield reduction (Buhler and Cunsolus, 1996). A study that included three 

seeding dates in field pea (early, middle, late) showed a 23% and 71% yield increase in the early 

seeding date over the middle and late seeding date, respectively (Fernandez et al., 2012). Similar 

results were shown in lentil, where there was a 50% and 120% increase in yield in the early 

seeding dates compared to the later dates, respectively (Fernandez et al., 2012). In soybean, it has 

been shown that delaying seeding until late May or early June significantly reduced yield; 

moreover, the highest yield occurred in seeding dates ranging from late April to early May 

(Robinson et al., 2009). Additional studies conducted on many other pulse and non-pulse crops 

showed similar yield increases without affecting seed quality through earlier seeding compared 

to normal seeding (Berti et al., 2011; de la Vega and Hall, 2002; Heenan, 1994; Ozer 2003; 

Willenborg and Johnson, 2012). 

While the results of these studies all suggest that April or early May planting dates are 

optimal for many crops, soil temperature at the time of planting must be considered. Faba bean 

should be planted into soil that is at least 3oC, and at a time that frost may not be an issue to 
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emerging faba bean (Tkachuk, 2020). Later seeding dates could also be problematic, however, 

due to the long growing season required by faba bean. An optimal seeding date for faba bean 

would be late enough to avoid spring frosts and early enough to create a sufficient length of 

growing season for the crop. This is often close to the beginning of May in the northern part of 

Saskatchewan’s growing region but may be earlier in the southern regions due to climatic 

factors. 

 

2.7.2 Seeding Rate  

 

 Establishing a good crop with optimum ground cover is a prerequisite for any IWM 

program. Therefore, increasing the crop density by increasing the seeding rate can be a useful 

method to increase crop uptake of resources. Increased seeding rates can be used as a tool for 

growers to help obtain better weed control. Higher seeding rates generally result in early canopy 

closure, therefore allowing for the crop to out-compete the weeds earlier in the growing season 

(Ahmed et al., 2014; Baird et al., 2009; Vera et al., 2006).  

 Increased seeding rate in pulse crops is an effective method to increase crop densities. A 

study conducted in an organic lentil crop showed a 59% decrease in weed biomass when lentil 

was seeded at 375 seeds m-2 compared to 15 seeds m-2, even without a herbicide application 

(Baird et al., 2009). A similar study in lentil showed a 52% reduction in weed biomass with a 

doubled plant density of 500 plants m-2 (Benaragama and Shirtliffe, 2013). Additionally, in a 

conventional system where herbicides may not be as effective, doubling the seeding rate in lentil 

is recommended to reduce weed competition (Ball et al., 1997). Other studies have shown 

similar results where significant decreases in weed biomass were recorded in both ideal and in 

less favourable conditions (Elkoca et al., 2005; McDonald et al., 2007; Siddique et al., 1998). In 

field pea the competitive ability of the crop against wild mustard increased significantly when 

using the recommended seeding rate rather than a ½ seeding rate (Wall et al., 1991). It has been 

suggested that field pea seeding rate be as high as economically possible (up to 150 plants m-2 in 

this study) to suppress weeds and maintain pea yield (Grevsen, 2003). An additional study 

conducted in western Canada showed similar beneficial results at higher seeding rates (up to 100 

plants m-2) higher than the recommended rate (45 plants m-2) were beneficial, especially when 

weeds were not controlled adequately (Johnston et al., 2002). 
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Many studies have shown that reduced herbicide rates are likely to be more effective at 

higher than recommended seeding rates (Barton et al. 1992, Blackshaw et al. 2005b, O’Donovan 

and Newman 2004, Wille et al. 1998). Blackshaw et al. (2005b) found that when the seeding rate 

was increased by 150%, a decreased herbicide rate did not lead to an increase in the weed 

biomass. In a four-year study, Beckie and Kirkland (2003) found that by using a combination of 

increased seeding rates and diverse crop rotations, herbicide rate could be reduced by up to 30% 

while still remaining effective on wild oat. Furthermore, increasing crop seeding rate has been 

found to be a simple and dependable method of enhancing crop competitive ability and 

improving the efficacy of herbicides applied at reduced doses (Ball et al., 1997; Blackshaw et al. 

2005a). Ball et al. (1997) suggested that a 2X seeding rate enhanced the efficacy of chemical 

control applications. Not all studies have confirmed that increasing seeding rate allowed 

herbicide rate to be reduced, however. Kirkland et al. (2000) found that by increasing seeding 

rates in several crops, crop productivity was not able to be maintained when herbicide rates were 

reduced.  

 While there is little published information regarding the effects of increased seeding rates 

effects on faba bean, similar results to that found in other crops may be expected. Several studies 

conducted in Australia and Canada have shown that an increased seeding rate led to greater 

yields in faba bean, but these studies provided no information on weed control benefits (Evans 

and Nugent-Rigby, 1986; Jettner et al., 1998). In the study conducted by Jettner et al. (1998), 

faba bean yield continued to increase even at the highest seeding rate of 270 kg ha-1, suggesting 

higher rates may be even more beneficial. 

Optimal seeding rates vary for each crop and are determined by differences in seeding 

date, variety, growth habit, seed size, seed quality, and environment (Lòpez-Bellido et al., 2005). 

Additionally, seed costs also can contribute to variable seeding rates (Graf and Rowland, 1987). 

Therefore, the optimal seeding rate for faba bean will be attained where weed management is 

optimized and the highest yields are produced. However, this may be different from the optimal 

seeding rate that produces the greatest economic return (Lòpez-Bellido et al., 2005). Often the 

economic seeding rate is lower than the agronomic seeding rate, but the additional costs for weed 

control attributed to lower seeding rates must be considered (Graf and Rowland, 1987). In faba 

bean, the current target plant population is 45 plants m-2 (Phelps, 2020). Increased seeding rates 
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are often recommended for faba bean in wet springs, when seeding late into a rough seedbed, and 

where the weed competition will be high (Manitoba Agriculture, 2020). 

 

2.7.3 Row spacing  

 

Plant geometry, or the spatial arrangement of the crop in the field, also can be an 

important factor determining crop yield. The yield benefit of optimal spatial arrangement could 

be due to either efficient resource uptake, reduced intraspecific competition (crop-crop), or 

reduced inter-specific (crop-weed) competition. While there are several essential resources, 

multiple studies have established light as the key resource driving the competitive advantages 

between plants (Farrior, 2014; Pierik et al., 2003; Farrior et al., 2013; Ballaré, 1999; Holmgren et 

al., 1997). The quantity, quality and availability of light are key aspects affecting plant growth 

and development (Grundel et al., 2014). Changes in light quality result from reflected light due 

to the presence of weeds within a system (Rajcan et al., 2004). Rajcan et al. (2004) showed how 

the presence of weeds in the system does not affect the quantity of light that was available to the 

crop, rather the quality of the light through an increasing far-red:red light ratio. Maximizing the 

leaf area of the crop maximizes the quantity of light intercepted by the crop, minimizing the light 

that is available to weeds. Crop management practices that enable crops to capture more light 

will have a pronounced effect on crop yield and better weed management. 

Generally, narrow row spacings are better able to minimize weed infestations within the 

crop. This idea was shown in studies conducted in field pea, soybean and dry bean (Phaseolus 

vulgaris) where yield increased and weed biomass decreased with narrower row spacings 

(Blackshaw et al., 2000; Dalley et al., 2004; Knezevic et al., 2006; Sajid et al., 2012; Wax and 

Pendleton, 1968). In soybean, Wax and Pendleton (1968) showed that yield increased by 20% 

when row spacing was reduced from 40 inches to 10 inches. Similarly in field pea, yield and 

yield components were greatest when row spacing decreased from 100 cm to 40 cm (Saajed et 

al., 2012). Blackshaw et al. (2000) noted a 19% increase in dry bean yield with a reduction in 

row spacing in a weed free system. This study also demonstrated that narrow row spacings on 

their own did not provide enough of a competitive advantage to the crop to out compete weeds 

(Blackshaw et al., 2000). The combination of a reduced row spacing with herbicides, however, 

provided effective weed management while maintaining crop yields (Blackshaw et al., 2000). 
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Previous work in faba bean showed that seed yield increased with an increase in plant density 

that was achieved through a narrowed row width (Bakry et al., 2011).  

While distance between crop rows is often the initial thought in terms of seed spacing, 

distance between the seeds within a row is another aspect of seed spacing that can affect weed 

pressures. The two-dimensional spatial arrangement of seeds represents the spacing between 

rows and the space between seeds within the row. Therefore, in crops seeded in Western Canada, 

plants are widely distributed in one dimension (between rows), but very crowded and randomly 

distributed in the other dimension (within row), resulting in long, thin rows that are clumped in 

nature (Jiang and Weiner, 2020). There are two possible ways to increase the two-dimensional 

spatial uniformity of seed placement: 1) reduce the distance between crop rows in order to be 

closer to the average distance between adjacent seeds within the row and 2) increase the distance 

between seeds within the row (Jiang and Weiner, 2020). Several studies have shown increased 

spatial uniformity by decreasing row width (Agdag et al., 2001; Blackshaw et al., 2000; Dalley et 

al., 2004; Knezevic et al., 2006; Wax and Pendleton, 1968). Essentially, adjustment of row 

spacing is an extension of an adjusted seeding rate. These two concepts differ in the sense that a 

decreased row width can be attributed to rapid canopy closure and increased light interception 

between rows without the inter-plant competition within individual rows (Dalley et al., 2004). 

 Increasing the seeding rate while decreasing row spacing can cause negative effects via 

increased susceptibility to diseases. Dense crop canopies that reduce air movements within the 

foliage and decreases light penetration. These factors increase the humidity in the lower parts of 

the plants and disease may become an issue (Lu et al., 2020). In faba bean, diseases such as 

chocolate spot (Botrytis fabae Sard.), and ascochyta blight (Ascochyta faba Speg.) have been 

shown to cause substantial yield and quality reductions. The use of clean, unblemished seed in 

the spring that is free from disease (Stoddard et al., 2010) with seed treatments that are 

compatible with the rhizobium inoculant (Harrison, 1988; Stoddard et al., 2010) can be used to 

overcome such problems.  

 

2.7.4 Mechanical Weed Control 

 

Mechanical weed control is the oldest form of weed removal in agriculture’s history 

(Mohler, 2001). While all forms of tillage impact weed growth, only those methods that directly 
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target weed control can be considered a mechanical weed control option (Brandsaetter et al., 

2012). The concept behind mechanical weed control is to reduce competition between the crop 

and weeds by physically removing the weeds from the cropping system. Mechanical weed 

control is an important tactic to be incorporated into integrated pest management. It contributes 

to crop residue management, aerates soil organic matter, is useful for seedbed preparation, can be 

used as a control method for several soil and residue borne diseases and pests, and finally, for 

weed management (Hobbs, 2007). Alternatively, mechanical weed control should be used with 

caution as it can cause erosion, as well as reduce the soil organic matter and aggregate stability if 

used improperly or too frequently (Grandy and Robertson, 2006; Hobbs, 2007).  

Tillage, one of the main forms of mechanical control, can be separated into two types: 

primary and secondary. Primary tillage is used to loosen and break up soil and to mix residues 

and fertilizers into a tilled layer (Siemens et al., 1992). Secondary tillage is used to kill weeds, 

manage crop residues, incorporate herbicides, and prepare a seedbed (Siemens et al., 1992). 

Secondary tillage options such as a rotary hoe operate at a shallower depth than primary tillage 

tools and can control shallow seeded weeds. There is currently evidence of the effectiveness of 

the rotary hoe, flex tine harrow, and inter-row cultivation as mechanical weed control options in 

western Canada (Alba et al., 2020; Benaragama and Shirtliffe, 2013; Shirtliffe and Johnson, 

2012; Stanley, 2018). Alba et al. (2020) presented an additive effect of weed control when 

mechanical weed control was used in conjunction with an increased seeding rate. Similarly, 

Benaragama and Shirtliffe (2013) showed the same additive weed control with the combined use 

of a rotary hoe and an increased seeding rate in a herbicide-free system. Early season inter-row 

cultivation was most successful for weed control and did not decrease crop yield when a single 

pass was utilized (Stanley, 2018). However, weather can play a vital role in the effectiveness of 

mechanical weed control methods, as wet soil has been shown to reduce or eliminate the effects 

of mechanical weed control (Posner et al., 2008). 

Mechanical weed control can be used as a very effective tool for managing annual and 

perennial weeds in faba bean, as well as other pulse crops. When mechanical weed control 

methods are used at the correct time during the season, weed pressures will be reduced, and crop 

injury will be minimal.  
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2.7.5 Rotary Hoe for Weed Control 

 

A rotary hoe is a minimum tillage weeding tool used for shallow cultivation in 

agricultural systems in North America. Shallow cultivation can be used in addition to or as a 

replacement for herbicides to control early flushes of annual weeds in several row crops 

(Swanton and Weise, 1991).  A rotary hoe has two sets of spiked wheels that have spoon-shaped 

tips attached to the ends of each of the spikes (Shirtliffe and Johnson, 2012). It can be effective at 

controlling annual weeds that emerge from shallow depths of less than 2.5 cm such as kochia, 

lambs-quarters (Chenopodium album L.) and wild mustard. However, control of larger-seeded 

weeds that emerge from depths greater than 2.5 cm is often reduced (Boyd and Brennan, 2006; 

Endres et al., 1999). The rotary hoe has the capability to cultivate large areas of land in short 

periods of time due to its ability to be operated at speeds between 10 and 20 km h-1. On land 

where there may be crop residues, the rotary hoe can operate at full efficiency due to extender 

arms that separate the front and back wheels that prevent plugging (Shirtliffe and Johnson, 

2012).  

Ideally, application of the rotary hoe should occur when the weeds are in the thread, or 

‘white sprout’ stage, just prior to emergence (Endres et al., 1999). At this stage, these small 

tender weeds whose root systems have not yet been established are very susceptible to injury 

caused by the rotary hoe (Bowman, 2002; Cloutier and Leblanc, 2001). Use of a rotary hoe has 

been shown to be less effective for weed control when the weeds have emerged from the soil, as 

well as more damaging to the crop (Lovely et al., 1958; Shirtliffe and Johnson, 2012). A rotary 

hoe is most effective with dry soil conditions, as studies have shown its reduced effectiveness 

with wet soil conditions before and/or after hoeing (Boyd and Brennan, 2006; Endres et al., 

1999; Lovely et al., 1958). Areas with high levels of crop residues may also inhibit the 

effectiveness of the rotary hoe (Shirtliffe and Johnson, 2012). 

Several studies have shown the effectiveness of a rotary hoe at controlling annual weeds 

in both conventional and organic no-till cropping systems (Alba et al., 2020; Mulder and Doll, 

1993; Shirtliffe and Johnson, 2012). Pulse crops that are characteristically poor competitors with 

limited herbicide options are good candidates for the use of a rotary hoe. In an organic lentil 

system, an increased seeding rate combined with mechanical weed control provided a 70% 

reduction in weed biomass (Alba et al., 2020). In dry bean, there was an observed 61% decrease 
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in weed populations with a pass of a rotary hoe at the cotyledon stage of crop growth (Amador-

Ramirez et al., 2001). A study conducted on soybean showed a 70-80% decrease in weed 

infestations when a rotary hoe was used on the crop when weed seedlings had yet to emerge 

(Lovely et al., 1958). 

In addition to weed control, multiple studies have shown a yield benefit to implementing 

a rotary hoe into a system. Furthermore, it has been shown that when using a rotary hoe in pulse 

crops specifically, yields are the same or greater than the untreated checks. In field pea, the crop 

yield was 87% of the control treatment with a single pass of a rotary hoe, demonstrating its 

tolerance (Shirtliffe and Johnson, 2012). In lentil, a 46% yield increase was observed when 

combining an increased seeding rate with multiple mechanical weed control practices (Alba et 

al., 2020). A study conducted in dry bean (Phaseolus vulgaris L.) noted crop yields were 94% of 

that of the hand-weeded check when using a rotary hoe (Amador-Ramirez et al., 2001). In 

contrast, data from soybean showed that a single or double pass (in 5-day intervals) with a rotary 

hoe when weeds were germinating, but not emerged (in roughly 5-day intervals), only reduced 

soybean plant stands by 10% (Lovely et al., 1958). While crop stand can be slightly reduced by 

multiple passes with a rotary hoe, yield generally remains unchanged (Buhler et al. 1992, Lovely 

et al. 1958). 

An effective use of multiple weed management strategies, such as cultural and chemical 

management, provides a strong integrated weed management strategy. Success has been noted in 

lentil, where combining cultural weed control methods with mechanical options improved weed 

control (Benaragama and Shirtliffe, 2013). To date, the combined use of residual pre-emergence 

herbicides with cultural weed management practices and the use of a rotary hoe has yet to be 

studied in faba bean. Furthermore, increasing agricultural sustainability is unlikely to take place 

without more sustainable weed management strategies (Mortensen et al. 2012). 
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3.0 Increased Crop Seeding Rate Combined with Residual Herbicides 

Improves Weed Control in Faba Bean 

 

3.1 Introduction 
Faba bean (Vicia faba L.) is an annual legume crop grown in western Canada for both animal 

and human consumption. Faba bean has excellent nutritional value to humans compared with 

other pulse crops due to their high protein (+25%) and fiber (8.5%) concentrations, as well as 

low fat content (as low as 1.5%) and low levels of anti-nutritional compounds (Nonnecke, 2015; 

Marquardt et al., 1975; Zee et al., 1987). Faba bean acreage is likely to increase in western Canada 

due to its adaptability to cool, wet growing conditions, although challenges in weed management 

continue to limit its adoption. Faba bean, along with many other pulse crops, is a poor competitor 

against weeds due to their slow early season growth rate and canopy closure, as well as their short 

stature (Harker et al., 2001; McDonald et al., 2003). This leads growers to look elsewhere for reliable 

weed control methods, including cultural, mechanical, and herbicidal controls. Unfortunately, a lack 

of research and few reliable herbicide options available to pulse growers reduces the inclusion of 

pulse crops into crop rotations. Research that helps eliminate some of the problems associated 

with faba bean production will be important to expand its cultivation into western Canada.  

 With few new herbicide modes of action being discovered and an increasing number of 

herbicide resistant weeds identified globally, agriculture is being challenged. It is currently estimated 

that herbicide resistant weed species infest 37% of annually cropped land across the Canadian 

prairies (Beckie et al., 2013). With the increasing use of herbicides to control weeds, greater selection 

pressure is present for the future development of herbicide resistant weeds.  

While chemical weed control options are limited for pulse growers, there are still several 

strategies for successful weed management. Soil residual herbicides are applied pre-plant and can 

persist in the soil after their initial application, providing better weed management early in the 

growing season. Soil residual herbicides are often tank-mixed with glyphosate to diversify a 

herbicide portfolio and optimize early season weed control prior to and immediately following crop 

emergence (Selleck and Baird, 1981). Since glyphosate is a non-selective herbicide with no residual 

activity, it provides excellent weed control for most weed species, even perennials. Soil residual 

herbicides are not often as effective on these weeds, but are useful at controlling later germinating 
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weed seedlings. Used together, glyphosate and soil residual herbicides typically improve the efficacy 

of early season weed control.  

Weed management strategies that can reduce or diversify herbicide use have been 

identified as crucial in managing HR weeds (Norsworthy et al., 2012). Both mechanical and 

cultural practices can be used, in addition to herbicide applications, to control weeds and 

maintain crop yields. The combination of several weed control methods is typically referred to as 

integrated weed management. Integrated weed management (IWM) can be defined as the process 

of using numerous weed control measures, which can include cultural, genetic, mechanical, 

biological and chemical options, to help control weeds (Regnier and Janke, 1990; Walker and 

Buchanan, 1982). In this context, pulse growers are more likely to improve weed management 

by utilizing IWM practices rather than relying exclusively on herbicides.  

One important component of IWM is increasing plant density through increased seeding 

rates. Establishing a healthy crop with optimal ground cover is also a prerequisite for any IWM 

program. By increasing the seeding rate there will be an increased crop density, typically 

resulting in greater weed control. Higher seeding rates have been shown to result in earlier 

canopy closure, which allows the crop to out-compete weeds that have emerged or will soon be 

emerging (Baird et al., 2009; Vera et al., 2006; Ahmed et al., 2014). Many studies have shown 

that increasing the seeding rate in several pulse crops has reduced weed pressures significantly, 

both with and without herbicides and in various environmental conditions (Baird et al., 2009; 

Ball et al., 1997; McDonald et al., 2007; Siddique et al., 1998; Elkoca et al., 2005; Wall et al., 

1991; Grevsen, 2003; Johnston et al., 2002). Although there has been little published information 

regarding the effects of increased seeding rates on weed control in faba bean, it can be inferred 

that results would be similar. 

Successful long term weed control will require a shift from the current in-crop herbicide 

method to a more integrated management plan that controls weeds in all stages of their life cycle. 

An effective use of multiple weed management strategies, both cultural and chemical, provides a 

strong integrated weed management strategy that is expected to have longer-term durability in 

maintaining and managing the development of herbicide resistance. To date, as far as the author 

knows, the combined use of residual pre-emergence herbicides with an increased seeding rate to 

reduce in-crop weed biomass has yet to be studied in pulse crops. 
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The objective of this experiment was to assess the effects of pre-emergence, residual 

herbicides and seeding rate to reduce weed growth and improve crop production. We 

hypothesized that by combining higher seeding rates with a residual pre-emergence herbicide, 

there would be a decrease in weed biomass and seed production compared to a glyphosate alone, 

low seeding rate treatment. This should, therefore, improve weed management and reduce 

herbicide selection pressure. The goal of this study is to promote an ‘easy’ to adopt weed 

management plan that also reduces the risk for further development of herbicide resistant weeds.  

  

 
3.2 Materials and Methods 

3.2.1 Experimental Design 

 
A field study was conducted at the Kernen Crop Research Farm near Saskatoon, 

Saskatchewan in 2017, 2018 and 2019, and at the Northeast Agriculture Research Farm near 

Melfort, Saskatchewan in 2019. The Kernen Research Farm soil is located on a Black 

chernozemic soil and the Melfort soil is on a thick Black chernozemic soil. The trial was planted 

on chem-fallow at Kernen in all years, and on wheat stubble at Melfort in 2019. The faba bean 

cv. CDC Snowdrop was used in 2017 and 2018, whereas cv. Snowbird was used for all 

treatments in 2019 due to lack of available CDC Snowdrop seed. Seed was treated prior to 

seeding with 325mL 100kg-1 (seed) of fludioxonil and metalaxyl-M (Apron Maxx®) at the 

Kernen site in 2017, 2018 and 2019. Seed at Melfort was treated with 325mL 100kg-1 (seed) 

fludioxonil and metalaxyl-M (Apron Maxx®) + 10ml 100kg-1 (seed) of sedaxane (Vibrance®). 

The trial was arranged in a randomized complete block design (RCBD), with a factorial 

arrangement of treatments. Plot dimensions measured 2.25 m wide X 6 m long for all site-years. 

Border plots of the same size were planted on the ends of each rep in all site-years. There were 

18 treatments in this study containing two factors: (1) Seeding rate [25, 50, 75, 100, and 125, 

seeds m-2], and (2) Herbicide [glyphosate PRE, glyphosate tank mixed with 

pyroxasulfone+sulfentrazone (Authority Supreme®) PRE, glyphosate tank mixed with 

pyroxasulfone+sulfentrazone (Authority Supreme®) PRE + imazamox and bentazon (Viper 

ADV®) POST]. Each treatment was replicated four times for a total of 72 plots per site. In 2019, 

a treatment that included a seeding rate of 10 seeds m-2 was added, while the 150 seeds m-2 
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treatment was removed from both locations. This was done because lower seeding rates of 

between 10 and 25 seeds m-2 were needed to better estimate the yield response curve.  

Herbicide treatments in this experiment included three different herbicides with varying 

levels of residual activity. The first herbicide treatment, 540 g a.i. ha-1 glyphosate applied pre-

plant, had no soil residual activity. Furthermore, because neither a residual PRE herbicide nor a 

post-emergence (POST) herbicide was applied, this treatment served as the control. A treatment 

comprised of 540 g a.i. ha-1 glyphosate tank-mixed with 250 g a.i. ha-1 

pyroxasulfone+sulfentrazone (Authority Supreme®) was included to provide long soil residual 

activity from a PRE herbicide. Finally, the third herbicide treatment contained 540 g a.i. ha-1 

glyphosate tank-mixed with 250 g a.i. ha-1 pyroxasulfone and sulfentrazone (Authority 

Supreme®) applied PRE, and was followed by a POST-emergence application of 450 g a.i. ha-1 

imazamox+bentazon in a tank mixture (Viper ADV®). This treatment paired a soil residual PRE 

herbicide with a POST herbicide application. The PRE-emergence herbicides were applied three 

to five days prior to seeding for all site-years. The POST-emergence imazamox+bentazon (Viper 

ADV®) application occurred when faba bean was between the three and six node stage.  

 

3.2.4 Experimental procedure 

 
Natural weed populations were used at the Melfort 2019 site while at Kernen in 2017, 

2018 and 2019, natural weed populations were supplemented with canola to act as a pseudo 

weed. Faba bean was seeded 6 cm deep at Melfort using a plot seeder with a row spacing of 30 

cm while at Kernen, faba bean was seeded at 5 cm deep using a vacuum planter with a row 

spacing of 30 cm. Soil tests confirmed that there were sufficient nutrients in the soil for the trial 

in all years at Kernen, while 80 kg ha-1 of P2O5 and 23 kg ha-1 S were applied at Melfort. Plots 

were sprayed with herbicide treatments as described above. An application of 14 g a.i. ha-1 

lambda-cyhalothrin was sprayed at the 2019 Kernen site to control blister beetle (Lytta nuttalli, 

Nuttall) populations in mid-July, and again in early August to control pea aphids (Acyrthosiphon 

pisum, Harris). A fungicide application of 220 g a.i. ha-1 of Acapela® (picoxystrobin) was 

applied at Melfort, and 225 g a.i. ha-1 Priaxor® (75 g a.i. ha-1 fluxapyroxad and 150 g a.i. ha-1 

pyraclostrobin) was applied mid-July at Kernen in 2017 and 2019. At the end of the growing 

season, the 2017, 2018 and 2019 Kernen sites were sprayed with 340 g a.i. ha-1 diquat to 
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facilitate crop dry down. The 2019 Melfort site did not require desiccation as a killing frost 

occurred prior to harvest. All plots were harvested at harvest maturity (<20% seed moisture) 

using a Zurn® plot combine, and samples were collected and dried to a constant moisture.  

Data collection included several in-crop and post-harvest ratings. Date of faba bean 

emergence was recorded when approximately 25% of the faba bean plants emerged in each plot. 

Crop emergence was determined by counting the number of emerged plants in two, 1 m rows 25 

days after emergence. At crop flowering, weed density was quantified in two 0.25 m2 areas in 

each plot. Above ground weed biomass was harvested (as a bulk sample, not per species) from 

these quadrats. Bulk biomass samples were dried for 24 hours in a 77 oC oven and weighed to 

determine biomass. Faba bean biomass was determined by measuring two 0.25 m2 areas and 

harvesting the above ground biomass at crop flowering. These samples were dried in a 77 oC 

oven for 48 hours and weighed. Each seed sample from a harvested plot was cleaned using a 

dockage tester and cleaned samples were weighed separately from the weed seeds to determine 

percent dockage and seed dry weight of the faba bean.  

 

3.2.5 Statistical Analysis 

 
Crop and weed data were analyzed using both linear and non-linear/polynomial 

regression models. For crop yield data, non-linear regression models were fitted using two-

parameter autoregressive function in DRC package in R (Core Team, 2020; Ritz et al., 2015). 

Non-linear models were fitted for all data (all site-years combined) and compared with models 

fitted for each site-year separately using an F-test. Due to better model fit, treatments 

(herbicides) were compared within each site-year. Slopes and maximum yields were compared 

using the compara function in R software. Linear regression models were selected over non-

linear models for weed data due to better model fit, as determined by AIC and residual values. 

An ANCOVA model was also fit to both weed biomass and seed production data, where seeding 

rate was considered a continuous independent variable and herbicide was a categorical variable. 

Depending on the significance of the seed rate by herbicide interaction, it was determined to 

have either a common slope model or an individual slope model for each site-year. The slopes 

were compared using the emmtrends function in R package (Lenth, 2020). Before the final 

analysis, residuals were tested for normality and heterogeneity of variance. 
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3.3 Results 
 

3.3.1 Weed Biomass and Seed Yield  

 
There was a significant (p < 0.05) site year x herbicide effect on weed biomass, therefore 

these data were analyzed within site-year (Table 3.1). Herbicide had a significant effect on weed 

biomass at Kernen in all site-years (Table 3.1). The addition of pyroxasulfone+sulfentrazone to 

the PRE glyphosate application reduced weed biomass by 98% in 2017 and 65% in 2018. At 

Kernen 2019, however, weed biomass did not differ between the glyphosate treatment and the 

glyphosate tank-mixed with pyroxasulfone+sulfentrazone treatment. The addition of the POST 

herbicide tank-mix further reduced weed biomass in 2018 and 2019 at Kernen, where there was 

an 85% and 99% reduction, respectively. Adding the POST herbicide tank-mix did not reduce 

weed biomass at Kernen in 2017 or at Melfort in 2019. In fact, no significant differences 

between herbicide treatments were observed at Melfort in 2019 (Figure 3.1). 

 

 

 

Treatment 
Weed 

Biomass  
sy 0.999  

sr x sy 0.999  
herb x sy <0.001 *** 

herb x sr x sy NA  
herb 0.013 * 

sr 0.032 * 
sy = site-year, sr = seeding rate, herb = herbicide  
NA = insignificant random term that was removed from final model 
* Indicates significant difference p<0.05 
** Indicates significant difference p<0.01 
*** Indicates significant difference p<0.001 
 

Table 3.2: P-values indicating significance or 
insignificance of both random and fixed terms for 
weed biomass data. 
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Figure 3.1: The effect of herbicide treatment on weed biomass (kg ha-1) at Kernen 2017 to 2019, 
and Melfort 2019. G = glyphosate PRE, G+A = glyphosate+pyroxasulfone+sulfentrazone PRE, 
G+A+V = glyphosate+pyroxasulfone+sulfentrazone PRE and imazamox and bentazon POST. 
Error bars represent the standard of the mean.  
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Seeding rate also had a significant impact on weed biomass (Table 3.2). In all cases, 

increased seeding rates resulted in reduced weed biomass. For example, we observed a nearly 

55% decrease in weed biomass between the highest and lowest seeding rates at the Kernen site in 

2018. At Kernen in 2019, similar treatments produced a 20% reduction in weed biomass. 

Seeding rate had no impact on weed biomass at the Kernen site in 2017, or the Melfort site in 

2019 (Figure 3.2). 

 

 

Table 3.2: Analysis of variance table for seeding rate and herbicide effects on weed biomass 
across four site-years.  

 
 

 

 

Treatment 
Kernen 

2017  
Kernen 

2018  

 
Kernen 

2019 
Melfort       

2019  
sr 0.199  <0.001 *** 0.012 * 0.190  

herb <0.001 *** 0.002 ** <0.001 *** 0.073  
sr x herb 0.414  0.366  0.238  0.328  

Herb = herbicide treatment, sr = seeding rate  
* Indicates significant difference p<0.05 
** Indicates significant difference p<0.01 
*** Indicates significant difference p<0.001 
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Figure 3.2: The effect of seeding rate (seeds m-2) on weed biomass (kg ha-1) at Kernen 2017, 
2018 (significant at p = 0.01), 2019 (significant at p = 0.05), and Melfort 2019. Grey shaded 
band represents confidence interval around the regression line. 
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A significant herbicide by seeding rate interaction was observed for weed seed 

production in each of the site-years, excluding Kernen 2018 (Table 3.3). At Kernen 2017, the 

slope of the linear response differed between the glyphosate treatment and both other herbicide 

treatments (Table 3.4). Weed seed production did not differ between the glyphosate tank-mixed 

with pyroxasulfone+sulfentrazone treatment and the glyphosate tank-mixed with 

pyroxasulfone+sulfentrazone followed by a post-emergence imazamox+bentazon treatment (soil 

residual PRE + POST) as seeding rate increased (Figure 3.3). When glyphosate was sprayed 

alone, weed seed production decreased upwards of 40% as seeding rate increased, whereas in the 

other two treatments weed seed production remained consistent. At Kernen 2018 all three 

herbicide treatments responded the same regardless of seeding rate. At Kernen 2019, weed seed 

production decreased 50% within each herbicide treatment from the lowest to highest seeding 

rate. Finally, at Melfort 2019, weed seed production was reduced over 90% as the seeding rate 

was increased to its highest level, 125 seeds m-2, across all herbicide treatments.  

At the Kernen site in 2019, trends between all herbicides were similar, as reduced weed 

production was observed at higher seeding rates (Figure 3.3). In this site-year, the glyphosate 

treatment, and the glyphosate tank-mixed with pyroxasulfone+sulfentrazone treatment exhibited 

a similar slope within a linear trend. However, the glyphosate tank mixed with 

pyroxasulfone+sulfentrazone followed by a post-emergence imazamox+bentazon (soil residual 

PRE + POST) treatment had both a distinctive slope and exhibited significantly lower weed seed 

production. The effect of seeding rate was much more pronounced in the treatments that did not 

include a POST treatment. For example, weed seed production decreased by 50% when seeding 

rate increased from 10 to 125 seeds m-2 in the pre-emergence herbicide treatments without a 

POST application. A much smaller decline was observed at the same seeding rates in the 

treatment that included a POST herbicide.   
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Table 3.3: Analysis of variance determining significant herbicide by seeding rate interactions on 
weed seed production in four site-years. 
 

 
 

 

 

Table 3.4: Multiple comparison showing differences in linear response between treatments at 
each site-year.  
 

 

 
  

 

Treatment 
Kernen 

2017  
Kernen 

2018  

 
Kernen 

2019 
Melfort       

2019  
sr 0.004 ** <0.001 *** <0.001 *** <0.001 *** 

herb <0.001 *** <0.001 *** <0.001 *** <0.001 *** 
sr x herb <0.001 *** 0.416  <0.001 *** 0.003 ** 

Herb = herbicide treatment, sr = seeding rate  
* Indicates significant difference p<0.05 
** Indicates significant difference p<0.01 
*** Indicates significant difference p<0.001 
 

Herbicide 
Kernen 

2017  
Kernen 

2018  

 
Kernen 

2019 
Melfort  

2019  
G – (G+A) <0.001 *** 0.438  0.853  0.286  

G – (G+A+V) <0.001 *** 0.566  <0.001 *** 0.112  
(G+A) – (G+A+V) 0.968  0.993  <0.001 *** 0.002 ** 

G = glyphosate 
A = pyroxasulfone+sulfentrazone 
V = imazamox+bentazon 
* Indicates significant difference p<0.05 
** Indicates significant difference p<0.01 
*** Indicates significant difference p<0.001 
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Figure 3.3: The combined effect of seeding rate (seeds m-2) and herbicide on weed seed 
production at Kernen 2017 to 2019, and Melfort 2019. G = glyphosate PRE, G+A = 
glyphosate+pyroxasulfone+sulfentrazone PRE, G+A+V = 
glyphosate+pyroxasulfone+sulfentrazone PRE and imazamox and bentazon POST. 
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3.3.2 Crop development and yield 

 
 A dose response model was created to analyze both crop biomass and crop yield. Slopes 

and yields were significantly different (p < 0.05) from zero across all herbicide treatments (Table 

3.5), but were not significantly different from one another (Table 3.6). However, the treatment 

with a POST-emergence application of imazamox+bentazon had a yield that differed statistically 

from the other two herbicide treatments. Compared with the glyphosate treatment, there was a 

29% increase in yield when glyphosate was tank-mixed with pyroxasulfone+sulfentrazone and 

applied PRE (pre-emergence). Similar results were found (19% increase in yield) when an 

imazamox+bentazon POST-emergence herbicide application was added to the glyphosate tank-

mixed with pyroxasulfone+sulfentrazone application (Figure 3.4). The maximum yield between 

the glyphosate PRE and glyphosate tank-mixed with pyroxasulfone+sulfentrazone did not differ 

statistically. 

 

 

 
Table 3.5: Model coefficients (P-values) for faba bean yield and faba bean biomass as affected 
by herbicide and seeding rate. rate. The ‘d’ in the first column represents the maximum value and 
the ‘e’ represents the slope of the line. 

 
 
 
 

               Faba Bean Yield                                 Faba Bean Biomass 
 Estimate Std. Error p-value  Estimate Std. Error p-value  

d:G 2856.8 151.3 < 0.001 *** 2361.6 253.1 < 0.001 *** 
d:G+A 3092.0 133.5 < 0.001 *** 2570.8 193.2 < 0.001 *** 

d:G+A+V 3692.0 131.9 < 0.001 *** 2989.9 179.8 < 0.001 *** 
e:G 18.2 4.3 < 0.001 *** 25.6 10.4 0.014 * 

e:G+A 13.1 2.9 < 0.001 *** 14.5 5.8 0.013 * 
e:G+A+V 10.0 2.1 < 0.001 *** 9.9 3.7 0.008 ** 

G = glyphosate 
A = pyroxasulfone and sulfentrazone 
V = imazamox and bentazon  
d = maximum value, e = slope 
* Indicates significant difference p<0.05 
** Indicates significant difference p<0.01 
*** Indicates significant difference p<0.001 
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 The slopes for faba bean biomass did not differ among herbicide treatments (Table 3.6). 

There was, however, a 27% increase in faba bean biomass in the glyphosate tank-mixed with 

pyroxasulfone+sulfentrazone PRE followed by POST imazamox+bentazon treatment compared 

with glyphosate applied alone (Figure 3.5). There were no other differences among treatments.  

 
Table 3.6: Contrasts (P-values) between parameters for faba bean yield and faba bean biomass 
as affected by herbicide and seeding rate from the regression equation. 

 
 

 

 

 

 

 
 

 

Herbicide Max Yield  Slope Max Biomass Slope 

 p-value  p-value p-value  p-value 
G - G+A 0.245  0.324 0.512  0.3484 

G - G+A+V < 0.001 *** 0.085 0.044 * 0.1547 
G+A - G+A+V 0.002 ** 0.390 0.113  0.5049 

G = glyphosate 
A = pyroxasulfone and sulfentrazone 
V = imazamox and bentazon  
* Indicates significant difference p<0.05 
** Indicates significant difference p<0.01 
*** Indicates significant difference p<0.001 
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Figure 3.4: The effect of seeding rate (seeds m-2) and herbicide on faba bean yield (kg ha-1) in 
combined site-years. G = glyphosate PRE, G+A = glyphosate+pyroxasulfone+sulfentrazone 
PRE, G+A+V = glyphosate+pyroxasulfone+sulfentrazone PRE and imazamox and bentazon 
POST 
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Figure 3.5: The effect of seeding rate (seeds m-2) and herbicide on faba bean biomass (kg ha-1) 
in combined site-years. G = glyphosate PRE, G+A = glyphosate+pyroxasulfone+sulfentrazone 
PRE, G+A+V = glyphosate+pyroxasulfone+sulfentrazone PRE and imazamox and bentazon 
POST 
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3.4 Discussion 
In our study, weed control with the addition of pre-emergence residual herbicides often 

did not differ from the glyphosate treatment. This contrasts with other studies that showed the 

effectiveness of pre-emergence herbicides at reducing weed densities in soybean (DeWerff et al., 

2014; DeWerff et al., 2015). In most cases however, we observed that the addition of a POST 

application of an imazamox+bentazon treatment to the residual pre-emergence herbicides was 

the most successful strategy for weed control. The application of a POST herbicide, which 

occurs later in the growing season, was better able to control later emerging weeds, as well as 

those that may have escaped the pre-emergence herbicide application. Imazamox+bentazon has 

been shown to be an effective control method for grasses and broadleaved weeds growing in 

pulse crops (Hekmat et al., 2008) and is thus a good option for growers.  

Although the effectiveness of applying a soil active herbicide was demonstrated by the 

results of this study, certain factors still may have reduced the effects of residual herbicides in 

specific site-years. Soil applied herbicides adsorb onto organic matter, reducing the amount of 

herbicide that is in the soil solution and therefore, the overall efficacy of the herbicide (Sebastian 

et al., 2016). Herbicides such as pyroxasulfone can control a broad range of weed species, but 

their efficacy can be largely influenced by environmental conditions (Hulting et al., 2012; 

Tidemann et al., 2014). For example, without adequate moisture in the soil, the herbicide is 

unable to move into the soil solution to be taken up by the plant, decreasing its overall efficacy 

(Sebastian et al., 2016, Sikkema and Robinson, 2005). Additionally, the efficacy of a soil applied 

herbicide not only relies on the total moisture available in the soil, but the timing of when the 

moisture is present. When there is limited soil moisture in the first weeks after crop sowing, 

herbicide efficacy is reduced, and weeds can escape herbicide action (Hartzler, 2022). Once soil 

moisture has been replenished, the herbicide may now become available in the soil solution. This 

would result in control of some larger established weeds, but may also damage the crop 

(Hartzler, 2022). Finally, without the combined effect of several IWM strategies, the pre-

emergence herbicide on its own may not have been able to successfully suppress weeds 

throughout the growing season.  

While there was not a consistent benefit to yield by applying the glyphosate and 

pyroxasulfone+sulfentrazone tank-mix, other benefits may be found elsewhere. In a crop rotation 

where growers may be spraying glyphosate up to three times per growing season, the selection 
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pressure for the development of HR weeds is high (Beckie et al., 2020; Norsworthy et al., 2012). 

Additionally, if growers lose the ability to control weeds with a non-selective herbicide such as 

glyphosate, weed control in pulse crop production would become substantially more challenged. 

The addition of other herbicides into a tank-mix with glyphosate will help control weeds that 

may already be resistant to glyphosate, as well as reduce the further development of HR weeds 

(Selleck and Baird, 1981). It is especially important to include a residual pre-emergence 

herbicide to reduce the number of weeds exposed to the post-emergence herbicide application, as 

this is when weeds are most likely to develop resistance (Sikkema et al., 2005).  

Combining residual pre-emergence herbicides with an increased seeding rate allowed for 

a multi-factor weed management strategy, thereby optimizing weed control. An increased faba 

bean seeding rate showed a greater reduction in weed seed production and weed biomass in our 

study. Generally, the higher the seeding rate, the lower the weed seed production. Many studies 

have shown the effectiveness of increasing the seeding rate to improve weed management in 

several crops (Ahmed et al., 2014; Baird et al., 2009; McDonald, Hollaway and McMurray, 

2007; Vera et al., 2006). By increasing faba bean seeding rate, greater crop establishment was 

achieved, which in turn increased faba bean biomass production, reduced weed biomass and seed 

production and ultimately, increased crop yield. The addition of herbicides with residual 

characteristics into a tank mix with glyphosate prior to seeding provided an extended period of 

weed control, allowing the faba bean to establish before the next flush of weeds appeared.  

While increasing the faba bean seeding rate resulted in better weed control, crop yield did 

not increase linearly. At the highest seeding rates, crop yield did not increase at all. When 

considering the law of constant final yield, this is logical. The law of constant final yield 

describes the relationship between crop growth and plant density (Weiner and Freckleton, 2010). 

The law posits that crop yield initially increases proportionally with plant density, levels off and 

remains constant with an ever-increasing plant density (Weiner and Freckleton, 2010). As plant 

density increases, so does competition for resources. This competition may lead to self-thinning, 

described as plant mortality due to competition in crowded plant stands (Westoby, 1984). While 

self-thinning likely had not yet occurred at the seeding rates used in this study, competition for 

resources may have precluded a further yield increase at high crop densities. 

Increasing the seeding rate in pulse crops has been proven effective at decreasing in-crop 

weed pressure (Baird et al., 2009; McDonald et al., 2007; Siddique et al., 1998; Elkoca et al., 
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2005). However, when making changes to a grower’s IWM strategy, even if they are simple 

changes such as an increased seeding rate, economic returns need to be considered. The current 

recommended seeding rate for faba bean is 45 seeds m-2. This study showed that seeding rates 

between 50-75 seeds m-2 further enhanced weed control and increased crop yield. While 

increasing seeding rate further than 75 seeds m-2 provided greater weed control, it may not be 

economical as yield no longer increases beyond this point. To achieve further weed control, other 

cultural or mechanical options such as seeding dates or secondary tillage may be explored 

(Klingaman and Oliver, 1994; Shirtliffe and Johnson, 2012). Diversifying weed control methods 

allows for the successful control of multiple weed species while reducing the likelihood of 

developing herbicide resistant weed species.  

The concept of increasing seeding rates to improve crop yield is important for more than 

just the yield benefit. While there are increased costs associated with increased seeding rates, the 

costs associated with chemical weed control may be reduced. For example, Graf and Roland 

(1986) found that the most economical plant density for faba bean growers in Saskatchewan was 

38 viable seeds m-2. Currently, 45 viable seeds m-2 is recommended in Saskatchewan, but the 

results in this study showed a yield benefit by increasing seeding rates up to 75 seeds m-2 if 

residual herbicides were not applied. While the increased seeding rate presented in this study 

may not be economically advantageous on its own, the weed control benefit can help offset this 

increase in cost. Additionally, the costs associated with losing the ability to grow pulse crops in a 

rotation are both financial and environmental, further showing the importance of a successful 

IWM strategy.  

When growers can successfully combine both PRE and POST herbicides in a herbicide 

layering strategy, costs associated with other cultural and mechanical weed control options can 

be reduced. For example, the combined use of three efficacious herbicides in our study reduced 

the seeding rate necessary to optimize crop yield. When glyphosate was sprayed alone at the pre-

emergence timing, a seeding rate of over 80 seeds m-2 was required to maximize yield. However, 

when glyphosate was tank mixed with a soil residual herbicide and received a post-emergence 

application of imazamox+bentazon, a seeding rate of only 30-40 seeds m-2 was required to reach 

the same yield. As faba bean seed is often the most expensive aspect to the crop production 

relative to herbicide and fungicide costs (Crop Planning Guide, 2022), the doubled seeding rate 

that is necessary to achieve a high yield is not economically sustainable. Thus, the added costs 
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associated with the addition of a soil-residual herbicide to a tank mix with glyphosate, as well as 

a post-emergence herbicide is not only justified, but is likely the most economical decision. 

Furthermore, by layering PRE and POST herbicides a producer is also better controlling the HR 

weeds that may be in their field, as well as reducing the selection pressure for the development of 

these HR weeds well into the growing season (Beckie et al., 2020). When herbicides are used in 

this way, their efficacy can be prolonged, and the costs associated with increasing the crop 

seeding rate can be minimized.  

 

 

3.5 Conclusion 
 

This study has shown that competitive ability and overall productivity of faba bean 

increased with increasing seeding rates. Further increases in crop yield could be observed by 

adding a residual herbicide to a glyphosate burndown. Even greater benefits could be observed 

by layering in a post-emergence herbicide application following a burndown with a residual 

herbicide tank-mixed with glyphosate. A seeding rate greater than 50 seeds m-2 is recommended 

for faba bean based on the weed management findings in this study, regardless of post-

emergence herbicide application. If glyphosate is the only herbicide used and is applied as a 

burndown, a seeding rate of 125 seeds m-2 is needed to optimize yield.  
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4.0 Integrating Residual Herbicides with Integrated Weed Management 

Practices in Faba Bean 
 

4.1 Introduction 
Managing weeds has been the most consistent challenge to crop production in many cropping 

systems around the globe. Weeds can cause yield losses of up to 34% with current crop 

protection methods, costing growers in the United States $34 billion per year (Oerke, 2006; 

Pimental et al., 2000). While the concept of chemical weed control has been around for decades, 

the advent of the herbicide industry can be traced back to the 1940’s (Reade and Cobb, 2002). 

Herbicides remain the predominant strategy used to manage weeds in conventional cropping 

systems. Unfortunately, issues with herbicide resistance, cost, and availability of herbicides limit 

the options available to growers.  

A common method of weed control in faba bean and other pulse crops is a pre-emergence 

herbicide application (Government of Saskatchewan, 2020a). Often, a non-selective herbicide 

such as glyphosate is used with a soil residual herbicide to control weeds early in the growing 

season (Selleck and Baird, 1981). Glyphosate is a non-selective herbicide with no residual 

activity and thus, it provides excellent weed control for most weed species, even perennials. Soil 

residual herbicides are not often as effective on perennials, but are useful at controlling later 

germinating weed seedlings. Used together, glyphosate and soil residual herbicides should 

improve the efficacy of early season weed control.  

Continued overreliance on herbicides for weed control has resulted in a dramatic increase in 

the number of herbicide resistant weed species in North America. Globally, weeds have 

developed resistance to 23 of the 26 known herbicide modes of action, and to 167 different 

herbicides (Heap, 2020). To date, there are 118 unique cases of herbicide resistant weed species 

in Canada, and 19 of those are in (Heap, 2020). It is estimated that herbicide resistant weeds 

currently infest 59% of cropped land, increasing from 37% in a previous survey (Beckie et al., 

2013; Beckie et al., 2020). Preventing the development of herbicide resistant weeds often is far 

less expensive than trying to manage these weeds once they are well established in a field.  

To help manage weeds despite the issues associated with herbicide resistance, growers need 

to look at alternative methods of weed control. Integrated weed management (IWM) systems 

offer an alternative to systems that rely only on herbicides to control weeds, and are therefore 
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less likely to select for herbicide resistance (Blackshaw et al., 2008). IWM encompasses 

agronomic aspects such as conservation tillage, knowledge of the critical period of weed control, 

influence of crop rotation and seedbank dynamics, as well the use of mechanical weeding tools 

(Lemerle et al., 2001; Olsen et al., 2005; Rasmussen, 2004; Swanton and Weise, 1991). IWM 

also includes increased crop competitiveness, which can be achieved through seeding 

competitive cultivars, as well as adapting seeding dates, sowing densities and row widths to 

maximize crop growth.   

Pre-emption of early resources is the fundamental requirement to increase crop competitive 

ability. Timing of emergence of the crop relative to the weeds can determine the outcome of 

competition for resources. Early seeding can improve the competitive advantage of the crop over 

weeds, as well as influence the timing of weed germination (Klingaman and Oliver, 1994). 

Increasing the competitive advantage of a crop should therefore decrease weed biomass and 

increase in crop yield (Fernandez et al., 2010; Klingaman and Oliver, 1994). 

Establishing optimum ground cover in a crop canopy is essential for a successful IWM 

program. Increasing crop density through increased plant populations is thus essential. This may 

be achieved through increased seeding rate and decreased row widths. Increased planting 

densities result in earlier canopy closure, therefore improving shading of weeds that ultimately 

translates into increased crop yield (Ahmed et al., 2014; Baird et al., 2009; McDonald et al., 

2007; Vera et al., 2006). Increasing the seeding rate in pulse crops has been proven effective at 

decreasing in-crop weed pressures (Baird et al., 2009; Elkoca et al., 2005; McDonald et al., 

2007; Siddique et al., 1998). While few studies have looked at increased seeding rates in faba 

bean for weed control, it can be inferred that results would be similar. Decreased row spacing in 

pulse crops has also been shown to increase yield and decrease weed pressure (Bakry et al., 

2011; Blackshaw et al., 2000; Dalley et al., 2004; Knezevic et al., 2006; Sajid et al., 2012; Wax 

and Pendleton, 1968). Yield benefits may be due to either efficient resource uptake or reduced 

inter-specific (crop-weed) competition (Dalley et al., 2004).  

Mechanical weed control represents another important tactic that can be used in a successful 

IWM program. While all forms of tillage impact weed growth, only those methods that directly 

target weed control can be considered a mechanical weed control option (Brandsaetter et al., 

2012). Currently, there is evidence of the effectiveness of a rotary hoe, flex tine harrow, and 

inter-row cultivation as mechanical weed control options in western Canada (Alba et al., 2020; 
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Benaragama and Shirtliffe, 2013; Shirtliffe and Johnson, 2012; Stanley, 2018). Mechanical 

weeding tools that focus on shallow cultivation, such as the rotary hoe, can be used to manage 

weed seedlings while minimizing crop injury (Alba et al., 2020; Mulder and Doll, 1993; 

Shirtliffe and Johnson, 2012). Shallow cultivation can be used in addition to, or as a replacement 

for herbicides to control early flushes of annual weeds in several crops (Swanton and Weise, 

1991).  Since pulse crops are poor competitors and have very limited herbicide options available, 

the introduction of a rotary hoe may be beneficial.  

An effective use of multiple weed management strategies, both cultural and chemical, 

provides a strong integrated weed management strategy. To date, as far as the author knows, the 

combined use of residual pre-emergence herbicides with other cultural weed management 

practices that include the use of a rotary hoe, has yet to be studied in pulse crops. Moreover, it is 

possible that achieving excellent weed control by coupling residual herbicides with integrated 

weed management tactics may reduce or eliminate the need for in-crop herbicides. This would 

dramatically reduce the selection pressure for herbicide resistance, which is typically greatest 

when herbicides are applied in-crop.  The objective of this study was to determine if increasing 

the intensity of integrated weed management practices, combined with residual herbicides, could 

reduce improve weed control in faba bean crops. It was hypothesized that using pre-emergence 

herbicides having long residual characteristics coupled with integration of cultural and 

mechanical weed management strategies would decrease weed growth and increase crop yield.  
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4.2 Materials and Methods  
 

4.2.1 Experimental locations and plant material 

 
Field trials were conducted at the Kernen Crop Research Farm near Saskatoon in 2017, 

2018, and 2019, as well as at the SPG (Saskatchewan Pulse Grower’s) field site near Floral in 

2019. Both sites are a Black chernozemic soil. The trial was planted on chem-fallow at Kernen in 

2017, 2018 and 2019, and on wheat stubble at SPG in 2019. Faba bean cv. CDC Snowdrop was 

the variety used for all treatments in 2017 and 2018, while cv. Snowbird was used for all 

treatments in 2019 due to a lack of available CDC Snowdrop seed. Seed for all treatments in all 

site years was treated prior to seeding with 325mL 100kg-1 (seed) of fludioxonil and metalaxyl-

M (Apron Maxx®). 

 

4.2.2 Experimental design 

 
This small-plot experiment was a Sudoku design (similar to a Latin Squares design) 

shown in Figure 4.1. There were twelve treatments containing two factors in this study; (1) 

Herbicide [glyphosate, glyphosate tank-mixed with saflufenacil (Heat®), glyphosate tank-mixed 

with flumioxazin (Valterra®), glyphosate tank-mixed with pyroxasulfone+sulfentrazone 

(Authority Supreme®)], and (2) level of integrated weed management (IWM) intensity [low, 

medium, high]. Each of the treatments was replicated four times for a total of 48 small plots per 

site. Plot dimensions measured 2.25 m wide x 6 m long. Border plots were planted at the ends of 

each of the rows in this trial in all site years. 

The herbicide factor in this experiment included types of herbicide applications that had 

varying durations of soil residual activity. The first herbicide treatment was a single 540 g a.i.  

ha-1 glyphosate application pre-plant that had no residual activity and therefore served as the 

control. The 540 g a.i. ha-1 glyphosate tank-mixed with 50 g a.i. ha-1 saflufenacil (Heat®) 

treatment had short residual activity (less than two weeks) (Rahman et al., 2014), while a tank-

mixture of 540 g a.i. ha-1 glyphosate with 105 g a.i. ha-1 flumioxazin (Valterra®) had moderate 

residual activity (up to four weeks) (Askew et al., 2002). A 540 g a.i. ha-1 glyphosate tank-mixed 
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with 250 g a.i. ha-1 pyroxasulfone+sulfentrazone (Authority Supreme®) had long residual 

activity (over six weeks) (Westra et al., 2014).  

 

  

1 2 4 3 1 3 3 4 4 2 1 2 

  

                        

4 1 3 4 4 2 2 1 3 1 2 3 

                        

2 3 2 1 3 4 1 3 2 4 4 1 

                        

3 4 1 2 2 1 4 2 1 3 3 4 

                        

Rep 1 Rep 2 Rep 3 Rep 4  

Figure 4.1: A sudoku design field arrangement. Three colours represent a factor with three 
levels and are randomized within each of the four reps. A factor with four levels is randomized 
within each of the coloured treatments and represented by numbers 1 through 4. 
 

The second factor, level of intensity of IWM tactics, was split into three categories and 

treatments were named as such: low IWM, medium IWM and high IWM. Low IWM involved 

the recommended seeding rate (45 viable seeds m-2), late seeding, 60 cm row spacings, and no 

mechanical weed controls. Medium IWM included the recommended seeding rate (45 viable 

seeds m-2), moderately early seeding date, 30 cm row spacing, and no mechanical controls. High 

IWM levels included a very early seeding date, increased seeding rate (90 viable seeds m-2), 30 

cm row spacing and mechanical controls (inter row cultivation with a rotary hoe when weeds are 

very small – thread stage). Herbicide applications in all treatments were applied between 3 and 5 

days prior to planting. Planting dates for each site year are presented in Table 4.1. At the high 

IWM treatments this occurred in early May to facilitate the very early seeding date. In the 

moderate IWM treatments pre-emergence herbicides were applied 10 days later for the early 

seeding date, and for the low IWM treatments, these herbicide treatments were applied 10 days 

following the medium IWM treatment to accommodate the late seeding date.  
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Table 4.1: Seeding dates for each level of integrated weed management within each site-year. 

 Kernen 2017 Kernen 2018 Kernen 2019  SPG 2019 

High IWM May 5 May 7 May 10 May 10 

Medium IWM May 18 May 22 May 24 May 24 

Low IWM May 30 June 6 June 7 June 7 

 

 

4.2.3 Experimental procedure 

 
Natural weed populations were used in all site-years. Faba bean was seeded 4 cm deep 

with a vacuum planter at Kernen in all years and 5 cm deep at SPG in 2019. Soil tests confirmed 

that there were sufficient nutrients in the soil for the trial in all years at Kernen, and at SPG in 

2019. Plots were sprayed with the herbicide treatments as described above. Applications of 14 g 

a.i. ha-1 lambda-cyhalothrin (Matador®) were needed in mid-July at the Kernen site in 2019 to 

control blister beetles (Lytta nuttalli, Nuttall), and again in August to control pea aphid 

(Acyrthosiphon pisum, Harris) populations. In 2019, Kernen also received an application of 75 g 

a.i. ha-1 fluxapyroxad and 150 g a.i. ha-1 pyraclostrobin (225 g a.i. ha-1 of Priaxor®) fungicide in 

mid-July to control chocolate spot (Botrytis fabae/Botrytis cinerea). The 2019 SPG site received 

a 14 g a.i. ha-1 lambda-cyhalothrin (Matador®) application in August to control pea aphid 

populations. 

The high and medium IWM treatments at each site in 2019 were sprayed with 340 g a.i. 

ha-1 diquat (Reglone Ion®) to facilitate crop dry down. The low IWM treatments did not need to 

be desiccated as a killing frost occurred before maturity, which was later than in the other 

treatments. All plots were harvested at maturity (< 20% moisture) using a plot combine, and 

samples were collected and dried to a constant moisture. A 1.2 m width by 6 m length sample 

was harvested from each plot at all locations. 

Data collection in this trial included several in-crop and post-harvest ratings. Thirty days 

after crop emergence two, 1 m faba bean rows were measured (one at each end of the plot) and 

the number of faba bean plants were counted. In mid-July, two 0.25 m2 areas were measured and 

above ground weed biomass was harvested (as a bulk sample and not per species). Bulk samples 

were dried for 24 h in a 77 oC oven and weighed to determine biomass. Faba bean biomass was 
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determined in two 0.25 m2 areas in which crop biomass was cut just above ground level at crop 

flowering. These samples were dried in a 77 oC oven for 48 h and weighed. Each harvested plot 

was cleaned using a dockage tester and cleaned samples were weighed apart from the weed seeds 

to determine dockage and dry weight of the faba bean. Additionally, thousand seed weight 

(TSW) was determined by counting and weighing 1000 seeds. 

 

4.2.4 Statistical Analysis 

 
Data were analyzed with a MIXED model ANOVA using the lmer4 package (Bates et al., 

2015) in R software (R Core Team, 2020).  Herbicide, level of IWM, and their interactions were 

treated as fixed effects. Replicate (block) and site-year by treatment interactions were considered 

random effects. Weed biomass and weed seed production data were log transformed before 

undergoing analysis, and faba bean yield was square root transformed to meet the assumptions of 

ANOVA. Due to the presence of significant random site-year by treatment 

interactions, treatments were compared within each site-year for weed biomass, seed production, 

faba bean yield, and TSW.  Before the final analysis, residuals were tested and successfully met 

the assumptions for normality and heterogeneity of variance. The lmerTest package (Kuznetsova 

et al., 2017) was used to separate means based on a LSD. 

 
 
4.3 Results 

4.3.1 Weed biomass and seed production 

 
There was a significant (p < 0.05) site-year x herbicide and site-year x IWM effect on 

weed biomass and therefore, treatments were compared within site-year (Table 4.2). The 

glyphosate treatment had the highest weed biomass compared to most other treatments in all site-

years (Figure 4.2). At Kernen in 2017, the addition of saflufenacil or 

pyroxasulfone+sulfentrazone to glyphosate reduced weed biomass by 90% compared to the 

glyphosate treatment. The glyphosate + flumioxazin treatment was intermediate to the other two 

tank-mixes. Similarly at Kernen 2018, a 70% decrease in weed biomass was observed in the 

treatments of glyphosate tank-mixed with flumioxazin and glyphosate tank-mixed with 

pyroxasulfone+sulfentrazone compared to the glyphosate treatment. There was a further 75% 
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drop in weed biomass comparing these two treatments to the glyphosate tank-mixed with 

saflufenacil treatment.  

 

Table 4.2: Probability values for the effect of site-year, IWM, herbicide and their interactions on 
weed and crop parameters. 
 

 
Herb = herbicide treatment, int = level of integrated weed management strategies  
NA = insignificant random term that was removed from final model 
TSW = thousand seed weight, WSP = weed seed production 
* Indicates significant difference p<0.05 
** Indicates significant difference p<0.01 
*** Indicates significant difference p<0.001 
 

Similar trends were observed at both sites in 2019 (Figure 4.2). There was a 64% 

reduction in weed biomass with the addition of flumioxazin to glyphosate at Kernen in 2019. 

There was a further 68% reduction in weed biomass when glyphosate was tank-mixed with 

saflufenacil or pyroxasulfone+sulfentrazone compared with glyphosate applied alone. 

Reductions in weed biomass were lower at SPG in 2019 than at Kernen in 2019. Weed biomass 

at this site-year decreased by 39% in the glyphosate tank-mixed with 

pyroxasulfone+sulfentrazone treatment compared with both the glyphosate and glyphosate tank-

mixed with saflufenacil treatments. Weed biomass was further reduced by 47% in the glyphosate 

tank-mixed with flumioxazin treatment compared to both the glyphosate and glyphosate tank-

mixed with saflufenacil treatments.  

Level of IWM had no statistical impact on weed biomass at Kernen in 2017 (Table 4.2). 

At Kernen in 2018, however, there was a 70% reduction in weed biomass in the medium IWM 

treatment compared with the low IWM treatment (Figure 4.3). Weed biomass declined 79% in 

the high IWM treatment compared with the low IWM treatment. Similarly, at Kernen in 2019 

there was a 95% and a 98% decrease in weed biomass in the medium and high IWM treatments 

Treatment WSP  
Weed 

Biomass  Yield  
 

TSW  
Site 0.997  1  0.949  1   
Int x Site <0.001 *** <0.001 *** <0.001 *** <0.001 *** *** 
Herb x Site 0.001 ** <0.001 *** 0.857  1.000   
Herb x Int x Site NA  NA  NA  NA   
Herb x Int 0.005 ** 0.392 * 0.462  0.950   
Herb <0.001 *** 0.013 * 0.057  0.482   
Int 0.188  0.032 * 0.027 * 0.002 ** ** 
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compared to the low IWM treatment, respectively. At this site-year, a large (67%) decrease in 

weed biomass was even noted between the medium and high IWM treatments, with the high 

IWM.  

 
Figure 4.2: The effect of herbicide on weed biomass (kg ha-1) at Kernen 2017 to 2019, and SPG 
2019. Back-transformed means and standard errors are presented in these figures. Error bars 
represent standard error of the mean. Gly = glyphosate, Gly+Saf = glyphosate+saflufenacil, 
Gly+Flu = glyphosate+flumioxazin, and Gly+Pyr+Sul = glyphosate + 
pyroxasulfone+sulfentrazone. 
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Figure 4.3: The effect of increasing intensity of integrated weed management strategies (IWM) 
on weed biomass (kg ha-1) at Kernen 2017 to 2019, and SPG 2019. Back-transformed means and 
standard errors are presented in these figures. Error bars represent standard error of the mean.  
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treatment exhibiting the lowest weed biomass. Although the magnitude of the differences varied, 

the same trend was observed at SPG in 2019. 

Similar to weed biomass, there was also a significant (p < 0.05) site-year x herbicide and 

site-year x IWM effect on weed seed yield and therefore, herbicide and IWM effects were 

compared within site-years (Table 4.2). Glyphosate without the addition of a soil residual 

herbicide resulted in the greatest number of weed seeds produced compared to all other 

treatments, and this was true in all site-years (Figure 4.4). By contrast, the glyphosate tank-mixed 

with saflufenacil treatment had the lowest weed seed production compared to all other treatments 

at Kernen in all years. Weed seed production at Kernen was reduced by 63, 78 and 68% in 2017, 

2018, and 2019, respectively, when saflufenacil was added to glyphosate compared with 

glyphosate applied alone.  Further, there was a significant reduction in weed seed production at 

Kernen in all years when glyphosate was tank mixed with either flumioxazin or 

pyroxasulfone+sulfentrazone. Likewise, weed seed production was reduced by over 50% at SPG 

in 2019 in treatments containing glyphosate tank-mixed with either flumioxazin or 

pyroxasulfone+sulfentrazone to glyphosate applied alone (Figure 4.4). 

The intensity of IWM treatments also affected weed seed production. At Kernen in 2017 

there was a 70% increase in weed seed production when the intensity of IWM strategies 

increased from low to high intensity (Figure 4.5). Similarly, weed seed production was reduced 

by 60% and 90% in the medium and high intensity treatments, respectively, compared to low 

intensity of IWM at Kernen in 2018. Weed seed production showed similar trends at both 

Kernen and SPG in 2019. For example, there was a 78% and 54% decrease in weed seed 

production when the intensity of IWM strategies increased from low to high and low to medium, 

respectively, at Kernen 2019 and SPG 2019. No differences were observed between the medium 

and high intensity of IWM strategies in both site-years. 
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Figure 4.4: The effect of herbicide on weed seed yield (kg ha-1) at Kernen 2017 to 2019, and 
SPG 2019. Back-transformed means and standard errors are presented in these figures. Error bars 
represent standard error of the mean. Gly = glyphosate, Gly+Saf = glyphosate+saflufenacil, 
Gly+Flu = glyphosate+flumioxazin, and Gly+Sulf+Pyr = glyphosate + 
pyroxasulfone+sulfentrazone. 
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4.3.2 Crop yield and quality  

 
There was a significant (p < 0.05) site-year x IWM effect on both faba bean yield and 

seed weight and thus, treatments were compared within site-years (Table 4.2). Faba bean yield 

was lowest in the least intense IWM treatment in all site-years (Figure 4.6). At Kernen in 2017, 

there was 79% and 52% greater faba bean yield in the medium and high IWM treatments 

compared to the low IWM treatment, respectively. There was a 17% decrease in crop yield in the 

high IWM compared to the medium IWM treatment. At Kernen in 2018, there were no statistical 

differences between faba bean yields in the medium and high IWM treatments, although both 

yielded significantly more than the lowest IWM treatment.  

Similar trends for crop yield were observed at both the Kernen and SPG site-years in 

2019 (Figure 4.7). However, the differences between the medium and high IWM treatments 

relative to the low IWM treatment were much greater in 2019 than in 2018. For example, crop 

yield at Kernen in 2019 was 314% and 426% greater in medium and high IWM treatments 

compared to the low IWM treatment. There was also a 27% increase in yield in the high IWM 

treatment relative to the medium IWM treatment at this site-year. Crop yield at the SPG site-year 

in 2019 was 57% and 80% greater in medium and high IWM treatments, respectively, compared 

to low IWM treatments. Significant differences in crop yield between the medium and high IWM 

treatments were also observed at this site-year but were generally much smaller compared to the 

differences with low IWM treatment. 
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Figure 4.5: The effect of increasing intensity of integrated weed management strategies (IWM) 
on weed seed yield (kg ha-1) at Kernen 2017 to 2019, and SPG 2019. Back-transformed means 
and standard errors are presented in these figures.  Error bars represent standard error of the 
mean. 
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Figure 4.6: The effect of increasing intensity of integrated weed management strategies (IWM) 
on faba bean yield (kg ha-1) at Kernen 2017 to 2019, and SPG 2019. Back-transformed means 
and standard errors are presented in these figures. Error bars represent standard error of the 
mean. 
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Differences in TSW exhibited similar trends across all site-years. The data indicated that 

low IWM treatments resulted in the lowest TSW and high IWM treatments produced the highest 

TSW (Figure 4.7). Differences between intensity of IWM also tended to be significant. For 

example, at Kernen in 2017, there was a 27% and 32% increase in TSW at medium and high 

intensities of IWM compared to the low IWM treatment, respectively. Similarly, at Kernen in 

2018, there was a 21% and 31% increase in TWS in medium and high IWM treatments 

compared to the low IWM treatment, respectively. Similar differences between treatments and 

tends were observed at both sites in 2019 (Figure 4.7). 

 

 
Figure 4.7: The effect of increasing intensity of integrated weed management strategies (IWM) 
on thousand seed weight (TSW) at Kernen 2017 to 2019, and SPG 2019. Error bars represent 
standard error of the mean. 
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4.4 Discussion 
Managing the development of herbicide resistance in weeds has become a primary focus 

of many cropping systems. For that to be successful, changes in herbicide use patterns, reducing 

herbicide use, and the integration of non-chemical weed control strategies all have been 

identified as key strategies. Emphasizing crop competitiveness, for example, as well as 

introducing physical control methods such as the rotary hoe, can help reduce the development of 

HR weed species (Chandler et al., 2021; Norsworthy et al., 2012). In our study, the addition of a 

residual PRE herbicide to glyphosate, as well as increasing the intensity of IWM strategies, both 

showed a substantial improvement in weed management. Even without an in-crop herbicide 

application, a significant reduction in weed biomass was observed with effective applications of 

PRE herbicides, mechanical, and cultural weed control methods. This agrees with other studies 

that have demonstrated the effectiveness of PRE-emergence herbicides at reducing weed 

densities in soybean (DeWerff et al., 2014; DeWerff et al., 2015). 

We observed better weed control with the addition of any one of three residual PRE-

emergence herbicides to glyphosate, regardless of the length of the residual period. This trend 

was observed across all site-years. Reductions in weed seed production observed with the 

addition of these herbicides is favourable, as a PRE-emergence glyphosate application can be an 

ineffective strategy for controlling weeds that emerge following crop planting (Selleck and 

Baird, 1981). In our study, the lowest weed biomass and seed production tended to be observed 

with the addition of saflufenacil into a tank mix with glyphosate, indicating it is a more effective 

tank-mix partner for glyphosate. On the contrary, glyphosate with a tank mix of flumioxazin or 

pyroxasulfone+sulfentrazone performed better than saflufenacil in our study at SPG in 2019. 

Waggoner et al. (2011) also reported improved efficacy of residual herbicides tank-mixed with 

glyphosate. However, their results showed that both weed control and cotton yield were reduced 

when a glyphosate plus flumioxazin tank-mix was sprayed compared with a glyphosate plus 

saflufenacil tank-mixed treatment (Waggoner et al., 2011).  

The data from our study also showed a significant reduction in weed biomass and seed 

production as the intensity of IWM treatments increased from low to high intensities. Although 

we could only analyze the main effects separately, we expect significant reductions in weed 

biomass and seed production when medium and high intensity IWM levels are combined with 

residual PRE-emergence herbicides.  For example, the most intensive IWM treatment exhibited 
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weed biomass that was 98% lower than the treatments with the lowest intensity IWM practices 

coupled with soil residual herbicides. As such, these treatments showed near complete weed 

control, even without the application of any in-crop herbicides. These findings demonstrate the 

overall effectiveness of the weed control methods presented in this study as successfully 

controlling weeds, and being a good starting point for a grower to develop their own IWM 

strategy.  

An important finding in our study was the impressive reduction in weed biomass and 

seed production in medium and high intensity IWM treatments. In particular, the medium IWM 

treatment significantly and consistently improved weed control over the low IWM treatments. 

The main differences between these treatments were in row spacing and seeding date. 

Decreasing the row width and seeding at an earlier date in the medium IWM treatments reduced 

weed biomass by 80% over the low IWM treatments, averaged across three of four site-years. 

Furthermore, weed seed production also decreased 64% across these treatments. Both narrow 

row spacings and early seeding dates provide for the successful establishment of a faba bean 

crop, allowing the crop to maximize its competitive advantage. The success of narrow row 

spacings and early seeding dates on weed control has been frequently documented in studies 

conducted in other pulse crops (Blackshaw et al., 2000; Dalley et al., 2004; Fernandez et al., 

2010; Klingaman and Oliver, 1994; Knezevic et al., 2006; Sajid et al., 2012; Wax and Pendleton, 

1968). However, these studies typically examined these treatments independently, and the 

combined effects are not as frequently documented. Our data demonstrates the success of 

combining multiple strategies to optimize the crops’ competitive ability, thereby reducing weed 

pressures without the use of herbicides.   

Marginal increases in weed control generally were observed in the high intensity IWM 

treatments over the medium IWM treatments. This is likely due in large part to the effectiveness 

of the rotary hoe for weed control, which has been shown to be effective in pulse crops on the 

Canadian Prairies (Alba et al., 2020; Shirtliffe and Johnson, 2012). Many studies have noted 

improved weed control of 70% or more with the use of a rotary hoe (Lovely et al., 1958; Mulder 

and Doll, 1993; and Schweizer et al.,1994, Shirtliffe and Johnson, 2012). In addition, the high 

IWM treatment also included a doubling of the seeding rate, which has been recommended for 

lentil in conditions where herbicides may not be effective (Ball et al., 1997; Benaragama and 

Shirtliffe, 2013). Several studies have shown the effectiveness of increasing the seeding rate to 
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improve weed management in several crops (Ahmed et al., 2014; Baird et al., 2009; McDonald, 

Hollaway and McMurray, 2007; Vera et al., 2006). By increasing faba bean seeding rate, greater 

crop establishment was achieved, which in turn increased faba bean biomass production, reduced 

weed biomass and weed seed yield, and ultimately increased crop yield. 

An important consideration for the current study is the economic impacts of increasing 

IWM intensity. Even when changes to weed control tactics are simple changes, the economic 

return needs to be considered. This concept stretches beyond the need to obtain high yields. For 

example, in the current study it can be argued that increased costs would be associated with 

increased seeding rates and the use of the rotary hoe. However, the costs associated with 

chemical weed control would also be markedly reduced. As an example, Graf and Roland (1986) 

found that the most economical plant density for faba bean growers in Saskatchewan was 38 

viable seeds m-2. Currently, 45 viable seeds m-2 is the recommended rate in the province. While 

the increased seeding rate presented in this study may not be economically optimal on its own, 

the weed control benefit offered by higher seeding rates can help offset this increase in cost. 

Moreover, if increased herbicide use leads to the development of herbicide resistance, the costs 

associated with losing the ability to grow pulse crops in a rotation would be significant, further 

highlighting the importance of a successful IWM strategy.  

 This study did not reveal any benefits of adding residual PRE-emergence herbicides to a 

glyphosate burndown regarding crop yield or seed weight. This contrasts with other studies 

which have shown that residual PRE-emergence herbicides helped control weeds throughout the 

critical period of weed control, when the crop is most susceptible to yield losses (Selleck and 

Baird, 1981). The lack of yield benefits in our study may have been due to low numbers of 

weeds present in the early part of the growing season, which did not cause enough competition to 

impact yield. This has also been observed in a study conducted by Sikkema et al. (2005) that 

showed no impact on field pea yield when imazethapyr was sprayed at multiple rates prior to 

crop planting. Therefore, while we had hypothesized that residual pre-emergence herbicides 

would have an impact on crop yield, this was not the case when only the main effects of 

herbicide are considered in isolation. 

The establishment of a healthy crop early in the growing season is crucial to any 

successful IWM strategy. Therefore, increasing crop density through increased plant populations 

is necessary. In our study, a more competitive crop environment was achieved through increased 
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crop seeding rates and decreased row widths. Faba bean yield and seed size increased as the 

intensity of IWM increased. The greatest benefit to yield was observed when increasing from the 

low to medium intensity of IWM. Increased planting densities likely resulted in earlier canopy 

closure, thereby allowing the crop to out-compete the weeds earlier in the growing season while 

maintaining or increasing crop yield. This concept has been well-documented in many studies 

across several field crops and confirmed our expectations for this treatment (Baird et al., 2009; 

Vera et al., 2006; Ahmed et al., 2014; McDonald, Hollaway and McMurray, 2007). 

Faba bean seed size, like yield, also increased as intensity of IWM increased. Large seeds 

are an important aspect of crop management as large seeds generally perform better under field 

conditions than do small seeds. Larger seeds tend to show improved vegetative growth that 

frequently produce higher yields, improved market grades and even harvest efficiency (Ambika 

et al., 2014). However, an important point here is that a large seeded faba bean may not always 

be preferred. Seeds that are too large can sometimes plug seeding equipment, causing problems 

for growers who save their seed for the following year. The largest seeded faba bean that were 

observed in this study are still considered small based on an average seed size of 325-450 grams 

per thousand seeds of the varieties grown on the Prairies (Alberta Pulse Growers, 2022). The 

largest seeds found in this study were on the very low end of this scale, are therefore unlikely to 

be problematic for growers. 

Although we did not find a significant interaction for crop yield between residual 

herbicides and IWM strategies, the benefits to incorporating both factors into a cropping system 

may be more evident from a weed management perspective. Our data provided evidence for the 

benefit of adding a soil residual herbicide into a tank mix with glyphosate to help reduce weed 

biomass and seed production, without an impact on crop yield. Furthermore, it is important to 

note that in our study, improved weed control was observed in the absence of any in-crop 

herbicides, which exert the highest selection pressure on the weed community for the 

development of herbicide resistance. Even though we noted no significant increases in crop yield 

in our study, reducing weed biomass and weed seed production are crucial in long-term herbicide 

resistant weed management.  
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4.5 Conclusion 
 By increasing the intensity of integrated weed management strategies as well as utilizing 

soil residual herbicides, there were benefits to both weed management and faba bean yield. It 

was clear from the results of this study that all three of the soil residual herbicides improved 

weed control. Glyphosate tank-mixed with saflufenacil decreased weed biomass and weed seed 

production in three of four site-years, despite having the shortest duration of residual activity. 

Even without a POST-emergence herbicide application, weed control was close to 100% in 

comparison to glyphosate alone, which shows great potential for growers. Additionally, by 

increasing from low to medium intensities of IWM, significant improvements to both weed 

control and crop yields were observed. This highlights the success of implementing narrow row 

spacings and early seeding dates. Moreover, tank mixing PRE-emergence herbicides with 

glyphosate and eliminating an in-crop herbicide application will slow the development of 

herbicide resistant weed species. In conclusion, by integrating soil residual PRE-emergence 

herbicides with increased intensities of IWM, growers should be able to better control weeds 

while maintaining faba bean yield and quality. 
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5.0 General Discussion 
  

The overall objective of this thesis was to improve weed management in faba bean. I 

sought to accomplish this by coupling pre-emergence residual herbicides with IWM tactics 

(cultural and mechanical weed control techniques) to reduce the weed growth in faba bean crops. 

Two studies were conducted in this research that revealed how improved weed control in faba 

bean may be achieved. I hypothesized that longer duration residual activity of pre-emergence 

herbicides combined with increasing intensity of integration of cultural and mechanical strategies 

would provide better weed control. While this was achieved generally, I did not see a consistent 

trend in improved weed control by increasing intensity of integration of cultural and mechanical 

strategies. I thus failed to reject the null hypothesis. I have, however, identified several 

management practices which will help improve weed management in faba bean crops. 

 

5.1 Seeding rate and residual pre-emergent herbicides for weed control in faba bean 

 
 The results of this study showed that faba bean seeding rate influenced weed seed 

production and crop characteristics in conjunction with pre-emergence herbicides. Weed 

biomass, however, was affected by both seeding rate and herbicide treatments individually. 

Based on these results I did not accept the first hypothesis that an increasing seeding rate 

combined with a residual pre-emergence herbicide will reduce the number of in-crop weeds. 

Although both treatments mitigated weed biomass and seed production, their results were 

independent and not interactive in nature. 

Seeding rate is one method of influencing crop density and therefore, crop-weed 

competition. Since faba bean is a poorly competitive crop, an increased seeding rate can increase 

crop above ground biomass, which can then better compete against weeds (Ahmed et al., 2014; 

Baird et al., 2009; Vera et al., 2006). By increasing faba bean seeding rate in this study, greater 

crop establishment was achieved, which in turn reduced weed biomass. With a greater 

competitive ability, faba bean may have been able to out-compete neighbouring weeds, therefore 

reducing weed biomass. Other studies have shown that an increased seeding rate also enhances 

the efficacy of chemical control options, especially in environments where herbicides may not be 

as effective (Ball et al., 1997). My study did not reveal large increases in weed control due to an 
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increased seeding rate, but this may have been due to the residual herbicides having a greater 

impact on weed biomass than seeding rate. 

While other studies have shown the effectiveness of pre-emergence herbicides at 

reducing weed densities, my study was not always successful (DeWerff et al., 2014; DeWerff et 

al., 2015). This may have been due to environmental or soil factors, which have been known to 

affect soil residual herbicide availability and efficacy (Helling, 2005; Schoenau et al., 2005; 

Stickler et al., 1969). While the addition of pyroxasulfone+sulfentrazone provided additional 

weed control benefits in some cases, the POST emergence imazamox+bentazon treatment 

provided the greatest reduction in weed biomass in-crop. Imazamox+bentazon has been shown to 

be an effective control method for grasses and broadleaved weeds growing in pulse crops 

(Hekmat et al., 2008). The POST emergence herbicide application likely provided better control 

of the late emerging weeds, reducing the in-crop weed biomass. Overall, while the residual pre-

emergence herbicide did not provide maximum weed control without the addition of a POST 

emergence application, it would have reduced the number of weeds exposed to the 

imazamox+bentazon application. This provided an effective strategy, using herbicide layering to 

target the weed community at multiple points in the cropping season. 

My data showed that combined use of increased seeding rate and residual pre-emergence 

herbicide was able to reduce weed seed production, while increasing crop biomass and yield. The 

general trend observed was that a higher seeding rate coupled with a residual PRE-emergence 

herbicide with or without a POST emergence herbicide application resulted in improved weed 

management and crop yield. This agrees with results reported by Redlick et al. (2017), where an 

increased seeding rate in lentil provided a reduction in the amount of herbicide required to reach 

the same level of weed control. Furthermore, O’Donovan et al. (2004) found the same trend in a 

canola-barley rotation, wherein weed control improved with an increased seeding rate and a 

reduced herbicide rate.  

Using herbicides with multiple modes of action within a growing season rather than 

relying on glyphosate alone is not only a superior method to control multiple weed species, but it 

also helps to manage herbicide resistant weed populations. Additionally, using multiple modes of 

action in a herbicide layering approach provides weed control for the early part of the growing 

season to help get the crop through the critical period of weed control, when it is most 

susceptible to yield losses (Selleck and Baird, 1981). Results observed in this study showed the 
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positive impacts on reducing weed infestation and increasing yield by adding a residual herbicide 

(sulfentrazone + pyroxasulfone) into tank-mixes with glyphosate to control early emerging 

weeds. This residual weed control period allows faba bean to establish with reduced competition 

with weeds. Overall, by improving the effectiveness of weed management systems in ways such 

as those presented in this research, crop production systems can be improved while also reducing 

selection pressure for resistant weeds.  

Given these results, two recommendations can be made. If a grower opts not to spray 

imazamox+bentazon as a POST-emergence herbicide application, seeding at the highest seeding 

rate of 125 seeds m-2 is recommended, as well as a pre-emergence application of glyphosate 

tank-mixed with pyroxasulfone+sulfentrazone. With the increased seeding rate, there may not be 

a yield benefit, however, weed control will be optimized by the increased crop competition. If a 

grower chooses to spray the post-emergence application of imazamox+bentazon, a seeding rate 

between 50 and 75 seeds m-2 can be chosen to optimize crop yield. However, this lower seeding 

rate must be combined with a pre-emergence application of glyphosate tank-mixed with 

pyroxasulfone+sulfentrazone.  

 
5.2 Increasing intensity of IWM for improved weed control in faba bean 

 
 In this study, the results showed that herbicide and level of intensity of the IWM 

strategies both had impacts on weed and crop characteristics, but separately from one another. 

For this reason, I am not able to accept the hypothesis that combining pre-emergence herbicides 

that have moderate and long residual characteristics, combined with integration of cultural and 

mechanical weed management strategies, will improve weed control in tandem. Instead, it is the 

individual control provided by each strategy that contributes to overall weed management. In 

other words, there was no synergy between the two factors in this experiment.  

By increasing the intensity of IWM practices, I observed increasingly better weed 

control, demonstrating a benefit to weed management. This then translated into improved crop 

yield and seed size. The most significant improvement in weed control was observed in the 

difference between the low and medium intensities of IWM treatments. This shows the capability 

of earlier seeding date and narrow row widths to improve weed control, especially early in the 

season (Dalley et al., 2004; Knezevic et al., 2006; Klingaman and Oliver, 1994). Other studies 

have reported improvements not only to weed control, but also to crop yield, when varying 
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similar types of treatments to those used in my study (Blackshaw et al., 2000; Buhler and 

Gunsolus, 1996; Fernandez et al., 2010; Wax and Pendleton, 1968). Both residual herbicides and 

IWM treatments contribute to a denser crop stand earlier in the season, which allows the crop to 

outcompete the weeds. This early season competitive advantage may have caused the herbicide 

effect to be significant, apart from IWM strategy, preventing statistical significance of the 

interaction term. It is notable nonetheless that treatments featuring high IWM intensity with long 

residual herbicides were virtually devoid of weeds, demonstrating the strong potential of these 

weed control tactics.  

In some instances within this study, there was an even greater increase in weed control 

and crop yield at the highest intensity of IWM. The addition of a rotary hoe, increased seeding 

rate, and an even earlier seeding date showed improved weed control and maximized crop yield. 

These results are encouraging in that, if growers ever lose effective herbicide options due to 

herbicide resistance, legislation, or supply chain issues, other integrated methods are available 

that provide nearly perfect weed control. Even with no in-crop herbicide application, weed 

biomass and crop yield were nearly 100% of the control treatments. Moreover, it was difficult to 

observe any visual differences between high IWM plots with PRE-treatments and the glyphosate 

alone plots, which proves that good agronomy can substitute for in-crop herbicides. This is 

important because in-crop herbicides provide the greatest level of selection pressure on the weed 

population for the development of herbicide resistance.  

Although my study showed no direct effect on crop yield from the application of pre-

emergence herbicides coupled with varying intensities of IWM strategies, the benefit may be 

more evident from a weed management perspective. This study showed the benefit of adding a 

soil residual herbicide into a tank mix with glyphosate to help control weed biomass and seed 

production. Additionally, the addition of pre-emergence herbicides to IWM treatments may not 

be impactful to crop yields, especially under low weed pressures. Harker et al. (2009) found that 

increasing the IWM intensity had greater effects on crop yield when herbicide rates were low. 

Additionally, Anderson (2005) explained that growers can effectively control weeds with 50% 

less herbicide inputs with the successful implementation of cultural practices.  

The results of this study showed a significant improvement in weed control and crop 

yield due to the strength of integrated weed management strategies independently from herbicide 

treatments. Therefore, the outcomes of this research are especially important for organic 
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growers, as the successful combination of IWM strategies could be utilized to improve weed 

control and crop production in those systems. The concept of increasing crop competitive ability 

has been well understood and utilized by organic growers for many years (Alba et al., 2020; 

Baird et al., 2009; Benaragama and Shirtliffe, 2013; Coulter et al., 2011; Rasmussen, 2004). 

Additionally, the use of secondary tillage options such as the rotary hoe has also been successful 

in organic lentil systems (Alba et al., 2020). By combining both crop competitiveness and 

secondary tillage concepts into a diverse IWM strategy such as I did, weed control would be 

optimized.  

A successful weed management strategy for growers will need to encompass multiple 

strategies, such as those presented in this study. Transitioning from a ‘herbicide only’ mindset to 

a more robust cultural, chemical, and mechanical control strategy will be necessary for this to 

happen. Controlling weeds early in the growing season is a crucial way to allow suitable crop 

establishment. With this in mind, growers should plant their faba bean crop as early in the spring 

as possible for their environment. Additionally, an increased seeding rate (>45 seeds m-2) and a 

narrower row spacing (<25 cm) will allow for better spatial arrangement that optimizes early 

season crop competitiveness. Furthermore, using a pre-emergence herbicide such as 

pyroxasulfone+sulfentrazone, saflufenacil, or flumioxazin can help to further reduce early season 

weed pressure. 

While the research presented in this study shows the effectiveness of a rotary hoe, it may 

not be economically feasible for every grower to purchase one. It may be useful, however, for 

the growers who have lost or nearly lost the ability to successfully grow a pulse crop due to weed 

pressure. Rather than eliminating pulse crops from a rotation entirely, this novel approach shows 

the potential for mechanical weeding in conjunction with other cultural and chemical weed 

control options to maximize the competitive ability of a normally poorly competitive crop. 

 
5.2 Management Implications 

 
The problem that growers face in western Canada regarding herbicide resistant weeds can 

be combated through the implementation of diversified weed management strategies (Harker, 

2013; Beckie and Harker, 2017). Furthermore, controlling weeds in an agricultural system is 

more complex than relying solely on herbicides or specific cultural weed control methods 

because communities of weed species will adapt to the amount and duration of selection pressure 
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to which they are subjected (Derksen et al., 2002). Recurrent tillage, herbicide use, mechanical 

weeding, or even hand weeding selects for the development of weed species and populations 

resistant to those methodologies. Moreover, it does not contribute to the longevity of successful 

agricultural systems. Therefore, there needs to be a balance between chemical, cultural and 

mechanical weed controls to establish an effective IWM system in faba bean. 

The ideas presented in this research should be considered by growers who seek long-term 

management of weeds with minimal in-crop herbicide applications. Controlling weeds early in 

the growing season is a crucial way to allow suitable crop establishment (Swanton and Weise, 

1991). Planting faba bean as early as possible, in early May or even late April, is critical to early 

season weed management. Additionally, an increased seeding rate (50-75 seeds m-2) and a 

narrower row spacing (<25 cm) will allow for better spatial arrangement that optimizes early 

season crop competitiveness. Furthermore, using a pre-emergence herbicide such as 

pyroxasulfone+sulfentrazone, saflufenacil, or flumioxazin can help to further reduce early season 

weed pressure. Considering the weed control and yield benefit found in this study, as well as 

costs associated with the addition of a pre-emergence herbicide, saflufenacil would be the best 

option for growers. As of February 2022, saflufenacil is less than 25% of the cost of 

pyroxasulfone+sulfentrazone with comparable weed control results. 

While this research was conducted in faba bean, the ideas and principles can be applied to 

other crops as well. The principle of controlling weeds early in the growing season while 

establishing a good crop stand is crucial for all crop types. Increased seeding rates, decreased 

row width, mechanical weeding and pre-emergence herbicides have been shown to be beneficial 

in crops such as lentil and field pea (Alba, 2020; Baird et al., 2009; Beneragama and Shirtliffe, 

2013; Blackshaw et al., 2000; Vera et al., 2006; Wax and Pendleton, 1968). Therefore, the 

concepts presented in this research extend beyond faba bean production, but could allow for 

successful weed management in cereals, other pulses, and flax. 

The novel concept that this research presents is the ability for growers to maintain crop 

yields and control weeds without the use of a POST-emergence herbicide. These findings go 

against the norm in that growers in western Canada typically apply a POST-emergence herbicide 

application to all crops. The results shown in this study prove that it is possible to control in-crop 

weeds without the POST-emergence herbicide application, provided good PRE herbicides are 

coupled with a good IWM program in-crop. To the best of my knowledge, this is the first study 
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to demonstrate that excellent weed control in a pulse crop can be achieved without the use of an 

in-crop herbicide. Individual success of these practices will depend on the particular weed 

species composition and frequency within a field. Furthermore, this concept will allow growers 

who have lost the ability to spray an in-crop herbicide due to resistance the opportunity for 

successful non-chemical weed control options.  

While making changes to a grower’s IWM strategy, even if they are simple changes, the 

economic return needs to be considered. This concept stretches beyond the need to obtain high 

yields. Further combining integrated weed management strategies with residual herbicides can 

augment weed control benefits, as well as crop yield. While there may be increased costs 

associated with increased seeding rates and the use of the rotary hoe, the costs associated with 

chemical weed control are reduced. Additionally, the costs associated with losing the ability to 

grow pulse crops in a rotation are both financial and environmental, further show the importance 

of a successful IWM strategy. Therefore, these methods could be a long-term sustainable weed 

management strategy for faba bean. 

 
5.3 Future Research 

 
 Future weed management strategies for faba bean will require tailoring control practices 

to accommodate differences in location and weed species present. The weed control efficacy 

achieved in our study may vary between sites and years due to differences in weed community 

structure and composition, soil type, and environmental conditions (Cordeau et al., 2017, 

Liebman et al., 2016). Although I hoped that using the strategies presented in this thesis could 

eliminate the need for an in-crop herbicide in an uncompetitive crop, a more in depth look at this 

novel approach is needed before such conclusions can be made. 

 Research into other mechanical weed control implements in conjunction with the cultural 

and chemical IWM strategies presented in this research, may bring to consideration other 

mechanical tools that growers may already have, such as harrows. While Benaragama and 

Shirtliffe (2013) showed the effectiveness of a rotary hoe with an increased seeding rate in a 

herbicide free system, perhaps there are other options. Alba et al. (2020) showed that a rotary 

hoe PRE paired with a single pass of a harrow between the 2nd and 4th node stage reduced weed 

biomass in both lentil and field pea. In another study, early season inter-row cultivation was 

shown to be most successful for weed control and did not decrease crop yield when a single pass 
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was utilized (Stanley, 2018). However, weather can play a vital role in the effectiveness of 

mechanical weed control methods, as wet soil has been shown to reduce or eliminate the effects 

of mechanical weed control (Posner et al., 2008). This is a consideration to be made when 

creating tailored solutions for different geographical areas. 
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8.0 Appendix 
 
 
Table A.1: Sum of each weed species present at each site year in Chapter 2. Number of weeds 
present are presented in 36 m2 areas (0.5 m2 areas taken from each of the 18 treatments in 4 reps).  
 

 
Weed Species 

 
Kernen 2017 Kernen 2018 Kernen 2019 

 
Melfort 2019 

 
Brassica napus 0 199 410 2120 
Galium aparine 12 74 21 956 
Thlaspi arvense 0 0 12 21 

Setaria viridis 0 0 18 175 
Chenopodium album 0 0 16 7 

Echinochloa sp. 0 0 27 27 
Bassia scoparia 0 0 1 0 
Cirsium arvense 0 0 4 1 
Sinapis arvensis 36 153 83 0 

Medicago lupulina 0 0 2 1 
Fallopia convulvulus 55 45 0 22 

Amaranthus retroflexus 73 0 0 1 
Avena fatua 0 144 0 0 

Triticum aestivum 0 0 0 713 
Persicaria lapathifolia 0 0 0 26 

Sonchus arvensis 0 0 0 44 
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Table A.2: Sum of each weed species present at each site year in Chapter 3. Number of weeds 
present are presented in 24 m2 areas (0.5 m2 areas taken from each of the 12 treatments in 4 reps).  
 

 
Weed Species 

 
 Kernen 2017  Kernen 2018 Kernen 2019 

 
SPG 2019 

 
Brassica napus 0 0 149 2050 
Galium aparine 0 18 20 326 
Thlaspi arvense 6 10 3 0 

Setaria viridis 0 27 0 33 
Chenopodium album 0 12 29 160 

Echinochloa sp. 21 0 137 28 
Bassia scoparia 0 0 4 28 
Cirsium arvense 0 0 0 0 
Sinapis arvensis 16 138 159 0 

Medicago lupulina 0 0 0 0 
Fallopia convulvulus 35 10 0 4 

Amaranthus retroflexus 50 0 0 0 
Avena fatua 4 0 0 0 

Triticum aestivum 0 0 0 305 
Malva Pusilla 0 0 10 11 

 
 


