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ABSTRACT 

THE DEVELOPMENT OF A PHEROMONE-BASED ACTION THRESHOLD FOR 

MANAGEMENT OF SWEDE MIDGE (CONTARINIA NASTURTII (KIEFFER)) IN 

CANOLA (BRASSICA NAPUS L.) 

Matthew J. Muzzatti 

University of Guelph, 2019 

Advisor: 

Dr. Rebecca H. Hallett 

A pheromone-based action threshold for swede midge, Contarinia nasturtii (Kieffer), in 

canola, Brassica napus L., was developed through a series of laboratory experiments and 

action threshold field plot trials. Evidence of compensation by canola in response to 

herbivory was discovered. Compensation occurred through increased production of 2° 

and 3° racemes and pods, and was maximized with exposure of 4.5 – 6.1 midge per plant. 

Field trial results indicate that using an action threshold to time insecticide applications 

can be economical and effective, and that Matador® 120EC alone was more effective 

than Coragen® in alternation with Matador® 120EC. The recommended pheromone-

based action threshold protocol for swede midge in canola is now: an initial application of 

Coragen® after a cumulative trap capture of 20 midges across all traps, and then 

subsequent applications of Matador® 120EC whenever the threshold of ≥3 

males/trap/day is reached, with a minimum 7-day interval between applications.  
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1 Literature Review and Objectives 

1.1 Introduction 

The swede midge, Contarinia nasturtii (Kieffer) (Diptera: Cecidomyiidae) is an 

invasive insect pest in canola (Brassica napus L. and B. rapa L.) that causes mild to 

severe economic damage (Hallett and Sears 2013). Improved integrated pest 

management practices for its control are needed (Williams and Hallett 2018). More 

specifically, a pheromone-based action threshold is required to improve the efficacy and 

timing of insecticide applications for management of swede midge (Williams and Hallett 

2018). This literature review summarizes gaps in knowledge for the development of a 

pheromone-based action threshold for management of swede midge in canola. 

Compensatory effects of plants in response to herbivory are reviewed, as canola is known 

to compensate for swede midge damage (Williams 2015; Williams and Hallett 2018), 

however the magnitude of such compensation is not known. Also included is a summary 

of research related to developing pheromone-based action thresholds for herbivorous 

Cecidomyiidae pests and insect pests of canola, with an emphasis on procedures to 

develop action thresholds and decision-making protocols, as well as the relationships 

between threshold recommendations and damage and/or yield parameters. The 

objectives and hypotheses of this thesis will be presented at the end of this chapter.  

1.2 Background on integrated pest management concepts 

1.2.1 History of integrated pest management 

As humans began cultivating plants and domesticating animals to secure food, 

insects were classified as pests and competed with humans for their localized crops (Gray 

et al. 2009). A pest is defined as an organism that interferes with human activities; 

however, from an agricultural standpoint, this definition may be expanded to an organism 
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that causes economical loss (Pedigo and Rice 2014). In order to combat agricultural 

pests, and to avoid pesticide resistance and dependency, integrated pest management 

(IPM) was developed. It is an approach to combat pests that integrates diverse 

management methods and does not solely rely on any one management strategy (Pedigo 

and Rice 2014). IPM is described as an economically efficient and environmentally 

preferable approach that applies ecological principles in utilizing physical, cultural, 

chemical, genetic, and biological control tactics to manage all classes of pests 

(invertebrates, vertebrates, pathogens, nematodes, and weeds) (Stern et al. 1959; Geier 

and Clark 1961; Smith and Reynolds 1966; Geier 1970; Smith et al. 1976). Each IPM 

strategy is tailored to a specific insect pest based on its life history and the host plant-

insect interactions. This literature review will focus on two specific IPM components: 1) 

monitoring and trapping strategies for insect pests; and, 2) decision-making in agriculture 

concerning effective management of insect pests with insecticides.  

1.2.2 Monitoring insect pests using traps 

Pest monitoring is essential to any IPM program. Many insect pest species are 

amenable to trapping and a variety of trap types are used to monitor them. Data provided 

by traps aid in the determination of pest presence, abundance, distribution, and timing of 

key events (e.g. first emergence or peak activity) in order to time control tactics (Weinzierl 

et al. 2005; Pedigo and Rice 2014).  

Pheromones are a type of semiochemical that insects use to convey messages to 

conspecifics (Pedigo and Rice 2014). Sex pheromones are used by insects to attract 

mates, and aggregation pheromones are used to attract conspecifics to either a food or 

nesting site. Both of these types of pheromones can be synthesized to act as trap lures, 



 3 

signals intended to disrupt insect mating, or to attract insects to an insecticide-containing 

bait (Weinzierl et al. 2005). Commercially-available synthetic pheromones are usually 

dispensed through rubber septa and polyethylene vials or caps, as they provide more 

uniform release rates and persist longer than other types of lures, such as filter papers, 

cotton wicks, or dental rolls (Hall et al. 2012). Delta and wing traps are common trap types 

that are baited with synthetic pheromone lures. Delta traps are triangular prism-shaped 

cardboard traps that have a replaceable sticky card that lies flat along the rectangular 

surface. Pheromone-baited lures hang from the top of the prism inside the trap. Wing 

traps resemble a flattened octahedron, and are also made of cardboard, but contain four 

sticky liners on the inside. The pheromone lure is placed directly in the middle of the 

bottom sticky surface. Pheromone-baited traps have been used successfully to monitor 

a number of Cecidomyiidae plant pests (Morewood et al. 2002; Oakley and Smart 2002; 

Hallett et al. 2007; Cross et al. 2009; Hall et al. 2012; Fitzpatrick et al. 2013; Lo et al. 

2015). 

1.2.3 History of decision-making theory in agriculture 

Agricultural IPM actions require decision-making protocols that ensure they are 

warranted and economically beneficial. Stern et al. (1959) were the first to develop 

terminology for decision-making in pest management, including economic damage, 

defined as the amount of injury that justifies the cost of artificial control measures, and 

the economic threshold (ET), which was first defined as the pest population density at 

which control measures should be taken to prevent an increasing population from causing 

economic damage. The original focus of using an ET was to promote responsible use of 
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pesticides, to avoid development of pesticide resistance and to reduce negative effects 

of pesticides on non-target organisms (Stern et al. 1959).  

Decision-making terminology in pest management has since been revised and 

refined a number of times. Smith and Reynolds (1966) defined the ET as the maximum 

pest population that could be tolerated without a resultant economic crop loss. In 1979, 

Thompson and White defined the ET as “that point at which incremental cost of pest 

control is equal to the incremental return resulting from pest control.” They also coined a 

new term, the action threshold (AT), defined as “the state at which some control measure 

is employed” (Thompson and White 1979). This AT can occur when a specific pest 

population density is found on the plant, when ideal growing conditions for a disease are 

present through a combination of abiotic factors, or when there is measurable plant 

damage attributable to a pest (Thompson and White 1979). However, linking the terms 

AT and ET is difficult, because of the unknown impacts of variables such as the dynamics 

of economics (i.e. price of commodity, cost of inputs and machinery, etc.), uncertainty 

regarding the relationship between the pest population and the value of production, as 

well as interactions with other pests and predators (Thompson and White 1979).  

Pedigo et al. (1986) advised that the best way to approach comprehensive 

thresholds was to examine host plant physiology and insect-plant interactions in response 

to pest damage. However, this approach is difficult because the relationship between pest 

density or feeding damage and the subsequent loss in crop yield can be affected by many 

complex and interacting variables, such as economics, weather conditions, crop variety, 

partial plant resistance, crop phenology, compensatory effects, and the targeted insect 

life stage (Nault and Shelton 2010).  
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A solution to these difficulties came in the recycling of terminology previously 

discarded by Pedigo et al. (1986): the action threshold. The terms AT and ET are often 

used synonymously, although there are major differences. ATs are not developed from a 

rigid mathematical formula, and do not include the full set of variables that make 

calculating ETs so demanding (Nault and Shelton 2010). Additionally, ATs are more 

commonly available than ETs, because although they can be identified through research-

based field trials, they can also be best estimates based on grower experience and 

knowledge (Nault and Shelton 2010). Dent (1993) defines the AT as “the pest density or 

crop damage at which an action should be taken to prevent further increase of the pest 

density that could lead to an economic loss of the crop.” Along with the empirical 

derivation of ATs, this definition is used for the remainder of the thesis.   

1.2.4 Action thresholds 

ATs are a useful tool in IPM, as they can help to optimize the timing of insecticide 

applications, resulting in increased efficacy of insecticide treatment and potentially lower 

insecticide use and costs (Higley and Pedigo 1999). Pheromone-based AT decision-

making programs include the use of synthetic sex pheromone-baited traps, where the 

number of pests captured may indicate levels of pest infestation or population size within 

a field.  

Pheromone identification and synthesis, trap selection, and trap count data 

combine to form an effective monitoring program, which is an essential starting point for 

AT programs (Oakley and Smart 2002). Insect phenology models are frequently included 

in the development of ATs for improved accuracy of insecticide application timing. Often, 

the relationship between the pest insect and its associated host plant is explored to 
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determine density specific responses at different growth stages of the plant (Oakley 1994; 

Wise and Lamb 1998a).  

Once an effective monitoring system is in place, AT trials can begin. Regression 

analyses are a common technique used to test the relationship between trap captures 

and egg numbers, as well as the comparison of yield in threshold treatments to the 

untreated control (Oakley and Smart 2002). In this literature review, different processes 

for developing ATs and pheromone-based ATs for herbivorous insect pests will be 

discussed through a serious of case studies, with emphasis on procedures for developing 

AT protocols and relationships between threshold recommendations, damage, and/or 

yield parameters.  

1.3 Development of a pheromone-based action threshold for 

management of the swede midge (Contarinia nasturtii (Kieffer)) 

(Diptera: Cecidomyiidae) in canola 

Swede midge (SM) is an invasive gall midge and crucifer specialist that causes 

damage to cole crops (Brassica oleraceae L.), such as cabbage, broccoli and cauliflower, 

canola (B. napus L. and B. rapa L.), and a range of cruciferous weeds in Canada and the 

United States (Stokes 1953; Hallett 2007). SM was first detected in 2000 in southern 

Ontario (Hallett and Sears 2013), and has since caused mild to severe economic damage 

to Brassica crops in Ontario, Quebec, Nova Scotia, Prince Edward Island, and adjacent 

US states (Hallett and Sears 2013). The estimated value of canola in Canada between 

2012–2014 was $26.7 billion, supporting 250,000 jobs (CCC 2016). Since 2011, SM has 

caused yield losses in canola of ≥50% (Hallett, unpublished data), and canola acreage in 

Ontario has declined by ~22–62% (OMAFRA 2018), primarily due to SM infestation.  
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SM is successful due to its rapid and highly variable life cycle; females are 

reproductively mature within 8 hours of emergence, and may lay up to 100 eggs within 

their 1-4 day adult lifespan (Barnes 1946; Readshaw 1961; Readshaw 1966). Developing 

larvae feed concealed within meristematic tissue and are protected from direct contact 

with insecticidal sprays (Hallett et al. 2009a). Larvae drop to the soil to pupate or to enter 

diapause, with pupation lasting 7.6-49.4 days depending on temperature and soil 

moisture (Readshaw 1966; Hallett et al. 2009a; Liu et al. 2019a). SM displays variation in 

voltinism. Pheromone-based monitoring and the MidgEmerge population dynamics 

model predict that there are two overlapping generations per year in the eastern North 

American range, as well as the presence of three emergence phenotypes (Hallett et al. 

2009b; Liu et al. 2019b). A portion of the larval population from each generation between 

early summer and fall will enter diapause, a strategy that maintains persistence of SM in 

a given location (Readshaw 1961; Des Marteaux et al. 2015). Most SM will diapause for 

one winter; however some portion of the population remains in diapause for at least two 

winters (Des Marteaux et al. 2014).  

Canola is especially susceptible to SM infestation for a number of reasons 

including the lack of insecticides registered for SM management in canola prior to 2012, 

an overall lack of management efforts, unfavourable weather conditions that contributed 

to suboptimal planting dates, and possible reduced crop rotation due to advantageous 

canola prices (Hallett 2017). Effective control of SM is complicated by the concealed 

manner in which larvae feed, a short adult life span, and a season-long presence due to 

potentially 2-4 overlapping generations and three emergence phenotypes (Hallett et al. 

2009a,b; Hallett and Sears 2013; Liu et al. 2019). Although the SM sex pheromone was 
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identified in 2004 and made commercially available in 2005 (Hillbur et al. 2005), the 

relationships among adult captures on pheromone traps, larval population densities on 

plants, and yield impacts are unknown, but are necessary to develop effective pest 

management recommendations.  

In response to the damage inflicted by SM, cole crop growers in North America 

adopted weekly calendar insecticide spray regimes as cole crops are susceptible to 

damage for the entire season (Chen et al. 2011; Hallett and Sears 2013). ATs were 

developed for SM in cabbage through field trials comparing various ATs and calendar 

insecticide regimes to improve the efficacy and timing of insecticide sprays (Hallett and 

Sears 2013). In 2005 and 2006, field trials assessed the efficacy of threshold and calendar 

spray regimes on SM control in cabbage and broccoli in fields containing very high (~30 

males/trap/day), high (~10 males/trap/day), and moderate (~5 males/trap/day) SM 

densities (Hallett and Sears 2013). SM pheromone-baited traps were placed around the 

perimeter of each field in three locations and were monitored three times a week for male 

captures (Hallett and Sears 2013). Insecticides were applied to all plots for each treatment 

whenever a given threshold was reached (Hallett and Sears 2013). Every week, SM 

damage ratings were conducted on 10 randomly selected plants per plot and were used 

to calculate the proportion of marketable produce (Hallett and Sears 2013).   

Thresholds for the 2005 field trials were created from previously collected 

pheromone trap capture data using brown delta traps, and were selected to result in 

approximately 8 applications (i.e. maximum number of registered insecticide 

applications), as well as half of that number (Hallett and Sears 2013). The resulting 

treatments for the 2005 trials included thresholds of 4 males/trap/day (low threshold) and 
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10 males/trap/day (high threshold), weekly insecticide applications based on calendar 

dates, and the untreated control (Hallett and Sears 2013). In 2006, thresholds were 

created from capture data using white Jackson traps, which had been found to be more 

efficient at capturing SM than brown delta traps, and resulted in a low treatment threshold 

of 5 males/trap/day, a high threshold of 25 males/trap/day, weekly insecticide applications 

based on calendar dates, and an untreated control (Hallett and Sears 2013).  

The AT approach proved to be an effective management tactic against SM in 

cabbage, as decreasing levels of damage occurred as more rigorous ATs were applied 

(Hallett and Sears 2013). Damage was reduced to economically viable levels using an 

AT of 5 males/trap/day with a minimum 7-day treatment interval, and the volume of 

insecticides used was decreased by 25–87.5% (Hallett and Sears 2013). Thus, an AT of 

4–10 males/trap/day was proposed for SM in cabbage. However, neither the AT nor the 

calendar regime were effective at managing SM in broccoli. This result is likely because 

SM can cause damage to the broccoli head until harvest, whereas in cabbage, 

susceptibility to SM damage declines once head formation occurs (Hallett 2007), as 

females are unable to oviposit into the now inaccessible meristematic tissue (Hallett and 

Sears 2013). A similar effect is seen in canola, where new growth points of secondary 

and tertiary racemes are susceptible to SM damage until harvest. Thus, the AT for SM in 

canola is likely more conservative than the cabbage AT.  

The successful use of an AT in cabbage demonstrated the utility of the approach 

in SM pest management practices, and may be a potentially successful management 

practice against SM in Brassica crops other than cabbage. Canola, another Brassica crop 

susceptible to SM damage, is similar to broccoli in that young leaves and apical and floral 
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meristematic tissue are vulnerable to damage until harvest (Barnes 1946). Unlike 

cabbage and other heading cole crops, canola provides continuous locations for SM 

oviposition throughout the growing season by branching indeterminately (Williams and 

Hallett 2018), and may even increase branching in response to SM damage (Hallett 

2017). Characteristic SM damage to canola includes twisting of the stem, crumpling of 

leaves, swelling of leaf petioles, and/or death of the central meristem. Quantifying yield 

losses of canola in response to SM damage in field-realistic conditions have been difficult 

(Williams 2015), however laboratory studies have revealed that infestation at the primary 

bud plant stage has significant negative effects on canola yield and development 

(Williams and Hallett 2018).  

The current tentative recommendations for SM management in Ontario canola are 

as follows. SM monitoring with pheromone traps should start once canola has reached 

the first true leaf stage and occur two to three times per week. The first insecticide 

application must occur quickly after an initial cumulative trap capture of 20 midges is 

reached (Hallett and Hall 2014). This initial threshold was established as an interim 

recommendation to prevent early insecticide applications in areas with low SM pressure, 

while also preventing economic loss in the event of high SM pressure (Hallett 2017). 

Additional insecticide treatments should be applied when average trap captures reach ≥5 

males/trap/day, with a minimum 7-day interval between insecticide applications (Hallett 

and Hall 2014). This is the same AT for SM in cabbage, and is a conservative interim 

recommendation intended to prevent early application of insecticides to fields with low 

SM pressure, while ensuring that fields with high SM densities are protected at an 

appropriate stage (Hallett 2017). Recent laboratory trials suggest that an AT within the 
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range of 5-10 males/trap/day may be effective, however this value needs to be refined 

through further evaluation in field trials (Williams and Hallett 2018). Currently, two 

insecticides are registered in Canada for control of SM in canola: Matador® 120EC (λ-

cyhalothrin; active ingredient [AI] 120 g/L; Syngenta Crop Protection Canada Inc.; Health 

Canada Pesticide Registration No. 24984) and Coragen® (chlorantraniliprole; [AI] 220 

g/L; DuPont Canada Inc.; Health Canada Pesticide Registration No. 28982). If multiple 

applications of insecticide are required, rotation between Matador® 120EC and 

Coragen® should be practiced. However, insecticides are expensive; a single 

unnecessary application targeting SM in canola could reduce a grower’s profits by 32% 

(Hallett 2017). Thus, there is a need to develop pheromone-based action thresholds for 

optimizing the timing of insecticide applications against SM in canola, in order to ensure 

economic viability and environmental sustainability of canola pest management practices.  

 The defensive abilities of plants to protect themselves against herbivory and/or to 

compensate for herbivore damage through growth is central to the evolution and ecology 

of insect-plant interactions (Lebon et al. 2014; Scholes and Paige 2014). As SM are gall 

midges, they elicit changes in growth of their host plants in response to larval feeding 

(Marshall 2012). Previous studies have determined that the most vulnerable growth 

stages of canola to SM damage are the late vegetative and primary bud stages, and that 

a single infestation event at these growth stages can significantly reduce pod number and 

seed yield (Williams 2015; Williams and Hallett 2018). However, canola growth is plastic, 

and in areas of low plant density, increased pod production and branching can occur 

(Angadi et al. 2003). Upon damage to the apical meristem, canola is able to allocate 

compensatory resources towards the production of new secondary or tertiary racemes, 
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and compensation in the form of additional racemes has been observed in the field 

(Williams 2015; Williams and Hallett 2018). True overcompensation, in terms of increased 

reproductive output (seed yield), has not yet been investigated, but is hypothesized to 

occur at low SM densities. The combination of compensation by canola and the season-

long presence of SM complicate efforts to determine the impacts of SM on yield. Detailed 

studies on the effect of single and multiple infestations of SM at different densities and 

plant stages are needed to fully elucidate the impact of SM on canola yield and the ability 

of canola to compensate with subsequent growth. 

1.4 Herbivore impacts on plants: compensatory effects 

Plants exhibit a wide range of responses to herbivory, and understanding insect-

plant interactions such as host plant responses to pest damage is crucial in the 

development of insect thresholds and the advancement of IPM (Cárcamo 2012). Plant 

responses to herbivory are plastic, and vary depending on the abiotic and biotic conditions 

the plant experiences (Maschinski and Whitham 1989). One such response to herbivory 

is compensatory growth of the plant; however not all species of plants exhibit 

compensation (Nowak and Caldwell 1984). Compensation is defined as a positive 

response of plants to damage, in which damaged plants reduce the impact of damage by 

modifying their resource allocation, physiology, and sometimes phenology (Hawkes and 

Sullivan 2001). Following herbivory, resources may be allocated towards reproductive 

parts of the plant, including fruits and seeds, or towards biomass (McNaughton 1983; 

Belsky 1986; Strauss and Agrawal 1999).  

Compensatory ability is divided into three classes: undercompensation, equal 

compensation, and overcompensation (Maschinski and Whitham 1989). 
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Undercompensation is a result of detrimental herbivory leading to a fitness reduction, and 

is demonstrated when grazed plants have a significantly smaller reproductive output (less 

fruits and seeds) than plants not subjected to herbivory (McNaughton 1983; Mashinski 

and Whitham 1989). Equal compensation is when grazed plants are unaffected by 

herbivory, and have the same reproductive output as plants not exposed to herbivory 

(Mashinski and Whitham 1989). It was long considered that herbivory had only negative 

fitness impacts on plants, however the occurrence of mutualistic herbivore-plant 

interactions, in which plants overcompensate with increased reproductive output after 

damage, has now been recognized to occur under certain conditions (Scholes and Paige 

2014). Most plants respond to injury with some degree of compensation (Pedigo and Rice 

2014). Overcompensation is a result of beneficial herbivory, and occurs when grazed 

plants have a significantly higher reproductive output than ungrazed plants, resulting in 

increased plant fitness (McNaughton 1983; Mashinski and Whitham 1989). 

Overcompensation in the form of increased flower, seed and/or biomass production 

following herbivory or simulated herbivory has been seen in a variety of plants, including 

grasses (McNaughton 1983; Belsky 1986; Lennartsson et al. 1997), flowering plants 

(Paige and Whitham 1987), and a single crop species, potatoes (Solanum tuberosum) 

(Poveda et al. 2018).  

Factors that affect the physiological state of a plant, such as timing and intensity 

of grazing, water and nutrient availability, history of defoliation, and the type and age of 

tissue damaged, influence the ability of plants to compensate for herbivory (Maschinski 

and Whitham 1989). No single model can sufficiently describe the responses of all plants 

to herbivory (Hawkes and Sullivan 2001). For example, resource availability is a factor 
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that can cause variation in compensatory growth. Overcompensation in 

monocotyledonous plants is more likely to occur when resources are high, whereas 

dicotyledonous herbs experience overcompensation more in situations of low resource 

availability (Hawkes and Sullivan 2001). Plant stage timing of herbivore damage is also a 

factor that causes compensatory responses of plants to vary. There is evidence that 

genetic variation for overcompensation exists in Arabidopsis thaliana (Brassicaceae), in 

which the glucose-6-phosphate-1-dehydrogenase gene was identified to contribute to 

overcompensation, however little else is known regarding the genetic mechanisms behind 

overcompensation (Siddappaji et al. 2013).  

The hypothesis that herbivores may actually maximize plant fitness by stimulating 

a plant to overcompensate was first proposed by Owen and Wiegert (1976). This 

hypothesis was largely based on observations of aphids leaving large deposits of 

honeydew beneath plants, providing the plant with an increased source of nitrogen (Owen 

and Wiegert 1976). Attempts to simulate herbivory to test compensatory responses have 

had varied success. Frequent clipping of turfgrasses stimulates an increase in net 

production (McNaughton 1983). Paige and Whitham (1987) noticed possible 

compensation by scarlet gilia (Ipomopsis aggregata) when it was clipped to simulate 

natural herbivory by mule deer and elk; there was no change in rosette formation of 

clipped plants compared to undamaged controls. This result spurred a number of studies 

that showed that when deer and elk removed 95% or more of the aboveground biomass, 

scarlet gilia seed production, seed germination, and seedling survival was approximately 

3 times greater than ungrazed controls (Paige 1992, 1994, 1999). 
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There is potential for overcompensation-based management practices to increase 

and maximize crop yields. Agriculture is currently facing major challenges attempting to 

feed an expanding human population while exercising sustainable practices that do not 

harm humans or the environment (Poveda et al. 2018). Maximizing yield by exploiting 

overcompensation is one potential solution to these challenges (Poveda et al. 2018). For 

example, potatoes grown in the Colombian Andes attacked by low numbers of potato 

moth (Tecia solanivora) larvae produced 2.5 times greater marketable yield than 

undamaged plants (Poveda et al. 2018). Given the evidence for genetic control of 

overcompensation in the Brassicaceae species A. thaliana, it is worthwhile studying 

compensatory effects in canola (Brassica napus L.), an economically important cash crop 

from the same family.  

Canola compensates for herbivory in response to a number of insect pests and at 

a variety of growth stages. At the seedling stage, canola compensates in response to flea 

beetle cotyledon defoliation (Gavloski and Lamb 2000). During the flower and pod growth 

stages, canola compensates for damage to developing flowers and immature seeds by 

cabbage seedpod weevil (Ceutorhynchus obstrictus M.) (Cárcamo et al. 2005) and lygus 

bugs (Lygus H.) (Butts and Lamb 1990). Cage studies investigating the combined effect 

of both cabbage seedpod weevil and Lygus bug herbivory on canola showed that at low 

pest densities, canola compensated for damage (Cárcamo 2012). However, 

overcompensation by canola in response to herbivory by any of these insect pests has 

not been recorded.  

 In response to SM damage to the main stem, canola may branch extensively 

(Hallett 2017), however the magnitude of compensatory responses of canola to SM 
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damage is unknown. Herbivore population dynamics are predicted to be affected by 

compensatory responses (Stieha et al. 2016), and given the highly variable life history of 

SM, including the numerous population peaks during a growing season, research into the 

impact SM has on canola and its ability to compensate for damage may provide important 

insights to the population dynamics of SM.  

1.5 Decision making protocols for other Cecidomyiidae plant pests 

and insect pests of canola 

1.5.1 Overview of Cecidomyiidae 

Cecidomyiidae (Diptera) is a family of small flies with over 6000 described species, 

of which approximately four-fifths are associated with flowering plants (Gagné 2010). It is 

recognized as the least-known, but possibly the largest, family of flies (Marshall 2012). Of 

an estimated 1600 species in Canada, only 100 have been recorded (Marshall 2013). 

Cecidomyiidae is classified into three separate subfamilies: Lestremiinae, 

Porricondylinae, and Cecidomyiinae, with the latter subfamily containing the most 

economically important cecidomyiid pest species. While commonly referred to as gall 

midges because many species can induce the growth of unique plant structures called 

galls through larval salivary secretions, not all Cecidomyiidae induce galls (Marshall 

2013). Most midge within the subfamily Cecidomyiinae are the typical gall-formers 

(Marshall 2012). The feeding habits of Cecidomyiidae include zoophagy, mycetophagy, 

and phytophagy. The phytophagous species include many important agricultural pests; 

most cultivated plants are at risk of damage from at least one Cecidomyiidae species 

(Hall et al. 2012). Some gall midges are beneficial insects, and others are specialized 

predators and parasitoids of mites, aphids, scales, and other small pest insects (Marshall 

2013). Gall midges are generally monophagous or oligophagous, and larval development 
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within oligophagous species is usually restricted to plant species within the same genus 

or family (Hall et al. 2012).  

Adult gall midges are small flies with long moniliform antennae that are usually 2-

5 mm in body length, but some may be up to 15 mm long (Harris 1966). Adult midges 

have a life span of approximately one to two days; adults of some species do not eat, and 

function only to reproduce (Yukawa 2000). Females only need to mate once to fertilize 

the full complement of eggs with which they emerge, whereas males may mate several 

times (Hall et al. 2012).  

Cecidomyiidae may be univoltine or multivoltine. Univoltine gall midges have two 

distinct life history patterns, Type I and Type II, and are usually associated with trees 

(Yukawa 2000; Mapes 2008). Type I univoltine midges have rapidly developing galls and 

larvae. Once mature, the larvae escape the galls and drop to the ground, or galls 

containing mature larvae drop directly to the ground, where the larvae persist through the 

winter and pupate during the spring (Yukawa 2000). Type II univoltine midges have slowly 

developing galls and larvae. During summer, fall, and winter, Type II larvae remain inside 

the galls on the plants and pupate within (Yukawa 2000). Multivoltine cecidomyiids are 

usually associated with shrubs and herbaceous plants, as these types of plants normally 

offer a continuous source of tissue suitable for galling (Mapes 2008). In some multivoltine 

species, a proportion of larvae from each generation, as well as many larvae from the last 

generation, may enter into diapause until the ensuing year, however some species remain 

in diapause for multiple years (Mapes 2008).  

Gall midges rely on chemical communication and synchronization with host 

phenology for successful location of plant hosts and sexual reproduction. Thermal effects 
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elicit different responses in gall midges and plants, and the ability of gall midges to 

synchronize their phenology with host plant phenology is an important factor that can 

impact infestation levels (Yukawa 2000). Females detect host-plant volatiles to locate 

oviposition sites and males detect the female-produced sex pheromone to locate mates 

(Boddum 2013). Both males and females have a looped sensory organ encircling the 

nodes of the antennal segments called the sensillum circumfilla, which facilitates chemical 

communication (Hall et al. 2012). In 1991, the discovery of the major component of the 

female-produced sex pheromone of Mayetiola destructor (Say), the Hessian fly, paved 

the way for the identification of pheromone components of other cecidomyiids and their 

applications to pest management (Hall et al. 2012). The components of female-produced 

sex pheromones in the Cecidomyiidae have been identified in 17 species. Pheromone 

components of gall midges are analyzed through coupled gas chromatography-

electroantennographic detection (GC–EAD). Synthetic versions of these pheromones 

have been incorporated into various monitoring and trapping methods used against gall 

midge pests (Gries et al. 2000; Gries et al. 2002; Moorewood et al. 2002; Oakley and 

Smart 2002; Cross et al. 2009; Hall et al. 2012; Fitzpatrick et al. 2013; Hallett and Sears 

2013). 

Synthetic pheromone baited traps provide more accurate methods of pest 

monitoring compared to previous methods including egg counts, water or sticky traps, or 

destructive sampling of plant material for eggs, larvae, and pupae (Hall et al. 2012). 

Synthetic sex pheromones of gall midges have a high potential for controlling target pests 

through a variety of methods, including mating disruption, attract-and-kill, or mass 

trapping (Hall et al. 2012). In the development of trap design, lure type should be sensitive 
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enough so that males are caught at low population density, but not too attractive in order 

to avoid saturation of traps with high numbers of insects (Hall et al. 2012). The most 

frequently used trap type for cecidomyiid plant pests are sticky delta traps due to their 

availability, low cost, protection of lure and sticky base from the weather, and the 

practicality of counting midges on the sticky base (Hall et al. 2012). 

1.5.2 Managing other Cecidomyiidae plant pests 

Contarinia oregonensis Foote – Douglas-fir cone gall midges  

Douglas-fir cone gall midges (DFM) are pests of conifer seed orchards, where 

DFM form galls in cone scales and can affect 10-90% of a Douglas-fir seed population 

(Morewood et al. 2002). Prior to the development of an AT, monitoring methods in British 

Columbia seed orchards involved manually counting egg-infested scales in 50-100 

conelets per orchard, a labour-intensive process that must be accurately timed and 

performed quickly to estimate population levels (Morewood et al. 2002). Control methods 

in the U.S. involve annual foliar sprays of the contact insecticide esfenvalerate (Gries et 

al. 2002; Morewood et al. 2002). The DFM sex pheromone, (2S, 4Z, 7Z)-2-acetoxy-4,7-

tridecadiene, was identified by Gries et al. (2002), and a functional synthetic pheromone 

has been synthesized for use in monitoring programs (Morewood et al. 2002). Two types 

of traps have been used to monitor DFM, wing traps and delta traps, however delta traps 

are more suitable for monitoring DFM as they catch fewer non-target insects (Morewood 

et al. 2002). The relationships between pheromone trap catch numbers of males and the 

numbers of both egg-infested scales in conelets in early spring and galled scales in cones 

at harvest were examined through regression analysis (Morewood et al. 2002). A positive 

relationship between these characters was established, and ATs of 2 or 4 male captures 
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across 20 delta or 20 wing traps, respectively, were found to warrant insecticidal control 

(Morewood et al. 2002). Similar density-dependent regression analyses will be performed 

with SM and canola growth and yield parameters, and the resulting data will contribute to 

AT considerations. 

Dasineura mali (Kieffer) – Apple leaf midge  

 The apple leaf midge (ALM) is a pest of apple in Europe, North America, Argentina, 

and New Zealand. It feeds on young leaves, forming characteristic leaf roll galls, and 

occasionally pupates in the stem or calyx of the fruit (Cross et al. 2009; Lo et al. 2015). 

Heavy infestations of ALM can cause premature leaf fall and significant delay in growth 

of newly planted trees (Cross et al. 2009). Similar to SM, ALM have 3-4 generations per 

year depending on summer temperatures, and steadily increase in numbers after the first 

emergence of the overwintered generation until the third peak of adult emergence, which 

is then followed by a final smaller emergence peak (Lo et al. 2015). The female sex 

pheromone of ALM, (Z)-13-acetoxy-8-heptadecen-2-one, was first identified and 

synthesized by Cross and Hall (2005), however pheromone-based control methods for 

ALM require improvement (Lo et al. 2015).  

 ALM sex pheromone traps consist of a rubber septum dispenser with 3μm of 

pheromone in a white delta trap (Cross et al. 2009). In an early examination of the use of 

standard ALM sex pheromone traps for pest monitoring, it was found that the date of 

highest trap capture numbers increased linearly with increasing generation number 

(Cross et al. 2009). Additionally, there were strong linear relationships between both total 

and peak numbers of midges caught per generation and the number of galls produced, 

as well as a positive correlation between pheromone trap captures and the percentage of 
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infested shoots during the first and second generations (Cross et al. 2009). From these 

results, it was determined that ALM pheromone traps can be used for predicting levels of 

larval populations and the subsequent damage, however proper crop damage 

assessments relating to the effects on growth and yield of apple are required to improve 

monitoring and control programs for ALM (Cross et al. 2009).   

 Lo et al. (2015) attempted to mass trap ALM using the same pheromone lures, 

with inconclusive pest control results. However they did suggest that mass trapping may 

prevent reinvasion by male ALM once populations were reduced in a given area. 

Additionally, the ALM sex pheromone proved to be highly persistent, lasting the entire 

season (Lo et al. 2015). Until pheromone-based control methods are improved, control of 

ALM will require mainly insecticidal control. 

 ALM infestation is similar to SM in that the affected crop is subjected to multiple 

overlapping generations of an insect pest, both insects have an effective pheromone-

based monitoring system, and both are controlled mainly using insecticides. 

Advancements in the IPM program for either pest could prove to be advantageous for the 

other, and presents an opportunity for collaboration between ALM and SM research.  

Sitodiplosis mosellana (Géhin) – Orange wheat blossom midge  

 Orange wheat blossom midge (OWBM) is a global pest of wheat crops, causing 

damage through larval feeding on developing kernels. First detection of OWBM in Canada 

was recorded in the early 1900’s, however the first major outbreak documented was in 

Saskatchewan in 1983 (Elliott et al. 2011). Female OWBM are attracted to an assortment 

of wheat panicle volatiles, which stimulate OWBM to oviposit into the florets of wheat ears 

between ear emergence and flowering (Hall et al. 2012). The developing larvae feed 
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enclosed on the swelling grain, inducing damage symptoms that include shriveling, pre-

sprouting, and secondary fungal attack (Oakley 1994). The degree of infestation and 

subsequent damage depends on a number of factors including the time between flights 

of adults and the period when susceptible florets are present in a crop, the exact growth 

stage at which larvae begin to feed on kernels, the position of larvae within the ear, as 

well as the number of feeding larvae (Oakley 1994). A major difficulty with control of 

OWBM is that although the majority of larvae enter the soil to diapause for 10 months, 

there is a small proportion of overwintering larvae that enter diapause for over a year, 

resulting in overlapping generations of emerging OWBM (Cheng et al. 2017). Pheromone-

traps are used effectively to monitor OWBM populations and to time insecticide 

applications (Bruce et al. 2007).  

 The OWBM sex pheromone was analyzed by GC–EAD and Gries et al. (2000) 

identified it as 2,7-nonanediyl dibutyrate. Oakley and Smart (2000) determined that yellow 

sticky traps baited with the OWBM sex pheromone were the most attractive coloured trap 

for catching OWBM, and suggested that two sticky traps be deployed per field with an AT 

of 10 OWBM per trap, however yield loss was not assessed. Numbers of OWBM caught 

in the baited yellow sticky traps gave a reliable indication of the timing of flight activity in 

wheat fields (Bruce and Smart 2009). As well, there was a strong correlation between 

increasing trap captures and the severity of subsequent crop infestation levels (Bruce and 

Smart 2009; Ellis et al. 2009). From these results, it was clear that pheromone-baited 

traps provided a reliable warning to farmers of peak midge emergence, onset of flight, 

and infestation levels throughout the season (Hall et al. 2012). Two ATs were developed 

based on damage levels and trap captures: monitoring should be intensified if trap 
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captures of >30 male OWBM per day are recorded, and treatment is recommended when 

trap captures reach 120 males per trap per day (Bruce and Smart 2009; Ellis et al. 2009). 

1.5.3 Managing other insect pests of canola 

Phyllotreta cruciferae (Goeze) – Crucifer flea beetle (Coleoptera: Chrysomelidae) 

Phyllotreta cruciferae is an invasive insect introduced to the west coast of North 

America in the early 1920’s that became a serious pest of cruciferous vegetables and 

canola in the Prairies and Ontario during the 1930’s and 1940’s (Westdal and Romanow 

1972). Adults overwinter in the soil and emerge in early spring to mate and oviposit 

(Burgess 1977). Larvae live in the soil and feed on roots, however the most serious 

damage to canola occurs by overwintered adults attacking plants at the cotyledon and 

early true leaf plant stages in the spring when weather conditions are warm and dry 

(Burgess 1977; Lamb 1984). Once canola plants reach the 3- or 4-leaf stage they are 

able to outgrow feeding damage by P. cruciferae (CCC 2018), however this is close to 

the 7-leaf stage which is vulnerable to SM damage (Williams and Hallett 2018), and 

interactions between the two pests may occur if there are high populations of SM early in 

the growing season. Damage by P. cruciferae can result in estimated yield losses of 

canola in the range of tens of millions of U.S. dollars annually (Tangtrakulwanich et al. 

2014).  

Control of P. cruciferae is achieved primarily through insecticidal seed treatments 

such as Gaucho (imidacloprid, Bayer Crop Science), but foliar sprays such as Warrior II 

(λ-cyhalothrin, Syngenta) are also used by growers (CCC 2018). Defoliation is the 

character trait for determining ATs in canola for P. cruciferae, and is measured as the 

amount of leaf area injured divided by the total leaf surface area for a percentage of 
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damage (Tangtrakulwanich et al. 2014). Number of P. cruciferae per plant is not used for 

thresholds because adults are highly mobile (Tangtrakulwanich et al. 2014). ATs were 

developed for P. cruciferae through a series of field trials using canola to assess mean 

threshold levels of 15-20, 25, and 45% damaged leaf area compared with calendar-based 

sprays (Tangtrakulwanich et al. 2014). Insecticides were applied once a given threshold 

was reached. Although the 15-day interval calendar-based application treatment was no 

different in yield from threshold applications at 15-20% defoliation, the threshold approach 

was recommended to reduce the overall number of insecticide applications 

(Tangtrakulwanich et al. 2014). The threshold approach is considered more conservative, 

because rather than spraying every 15 days, sprays occur only when necessary 

(Tangtrakulwanich et al. 2014). As well, there is a narrow time window for application 

since P. cruciferae can damage plants very quickly and canola seedlings can only 

withstand up to 50% defoliation (Tangtrakulwanich et al. 2014; CCC 2018).  

Lygus spp. – Lygus bugs (Hemiptera: Miridae) in canola (Brassica napus and B. rapa) 

Three species of Lygus bug, L. lineolaris (Palisot de Beauvois), L. borealis 

(Kelton), and L. elisus Van Duzee, complete single generations on canola while the crop 

is in the bud (3.1 – 3.3) and flower (4.1 – 4.4) stages (Wise and Lamb 1998a). Lygus bugs 

can cause up to 14% reduction in canola yield in naturally infested plots and 20% or more 

in field cages (Wise and Lamb 1998a). Pheromone-based ATs for Lygus bugs are not 

currently available, but recent research has identified (E)-4-oxo-2-hexenal and (E)-2-

hexenyl butyrate through GC–EAD as essential sex pheromone components that may 

play a role in reproductive isolation for L. lineolaris and L. elisus (Byers et al. 2013). 

Although not a pheromone-based AT example, ETs have been developed for Lygus bugs 
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through methods that relate density-dependent yield loss data collected in field cage 

studies to open field-collected data to elucidate the effects of Lygus bug density on canola 

yield (Wise and Lamb 1998a). These methods provide useful insights into the types of 

experiments and methods required to develop ATs once a functioning pheromone-trap 

has been developed and used effectively in monitoring programs.  

To monitor Lygus bug densities in canola, sweep-net sampling was performed 

(Wise and Lamb 1998b). While sweep-net sampling was not the best estimate of Lygus 

bug densities, it proved to be effective for sampling and making control decisions (Wise 

and Lamb 1998b). Field cage experiments were performed with 0, 10, 25, 50, or 75 adult 

Lygus bugs per cage with approximately equal numbers of each sex (Wise and Lamb 

1998a). Harvested seeds and seeds found on the soil surface were counted and weighed 

to determine total seed yield per cage, and the effect of Lygus bug density on canola yield 

was determined (Wise and Lamb 1998a). The effects of natural infestation of Lygus bugs 

on canola was determined through eight field tests under typical growing conditions, and 

five treatments of insecticide applications were used: three separate treatments where 

insecticides were applied at the 4.4, 5.1, and 5.2 plant stages (Harper and Berkenkamp 

1975), another treatment where three applications of insecticide were applied at each of 

the previous mentioned plant stages, and then an untreated control (Wise and Lamb 

1998a). Plant bug densities were measured with a sweep net before and after each 

insecticide application, and at maturity, the crop was harvested and yield was measured 

(Wise and Lamb 1998a). The EIL was calculated using the formula from Stone and 

Pedigo (1972), incorporating control costs and the yield increase necessary to offset 

control costs, and then ETs were derived from the EIL (Wise and Lamb 1998a). This 
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resulted in an ET for a single insecticide application of 15 Lygus bugs per 10 sweeps at 

plant stages 4.4 and 5.1 in B. napus and B. rapa, and 20 Lygus bugs per 10 sweeps at 

plant stage 5.2 in B. napus (Wise and Lamb 1998a). 

1.6 Conclusion, objectives, and hypotheses 

There is a current need for a pheromone-based AT for management of SM in canola 

to improve IPM practices. The current AT recommendations are considered not 

conservative enough for control of SM in canola, and in order to improve them, the 

relationships among adult captures on pheromone traps, larval population densities on 

plants, and the associated yield impacts must be determined. Laboratory and field studies 

that test the effects of single and multiple infestations of SM at different densities and 

plant stages of canola are required to understand more fully the impact of SM on canola 

yield, as well as the compensatory abilities of canola. The resulting data are necessary 

to establish a more accurate pheromone-based AT for effective control of SM in canola.  

The objectives of this thesis are: 

1. Investigate the compensatory abilities of canola at various plant stages in response 

to various levels and number of SM infestations (Chapter 2); 

2. Determine if an AT insecticidal regime is a viable SM management approach in 

canola (Chapter 3); and 

3. Develop pheromone-based ATs for optimizing the timing of insecticide applications 

in canola (Chapter 4). 

The hypotheses of this thesis are: 

1. H0: Canola does not compensate for SM damage. 
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HA: Canola compensates for SM damage through increased branching and pod 

production.  

2. H0: An AT insecticide regime is not a viable SM management approach.  

HA: An AT insecticide regime has been successful at controlling SM in another 

Brassica crop, so it will be a viable SM management approach in canola.  
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2 Impact of single and multiple infestations of swede midge 

on canola growth and yield in a laboratory setting 

2.1 Introduction 

The swede midge (SM), Contarinia nasturtii (Kieffer) (Diptera: Cecidomyiidae), is an 

invasive agricultural pest of Brassica crops in North America. Canola (Brassica napus L. 

and B. rapa L.) is one of Canada’s leading cash crops, with an estimated contribution to 

the Canadian economy of $26.7 billion CAD between 2012–2014 (CCC 2016). First 

detected in 2000 in southern Ontario (Hallett and Heal 2001), SM has been observed to 

cause yield losses in canola of ≥ 50% (Hallett, unpublished data), and consequently, 

canola acreage in Ontario has declined by approximately 22–62% (OMAFRA 2018).  

Adult female SM oviposit up to 100 eggs into young, fast-growing meristematic tissue, 

and the resulting larvae feed gregariously via extra-oral digestion for 7–21 days (Barnes 

1946; Readshaw 1961, 1966). Symptoms of SM damage in canola include twisting of the 

stem, crumpling of leaves, swelling of buds and leaf petioles, and/or the death of the 

central meristem, all of which can reduce seed production and yield (Barnes 1946). 

Damage at the early reproductive stages of canola likely has the greatest impact on yield 

because larval feeding on developing meristematic tissue and developing buds can inhibit 

bud initiation (Hallett 2017). Severe SM damage can cause a complete lack of flowering 

and pod development on the primary (1°) raceme (Hallett 2017). Williams and Hallett 

(2018) reported that canola pod number and seed yield were significantly reduced in lab 

experiments following a single infestation of SM compared to uninfested control plants. 

However, SM has 2–4 overlapping generations in Ontario, placing canola at risk of 

multiple infestations in the field (Hallett and Sears 2013; Liu et al. 2019). The relationship 
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between single and multiple SM infestations at different canola stages, and the resulting 

impacts on yield, are unknown. 

Adding to the complexity of yield impacts in response to SM damage is the ability of 

canola to compensate for herbivory. Canola is known to compensate for damage from a 

variety of insect pests at different plant stages (Butts and Lamb 1990; Gavlovski and 

Lamb 2000; Cárcamo et al. 2005; Cárcamo 2012). Compensatory effects of canola in 

response to SM damage have been demonstrated in the lab where, upon damage to the 

apical meristem, canola produces new secondary (2°) and tertiary (3°) racemes (Williams 

and Hallett 2018). These compensatory effects in response to SM damage have also 

been observed in the field (Williams 2015). True overcompensation, or increased canola 

seed yield in response to SM damage, has not yet been investigated, but it may occur at 

low SM densities (Poveda et al. 2018). There is evidence for genetic variation in 

overcompensation in another Brassicaceae species, Arabidopsis thaliana (L.) (Siddappaji 

et al. 2013). Given the preliminary evidence of compensatory abilities in canola, and the 

genetic evidence of overcompensation in another Brassicaceae species, it is worthwhile 

to investigate compensatory effects in canola in response to SM damage directly. If crop 

plants can experience an increase in yield as a result of herbivory, then this phenomenon 

could influence timing of management decisions for agricultural insect pests.  

The current integrated pest management program for SM in canola involves timing 

insecticide treatments of either Matador® 120EC (λ-cyhalothrin; active ingredient [AI] 120 

g/L; Syngenta Crop Protection Canada Inc.; Health Canada Pesticide Registration No. 

24984) or Coragen® (chlorantraniliprole; [AI] 220 g/L; DuPont Canada Inc.; Health 

Canada Pesticide Registration No. 28982) using a pheromone-based action threshold 
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(AT) of an initial cumulative trap capture of 20 SM, with subsequent applications occurring 

when average trap captures reach 5 SM males/trap/day, with a minimum 7-day interval 

between insecticide applications (Hallett and Hall 2014). This AT is an interim 

recommendation developed from the AT for SM in cabbage  of 4-10 males/trap/day 

(Hallett and Sears 2013), with the addition of the minimum cumulative capture of 20 

midges prior to the first insecticide application. The initial threshold of 20 midges was an 

interim recommendation included to protect fields experiencing high SM pressure, while 

also preventing early insecticide applications in fields with low SM pressure (Hallett 2017). 

However, the development of ATs for insect pests is host plant-specific: the relationship 

between pest and host plant is explored to determine pest density-specific responses at 

different plant stages of the plant (Oakley 1994), which indicates the stages of that specific 

host plant that require protection. Therefore, the cabbage AT may not accurately reflect 

the protection needs of canola, and there is a need to develop a pheromone-based AT 

specific to SM in canola. 

To examine the impact of SM density on individual canola plants, a series of laboratory 

experiments were conducted between 2016–2019 to evaluate the impact of single and 

multiple infestations of SM on 4 plant stages of canola: 3-leaf, 7-leaf, primary bud, and 

secondary bud. The null hypothesis was that canola does not compensate for SM 

damage. The alternative hypothesis was that that canola can compensate for SM damage 

through increased raceme and pod production. Determining how canola is impacted at 

various plant stages when exposed to single and multiple infestations of SM will contribute 

towards pest management recommendations that encompass the entire development 

time of canola.  
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2.2 Materials and Methods 

2.2.1 Plants 

For lab experiments, canola (Invigor® L130 Hybrid, Bayer CropScience, 

Saskatoon, SK) was seeded in 6 L pots containing Pro-Mix PGX potting mix (Premier 

Horticulture, Riviere-du-Loup, QC) at a rate of 4 seeds per pot, and thinned to one plant 

per pot approximately 2 weeks after seeding. Plants were maintained in a greenhouse at 

the University of Guelph at ~25 °C and 30–50% RH, watered as needed, and fertilized 

once weekly on the soil surface using all-purpose fertilizer (20-20-20 plus micronutrients) 

(Plant-Prod® Plant Products Co. Ltd., Brantford, ON) at a concentration of 3 g/L. Once 

plants reached the desired plant stage for an experiment, they were placed in watering 

trays and moved into a growth chamber at 25 °C, 20–50% RH, and a 16 h photoperiod. 

The same fertilizer was applied once weekly into the trays. Once canola plants had bolted, 

they were moved to a greenhouse and maintained at 25–30 °C and 50 ± 10% RH, and a 

16 h photoperiod, to allow for unimpeded growth and maturation. 

 For SM rearing, canola and ‘Snow Crown’ cauliflower (B. oleracea) variety botrytis 

(Stokes Seeds, Thorold, ON) were seeded in 13 cm pots at a rate of 2 seeds per pot and 

maintained as described above. Canola plants between the 5-leaf (plant stage 2.5, Harper 

and Berkenkamp (1975)) and the primary bud stage (plant stage 3.1, Harper and 

Berkenkamp (1975)) and cauliflower plants between the 8 and 10 true leaf stages were 

used for the SM colony.  

2.2.2 Swede Midge Colony 

SM adults for all experiments were taken from a colony maintained at the 

University of Guelph. The colony was maintained in a growth room at ~25 °C (range 25–
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32°C) and 30–50 % RH. The colony was originally reared on cauliflower (Williams and 

Hallett 2018), but it was switched to canola in October 2017. From August 2018–April 

2019, in an attempt to increase colony numbers, newly emerged adults were provided 

with approximately 80% canola and 20% cauliflower plants for oviposition. 

Newly emerged SM adults were provided with canola and cauliflower plants and 

allowed to mate and oviposit for 24–48 h. Plants were then moved to different cages for 

8–9 d to allow for larval development. Infested tissues were then cut from each plant and 

placed in the pot on the soil surface to maximize the entry of larvae into the soil for 

pupation. Pupation pots from the same date were then placed into an emergence 

container (91 cm long x 60 cm tall x 60 cm wide), where adults emerged 8–10 d later. 

During the summers of 2017 and 2018, the colony was supplemented with field-collected 

SM from various canola fields in southern Ontario. On 2 occasions in June and September 

2018, and once weekly between October 2018 and April 2019, the colony was 

supplemented with SM from the colony maintained at the Agriculture and Agri-Food 

Canada Saskatoon Research and Development Centre and originating from the 

University of Guelph colony.  

2.2.3 Experimental Design  

Single Infestation Experiment 

A series of 4 experiments were conducted to assess the impact of a single 

infestation of SM on individual canola plants for the following plant stages: 3-leaf (Figure 

2-1a), 7-leaf (Figure 2-1b), primary bud (Figure 2-1c), and secondary bud (Figure 2-1d) 

(Harper and Berkenkamp 1975). All experiments were conducted in a growth room 
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Figure 2-1: Four plant stages of canola that were used in a series of experiments to assess the 

impact of a single infestation of swede midge on individual canola plants for the following plant 

stages: 3-leaf (a), 7-leaf (b), primary bud (c), and secondary bud  (d). Illustrations pictured are 

modifications of an original illustration from Williams and Hallett (2018). Illustration: L. Des 

Marteaux.   

a. b. 

c. d. 
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maintained at 25 °C, 50 ± 10% RH, and a 16 h photoperiod. In each experiment, a single 

potted canola plant was placed in a cylindrical mesh cage (30 cm diameter x 75 cm length) 

(Williams 2015). Floating vegetable row cover (Stokes Seeds, Thorold, ON) was placed 

on the top of each pot to prevent larvae from entering and pupating in the soil. Adults, 

<24 h post-emergence and from the same generation, were collected via aspirator from 

the colony and released into each cage. Treatments consisted of 5 densities of female 

SM (0, 2, 5, 10, 50). Treatment densities were selected to reflect a naturally occurring 

logarithmic scale, and to test smaller densities of SM than Williams and Hallett (2018). 

The 50♀ treatment was selected as a positive control, with the expectation that heavy SM 

damage would be observed. An equivalent number of males were released in all 

treatments, except for the 10 and 50♀ treatments, where 5 and 25♂ were included, 

respectively. Plants were removed from the cages 1 wk after SM were introduced to avoid 

restricting plant growth. During the experiment, plants remained in watering trays, where 

they were watered as needed and fertilized once weekly following the same protocol in 

section 2.2.2., except that water and fertilizer were applied to the tray. 

For each experiment, treated plants were arranged in a randomized complete 

block design. The 3-leaf, 7-leaf, primary bud, and secondary bud experiments were 

replicated 4, 6, 5, and 3 times, respectively.  

Multiple Infestation Experiment 

 An experiment to assess the impact of multiple SM infestation events at a density 

of 5♀ on individual canola plants was conducted using the same general protocols as 

described in section 2.2.1. Treatments consisted of 5♀/5♂ SM introduced at the following 

plant stages: 7-leaf, 7-leaf + primary bud, and 7-leaf + secondary bud. Control plants were 
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not exposed to SM. Treated plants were arranged in a completely randomized design, 

and the control, 7-leaf, 7-leaf + primary bud, and 7-leaf + secondary bud treatments were 

replicated 5, 7, 9, and 3 times, respectively.  

2.2.4 Data Collection 

Plant damage was assessed in the multiple infestation experiment using the 

Williams and Hallett (2018) SM damage rating scheme for canola (Table 2-1). Damage 

was rated twice weekly starting 7 d after the introduction of SM until flowering was 

complete. Damage was rated on the primary (1°), secondary (2°), and tertiary (3°) 

racemes. All ratings from a single plant were consolidated into a single rating, which was 

calculated by first dividing ratings on each part of the plant by their maximum possible 

rating to create a proportion rating for each part of the plant. These ratings were then 

summed and divided by the number of plant parts assessed to obtain a value between 

zero and one. 

Once the plants were mature, all pods and racemes were harvested and counted. 

Seeds were harvested by manually crushing pods, running the resulting chaff through a 

series of sieves, and using a column blower to blow away the remaining chaff. Seeds 

from 1°, 2°, and 3° racemes, as well as total seeds from all racemes, were weighed for 

each plant. For plants with more than 100 seeds, 100-seed weight was also determined 

for 1°, 2°, and 3° racemes using a brass vacuum counting and planting head (hole size 

0) (Hoffman Manufacturing, Inc., Corvallis, OR). Pooled seeds from all racemes were 

randomly poured onto the vacuum counter until all 100 holes were filled.  
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2.2.5 Statistical Analyses  

All statistical analyses were conducted using SAS 9.4 software, University Edition 

(SAS Institute Inc., 2014) at a significance level of  = 0.05.  

Single Infestation Experiment 

For the single infestation experiment, two separate analyses were performed for 

yield and growth parameters: the first analysis compared all 5 treatment densities, while 

the second analysis removed the 50♀ treatment and compared the remaining 4 treatment 

densities. The second analysis was performed to assess the relationship between canola 

growth, yield and low densities of SM without the data from the 50♀ acting as an outlier.  

Given that treatment densities were not evenly spaced, orthogonal coefficients 

were produced using PROC IML for each plant stage data set with and without the 50♀ 

treatment. All variable measurements were totaled and the means were calculated across 

replicates. Analyses of variance (ANOVA) were performed for the mean number of 1°, 2°, 

3°, and total racemes per treatment; the mean number of 1°, 2°, 3°, and total pods per 

treatment; mean 1°, 2°, 3° raceme seed weight per treatment; mean total seed weight per 

treatment, and mean 1°, 2°, and 3° raceme 100-seed weight using PROC GLIMMIX, with 

treatment as the fixed effect and replicate as the random effect, followed by means 

separations with Tukey’s HSD. For the 3-leaf, 7-leaf, and secondary bud plant stage 

analyses, date was also included as a fixed effect. Orthogonal coefficients were used in 

contrast statements to determine the best fit (linear, quadratic, or cubic) for examining the 

relationship between female SM density and each variable. Linear regression coefficients 

were produced for all variables, and quadratic and cubic regression coefficients were 

produced only for those variables with significant contrasts. All regression coefficients 
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were produced using PROC CORR. If a variable had a significant quadratic relationship, 

and if the coefficient ‘a’ in the quadratic formula y = ax2 + bx + c was negative (i.e., a 

convex parabola), then the x value of the regression vertex (i.e., the maximum value of 

the regression) was solved for using x = -b/2a. A negative ‘a’ indicated a positive impact 

of SM. This subsequent value represented the female SM density at which canola plants 

could achieve maximum overcompensation for the variable, or the female SM density at 

which canola plants produce the highest number of racemes or pods, or the highest seed 

weight in response to SM damage compared to un-infested plants. If the coefficient ‘a’ in 

the quadratic formula was positive (i.e., a concave parabola), then it indicated a negative 

impact of SM.   

Multiple Infestation Experiment  

Analyses of variance (ANOVA) were performed for the same variables analyzed 

in the single infestation experiments using PROC GLIMMIX, with treatment as the fixed 

effect, followed by means separations with Tukey’s HSD. 

To analyze damage ratings over time, a repeated measures analysis in ANOVA 

was performed using PROC GLIMMIX with treatment as the fixed effect and sampling 

date as the random effect, followed by means separations with Tukey’s HSD. All damage 

ratings data were arcsine square root transformed to better meet the assumptions of 

normality. Damage ratings occurred on uneven intervals of 3 and 4 days (twice weekly), 

and so to meet assumptions of normality for the analysis, sampling dates were given 

evenly spaced values of 1, 2, 3, etc. A sampling date value of 2 represents 7 days after 

infestation, 4 represents 14 days after infestation, etc. Regression analyses were 
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performed for the entire data set, and quadratic equation coefficients were produced for 

each treatment using PROC GLIMMIX.  

2.3 Results 

2.3.1 Single Infestation Experiments  

At the 3-leaf plant stage, there were no significant differences among treatments 

whether or not the 50♀ was included in the analysis (Tables 2-2, 2-3, 2-4, 2-5). However, 

regression analyses revealed there was a significant negative linear relationship between 

SM density and the total number of pods produced (F1,12 = 7.2, P = 0.020) (Figure 2-2) 

and a significant positive linear relationship between female SM density and 3° raceme 

100-seed weight (F1,9 = 8.5, P = 0.017) (Figure 2-3) when the 50♀ treatment was 

excluded. There were no other significant linear or quadratic relationships among 

treatments for any other variable at the 3-leaf stage (Table 2-6).  

At the 7-leaf plant stage, plants exposed to 50♀ SM produced significantly fewer 

1° raceme pods than all other densities (F4,20 = 7.0, P = 0.0011) (Table 2-3). There were 

no other significant differences among treatments (Tables 2-2, 2-3, 2-4, 2-5). There was 

a significant negative linear relationship between female SM density and the number of 

1° raceme pods produced (F1,20 = 24, P < 0.0001) (Figure 2-4a). Additionally, there was 

a significant quadratic relationship between female SM density and the number of 2° 

raceme pods produced (F1,20 = 4.7, P = 0.042) (Figure 2-4b). There was also a significant 

negative linear relationship found between female SM density and the weight of 1° 

raceme seeds (F1,20 = 5.8, P = 0.026) (Figure 2-5a). There were no other significant linear 
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or quadratic relationships among treatments for any other variable at the 7-leaf stage, 

and date was not a significant source of variation for any variable (Table 2-7).  

With the 50♀ SM treatment removed at the 7-leaf plant stage, there were no 

significant differences among treatments for any variable (Tables 2-2, 2-3, 2-4, 2-5). 

There were no significant linear or quadratic relationships between female SM density 

and any variable at the 7-leaf stage between 0–10♀ SM except for a significant negative 

linear relationship between female SM density and the number of 2° raceme pods 

produced per plant (F1,15 = 5.7, P = 0.030) (Figure 2-5b). Date was not a significant source 

of variation for any variable (Table 2-7).  

At the primary bud plant stage, plants exposed to 50♀ SM produced significantly 

fewer mean 1° raceme pods than all other densities (F4,16 = 6.6, P = 0.0025) (Table 2-3) 

and a lower 1° raceme seed weight compared to plants exposed to 0♀, 5♀, and 10♀ SM 

(F4,16 = 5.8, P = 0.0044) (Table 2-4). As well, plants exposed to 50♀ SM produced 

significantly more 3° raceme pods compared to plants exposed to 10♀ SM (F4,16 = 3.5, P 

= 0.030) (Figure 2-11c) (Table 2-3). There were significant negative linear relationships 

between female SM density and the number of 1° raceme pods produced per plant (F1,16 

= 24.5, P = 0.00010) (Figure 2-6a) and 1° raceme seed weight (F1,16 = 18.3, P = 0.00060) 

(Figure 2-7a). There was a significant positive linear relationship between female SM 

density and the mean number of 3° raceme pods (F1,16 = 6.5; P = 0.021) (Figure 2-6b). 

There were no other significant linear or quadratic relationships among treatments for the 

other variables measured at the primary bud stage (Table 2-8).  

With the 50♀ SM treatment removed at the primary bud plant stage, the 0♀  
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Table 2-1: Rating scheme for swede midge (Contarinia nasturtii) damage on canola (Williams and 

Hallett 2018). Canola plant stages and numerical notation are from Harper & Berkenkamp (1975). 

Secondary and tertiary raceme rating categories are based on the proportion of each raceme type 

that falls into each damage symptom category, as described for primary racemes. 

Vegetative stage to bolting (1–3.3) (Primary growth point) 

Rating Description 

0 No damage 
1 Mild twisting of foliage or slight crumpling of leaves 
2 Severe twisting and/or crumpling of leaves 
3 Death of meristem, including bud clusters that were initiated but did not 

develop; may see swelling of buds, rot of bud cluster, bouquet of leaves, but 
no elongation of stem 

 

Reproductive stage (4.1–5.5) (Primary raceme) 

Rating Description 

0 No damage 
1 Slight crumpling of leaves or mild twisting of stem, but stem elongated; 

flowers or flower stalks present 
2 Severe twisting and/or crumpling of leaves; distorted pod bunches (bouquet 

effect) 
3 Death of meristem, including bud clusters that were initiated but did not 

develop; may see swelling of buds, rot of bud cluster, bouquet of leaves, but 
no elongation of stem, signs of flowers opening, or pod formation 

 

Reproductive stage (4.1–5.5) (Secondary and tertiary racemes) 

Rating Description 

0 No damage 
1 ≥ 50% are 0’s, remainder are 1’s 
2 ≥ 50% are 1’s, remainder are all 0’s 
3 ≥ 50% are 0’s, remainder are 2’s and 3’s 
4 All are 1’s 
5 ≥ 50% are 2’s, remainder are 0’s 
6 ≥ 50% are 1’s, any of remainder are 2’s or 3’s 
7 ≥ 50% are 2’s, remainder are 1’s 
8 ≥ 50% are 3’s, remainder are 0’s 
9 All are 2’s or ≥ 50% are 2’s, any of remainder are 3’s 
10 ≥ 50% are 3’s, any of remainder are 1’s 
11 All are 3’s or ≥ 50% are 3’s, any of remainder are 2’s 
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treatment resulted in a higher total seed weight per plant than the 10♀ treatment (F3,12 = 

3.2, P = 0.063) (Table 2-4) and lower 2° raceme 100-seed weight than the 2♀ treatment 

(F3,12 = 4.7, P = 0.022) (Table 2-5). There were significant quadratic relationships between 

female SM density and the number of 2° racemes (F1,12 = 5.4, P = 0.038) (Figure 2-8a), 

the number of 3° racemes (F1,12 = 5.8, P = 0.033) (Figure 2-8b), and total number of 

racemes (F1,12 = 6.9, P = 0.022) (Figure 2-8c); the number of 3° pods (F1,12 = 5.8, P = 

0.033) (Figure 2-9); total seed weight (F1,12 = 6.6, P = 0.024) (Figure 2-7b), and 2° raceme 

100-seed weight (F1,12 = 5.0, P = 0.045) (Figure 2-10). There were no other significant 

quadratic relationships among treatments for the other variables measured (Table 2-8). 

At the secondary bud plant stage, plants exposed to 5♀ produced significantly 

more pods (F4,8 = 8.9, P = 0.0048) (Table 2-3) and a higher 3° raceme seed weight (F4,8 

= 4.3, P = 0.038) (Table 2-4) compared to the 10♀ treatment. There were no other 

differences among treatments at the secondary bud stage. There were significant 

negative linear relationships between female SM density and the number of 2° raceme 

pods (F1,8 = 7.09, P = 0.029) (Figure 2-11a) and total number of pods (F1,8 = 22, P = 

0.0016) (Figure 2-11b) produced per plant. There were no significant quadratic 

relationships among treatments between 0-50♀ SM for any variable at the secondary bud 

plant stage (Table 2-9).  

With the 50♀ swede midge treatment removed at the secondary bud plant stage, 

plants exposed to 5♀ produced a significantly higher total number of pods (F3,6 = 5.1, P 

= 0.044) (Table 2-3) and a higher 3° raceme seed weight (F3,6 = 4.9, P = 0.048) (Table 2-

4) compared to the 10♀ treatment. There were significant quadratic relationships between 

female SM density and the number of 3° pods (F1,6 = 9.4, P = 0.022) (Figure 2-12a) and 
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the total number of pods (F1,6 = 9.6, P = 0.021) per plant (Figure 2-12b), and 3° raceme 

seed weight (F1,6 = 9.8, P = 0.020) (Figure 2-13). There were no significant linear 

relationships among treatments for any variable at the secondary bud stage with the 50♀ 

treatment removed (Table 2-9).  

Significant cubic relationships were found only in the analyses where all 5 

treatment densities were included, but were not reported because they were not 

biologically relevant. As well, there was a single significant quadratic relationship found 

at the primary bud stage that was not biologically relevant; between female swede midge 

density and the 3° raceme 100-seed weight (Table 2-8). Evidence of compensation in 

canola at the primary bud plant stage occurred between a density of 4.5 and 6.5 female 

SM (Table 2-16), and canola compensated by producing more 3° raceme pods (Figure 

2-6a), more 2°, 3°, and total racemes (Figures 2-8a,b,c), and higher 2° raceme 100-seed 

weight (Figure 2-10) compared to un-infested plants. Evidence of compensation in canola 

at the secondary bud plant stage occurred between a density of 4.7 and 5.3 female SM 

(Table 2-10), and canola compensated by producing more 3° raceme pods (Figure 2-12a) 

and total pods (Figure 2-12b), and a higher 3° raceme seed weight than un-infested plants 

(Figures 2-13). There were significant quadratic relationships with a positive first 

coefficient (i.e., a concave parabola) between female SM density and the number of 2° 

raceme pods per plant at the 7-leaf plant stage (Figure 2-4b), and total seed weight at the 

primary bud plant stage (Figure 2-7b); however, there was no evidence of compensation 

or overcompensation.  
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Table 2-2: Least squares mean (± S.E.) number of racemes from 3-leaf (2.3), 7-leaf (2.7), primary 

bud (3.1), and secondary bud (3.2) stage canola exposed to 5 densities of swede midge (0, 2, 5, 10, 

50♀) per plant. Values within columns within plant stages without letters or followed by the same 

letter are not significantly different ( = 0.05), Tukey’s HSD. Lowercase letters represent analysis 

of all 5 densities, while uppercase letters represent analysis without the 50♀ density. 

  Mean (± S.E.) number of racemes 

Plant stage ♀ C. nasturtii 2° Racemes  3° Racemes Total Racemes 

2.3 0 9.50 ± 2.36  19.75 ± 3.47 30.25 ± 4.64 

 2 6.25 ± 0.48 27.25 ± 7.03 24.50 ± 7.33 

 5 6.25 ± 1.60 25.75 ± 10.85 33.00 ± 11.98 

 10 7.50 ± 3.12 19.75 ± 0.85 28.00 ± 2.52 

 50 5.75 ± 1.65 37.00 ± 12.77 43.75 ± 13.28 

2.7 0 5.34 ± 0.62   7.20 ± 2.65 13.55 ± 3.20 

 2 5.34 ± 0.33  8.37 ± 1.60 14.72 ± 1.78 

 5 5.18 ± 0.40  5.87 ± 1.26 12.05 ± 1.62 

 10 4.84 ± 0.48  6.20 ± 1.10 12.05 ± 1.38 

 50 5.68 ± 0.84  7.87 ± 0.76 14.38 ± 1.49 

3.1 0 4.80 ± 1.11 3.80 ± 1.80 9.60   ± 2.79 

 2 6.40 ± 0.51 8.00 ± 1.92 15.40 ± 2.25 

 5 7.80 ± 0.80 7.40 ± 0.75 16.20 ± 1.28 

 10 6.60 ± 0.40 4.00 ± 0.84 11.60 ± 1.12 

 50 4.20 ± 1.32 7.40 ± 1.12 12.60 ± 1.99 

3.2 0 9.33   ± 0.88 15.00 ± 0.58 25.33 ± 1.33 

 2 11.33 ± 1.45 13.67 ± 0.88 26.00 ± 0.58 

 5 9.00   ± 0.58 23.33 ± 4.49 33.33 ± 5.04 

 10 10.00 ± 0.58 14.67 ± 4.18 25.67 ± 4.67 

 50 7.67   ± 0.88 13.00 ± 1.00 21.67 ± 0.67 
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Table 2-3: Least squares mean (± S.E.) number of pods from 3-leaf (2.3), 7-leaf (2.7), primary bud 

(3.1), and secondary bud (3.2) stage canola exposed to 5 densities of swede midge (0, 2, 5, 10, 

50♀) per plant. Values within columns within plant stages without letters or followed by the same 

letter are not significantly different ( = 0.05), Tukey’s HSD. Lowercase letters represent analysis 

of all 5 densities, while uppercase letters represent analysis without the 50♀ density. 

  Mean (± S.E.) number of pods 

Plant  

stage 

♀ swede 

midge 

 

1° Pods 2° Pods  3° Pods Total Pods 

2.3 0 51.00 ± 11.57 231.00 ± 25.28 240.25 ± 51.52 522.25 ± 60.98 

 2 66.50 ± 11.11 207.50 ± 55.62 276.00 ± 75.26 550.00 ± 78.14 

 5 43.25 ± 18.93 192.75 ± 49.00 328.75 ± 68.44 564.75 ± 90.62 

 10 30.25 ± 12.53 212.25 ± 63.71 325.50 ± 27.81 568.00 ± 45.19 

 50 35.25 ± 20.07 121.25 ± 73.04 206.50 ± 67.16 363.00 ± 110.04 

2.7 0 57.44 ± 4.54 a 214.08 ± 31.53 98.00   ± 33.07 374.60 ± 66.90 

 2 59.61 ± 7.14 a 217.42 ± 25.00 100.86 ± 22.84 377.62 ± 52.01 

 5 61.78 ± 6.63 a 205.25 ± 32.13 73.03   ± 17.48 339.78 ± 41.44 

 10 63.94 ± 5.81 a 153.75 ± 22.74 82.19   ± 20.31 299.62 ± 43.52 

 50 31.61 ± 7.41 b 177.25 ± 29.07 97.53   ± 10.44 306.12 ± 43.61 

3.1 0 54.20 ± 8.92 a 106.60 ± 6.10 25.80 ± 12.21 ab 186.60 ± 11.58 

 2 41.20 ± 5.36 a 132.40 ± 20.59 56.60 ± 15.05 ab 230.20 ± 28.15 

 5 48.80 ± 5.69 a 124.40 ± 18.09 48.20 ± 5.45   ab 221.40 ± 20.81 

 10 46.60 ± 9.22 a 126.80 ± 14.94 19.60 ± 6.70    b 193.00 ± 13.08 

 50 7.00   ± 6.51 b 100.80 ± 27.43 75.20 ± 16.87  a 183.00 ± 17.08 

3.2 0 50.67 ± 6.89 291.33 ± 21.68 159.00 ± 11.79 501.00 ± 23.71 ab AB 

 2 60.33 ± 10.37 294.33 ± 28.42 150.67 ± 21.95 505.33 ± 9.33   ab AB 

 5 44.33 ± 13.86 235.67 ± 18.27 287.67 ± 49.87 567.67 ± 20.08  a  A 

 10 56.67 ± 2.85 260.67 ± 13.67 149.00 ± 22.50 466.33 ± 23.17  b  B 

 50 50.67 ± 1.76 215.33 ± 15.94 149.33 ± 29.17 415.33 ± 12.84  ab 
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Table 2-4: Least squares mean (± S.E.) weight of seeds from 3-leaf (2.3), 7-leaf (2.7), primary bud 

(3.1), and secondary bud (3.2) stage canola exposed to 5 densities of swede midge (0, 2, 5, 10, 

50♀) per plant. Values within columns within plant stages without letters or followed by the same 

letter are not significantly different ( = 0.05), Tukey’s HSD. Lowercase letters represent analysis 

of all 5 densities, while uppercase letters represent analysis without the 50♀ density. 

  Mean (± S.E.) seed weight (g) 

Plant  

stage 

♀ swede 

midge 

 

1° Raceme 2° Raceme  3° Raceme Total 

2.3 0 0.86 ± 0.16 4.40 ± 0.46 3.81 ± 1.88 9.07   ± 2.18 

 2 1.62 ± 0.68 4.55 ± 0.70 4.83 ± 1.67 11.00 ± 0.73 

 5 1.04 ± 0.51 4.54 ± 0.88 7.89 ± 2.74 13.46 ± 2.78 

 10 0.70 ± 0.26 5.05 ± 1.54 5.97 ± 0.96 11.72 ± 1.96 

 50 0.64 ± 0.38 2.74 ± 1.21 6.75 ± 3.51 10.13 ± 3.65 

2.7 0 2.17 ± 0.25 9.22 ± 1.66 3.58 ± 1.64 15.58 ± 3.94 

 2 2.66 ± 0.56 9.15 ± 1.51 3.60 ± 0.94 15.37 ± 2.92 

 5 2.98 ± 0.65 8.13 ± 1.47 2.90 ± 0.86 13.97 ± 2.52 

 10 2.80 ± 0.44 7.52 ± 1.91 3.68 ± 1.17 13.96 ± 3.31 

 50 1.51 ± 0.38 8.22 ± 1.79 4.09 ± 0.63 13.78 ± 2.63 

3.1 0 3.00 ± 0.65  a 2.34 ± 0.51 0.45 ± 0.20 5.79 ± 0.46  A 

 2 1.64 ± 0.26 ab 2.39 ± 0.28 0.65 ± 0.23 4.68 ± 0.17 AB 

 5 2.29 ± 0.23  a 1.61 ± 0.12 0.30 ± 0.05 4.20 ± 0.25  B 

 10 2.20 ± 0.52  a 2.38 ± 0.67 0.17 ± 0.08 4.75 ± 0.52 AB 

 50 0.28 ± 0.27  b 2.46 ± 0.57 1.32 ± 0.74 4.06 ± 0.85 

3.2 0 2.70 ± 0.32 10.43 ± 1.44 4.25 ± 0.16 ab AB 17.37 ± 1.53 

 2 2.74 ± 0.65 9.84   ± 1.54 4.18 ± 0.83 ab AB 16.76 ± 2.07 

 5 2.41 ± 0.96 7.54   ± 1.62 6.72 ± 1.00  a   A 16.66 ± 1.65 

 10 2.74 ± 0.55 8.31   ± 0.71 3.03 ± 0.52  b   B 14.08 ± 1.54 

 50 2.38 ± 0.30 8.61   ± 1.94 4.36 ± 0.44  ab 15.35 ± 1.81 
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Table 2-5: Least squares mean (± S.E.) weight of 100 seeds from 3-leaf (2.3), 7-leaf (2.7), primary 

bud (3.1), and secondary bud (3.2) stage canola exposed to 5 densities of swede midge (0, 2, 5, 10, 

50♀) per plant. Values within columns within plant stages without letters or followed by the same 

letter are not significantly different ( = 0.05), Tukey’s HSD. Lowercase letters represent analysis 

of all 5 densities, while uppercase letters represent analysis without the 50♀ density. 

  Mean (± S.E.) 100-seed weight (g) 

Plant stage ♀ swede midge 

 

1° Raceme 2° Raceme  3° Raceme 

2.3 0 0.14 ± 0.03 0.17 ± 0.04 0.16 ± 0.04 

 2 0.22 ± 0.04 0.19 ± 0.03 0.18 ± 0.04 

 5 0.14 ± 0.06 0.19 ± 0.04 0.18 ± 0.04 

 10 0.15 ± 0.05 0.19 ± 0.03 0.20 ± 0.04 

 50 0.12 ± 0.08 0.21 ± 0.29 0.24 ± 0.06 

2.7 0 0.25 ± 0.02 0.24 ± 0.02 0.22 ± 0.01 

 2 0.26 ± 0.02 0.23 ± 0.01 0.21 ± 0.01 

 5 0.27 ± 0.02 0.25 ± 0.02 0.23 ± 0.02 

 10 0.27 ± 0.02 0.25 ± 0.01 0.24 ± 0.02 

 50 0.24 ± 0.02 0.24 ± 0.02 0.23 ± 0.02 

3.1 0 0.32 ± 0.02 0.16 ± 0.03 B 0.26 ± 0.08 

 2 0.32 ± 0.02 0.28 ± 0.02 A 0.17 ± 0.04 

 5 0.30 ± 0.01 0.26 ± 0.02 AB 0.11 ± 0.02 

 10 0.33 ± 0.01 0.26 ± 0.03 AB 0.09 ± 0.02 

 50 --- 0.25 ± 0.04 0.19 ± 0.04 

3.2 0 0.29 ± 0.00 0.23 ± 0.02 0.21 ± 0.01 

 2 0.27 ± 0.03 0.22 ± 0.03 0.20 ± 0.02 

 5 0.30 ± 0.01 0.25 ± 0.01 0.21 ± 0.01 

 10 0.28 ± 0.01 0.25 ± 0.01 0.20 ± 0.02 

 50 0.25 ± 0.02 0.24 ± 0.02 0.22 ± 0.03 
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Table 2-6: Model statistics from regression analyses of a laboratory experiment assessing the 

impact of swede midge density on 3-leaf stage canola at the University of Guelph.  

Regression including 0, 2, 5, 10, and 50♀ swede midge treatments 

Variable Function Treatment Equation R2 

 
 df F-value P-value   

2° racemes Linear 1,12 0.81 0.39 y = -0.03818x + 7.5616 0.46 

3° racemes Linear 1,12 3.58 0.083 y = 0.2862x + 22.0651 0.10 

Total racemes Linear 1,12 3.17 0.10 y = 0.2485x + 30.5701 0.21 

1° pods Linear 1,12 0.94 0.35 y = -0.3567x + 50.0296 0.010 

2° pods Linear 1,12 3.18 0.010 y = -1.9431x + 218.99 0.030 

3° pods Linear 1,12 1.25 0.29 y = -1.5458x + 296.11 0.050 

Total pods Linear 1,12 7.19 0.020 y = -3.8456x + 565.13 0.070 

1° seed weight Linear 1,12 0.91 0.36 y = -0.01015x + 1.1067 0.0040 

2° seed weight Linear 1,12 3.26 0.096 y = -0.03808x + 4.7644 0.070 

3° seed weight Linear 1,12 0.53 0.48 y = 0.03135x + 5.4288 0.11 

Total seed weight Linear 1,12 0.18 0.68 y = -0.01688x + 11.3 0.20 

1° 100-seed weight Linear 1,10 0.64 0.44 y = -0.00075x + 0.1642 0.42 

2° 100-seed weight Linear 1,11 3.57 0.086 y = 0.000568x + 0.1841 0.050 

3° 100-seed weight Linear 1,12 2.070 0.18 y = 0.000927x + 0.1727 0.0020 

Regression including 0, 2, 5, and 10♀ swede midge treatments 

2° racemes Linear 1,9 0.29 0.60 y = -0.1167x + 7.8711 0.60 

3° racemes Linear 1,9 0.090 0.77 y = -0.2181x + 24.0518 0.23 

Total racemes Linear 1,9 0.38 0.55 y = -0.3601x + 32.9681 0.46 

1° pods Linear 1,9 2.47 0.15 y = -2.8194x + 59.7324 0.14 

2° pods Linear 1,9 0.060 0.81 y = -1.4736x + 217.14 0.020 

3° pods Linear 1,9 1.39 0.27 y = 8.3899x + 256.97 0.11 

Total pods Linear 1,9 0.40 0.55 y = 4.0969x + 533.84 0.090 

1° seed weight Linear 1,9 0.54 0.48 y = -0.01015x + 1.1067 0.0040 

2° seed weight Linear 1,9 0.26 0.63 y = -0.03808x + 4.7644 0.070 

3° seed weight Linear 1,9 1.15 0.31 y = 0.03135x + 5.4288 0.11 

Total seed weight Linear 1,9 1.61 0.24 y = -0.01688x + 11.3 0.20 

1° 100-seed weight Linear 1,8 0.11 0.75 y = -0.0005x + 0.1603 0.42 

2° 100-seed weight Linear 1,9 1.23 0.30 y = 0.000564x + 0.1841 0.050 

3° 100-seed weight Linear 1,9 8.45 0.017 y = 0.000927x + 0.1727 0.0020 
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Table 2-7: Model statistics from regression analyses of a laboratory experiment assessing the 

impact of swede midge density on 7-leaf stage canola at the University of Guelph.  

Regression including 0, 2, 5, 10, and 50♀ swede midge treatments 

Variable Function Treatment Equation R2 

 
 df F-value P-value   

2° racemes Linear 1,20 0.76 0.39 y = 0.008838x + 5.1482 0.57 

3° racemes Linear 1,20 0.21 0.65 y = 0.01485x + 6.7011 0.29 

Total racemes Linear 1,20 0.29 0.60 y = 0.02016x + 12.8632 0.42 

1° pods Linear 1,20 24.43 < 0.0001 y = -0.5942x + 61.8958 0.00050 

2° pods Linear 1,20 1.84 0.19 y = -0.6393x + 192.87 0.31 

 Quadratic 1,20 4.71 0.042 
y = 0.1312x2 - 7.5293x 
+ 216.2 0.66 

3° pods Linear 1,19 0.080 0.78 y = 0.1346x + 85.0333 0.26 

Total pods Linear 1,19 2.00 0.17 y = -1.1267x + 340.89 0.31 

1° seed weight Linear 1,20 5.80 0.026 y = -0.02236x + 2.737 0.023 

2° seed weight Linear 1,20 0.18 0.68 y = -0.01195x + 8.498 0.34 

3° seed weight Linear 1,19 0.38 0.55 y = 0.01393x + 3.2882 0.19 

Total seed weight Linear 1,19 0.23 0.63 y = -0.02459x + 14.6886 0.27 

1° 100-seed weight Linear 1,19 0.96 0.34 y = -0.00049x + 0.2651 0.0010 

2° 100-seed weight Linear 1,20 0.00 0.95 y = 0.00002x + 0.2414 0.0030 

3° 100-seed weight Linear 1,19 0.79 0.39 y = 0.000301x + 0.2215 0.0010 

Regression including 0, 2, 5, and 10♀ swede midge treatments 

2° racemes Linear 1,15 1.24 0.28 y = -0.05286x + 5.3913 0.58 

3° racemes Linear 1,15 0.70 0.42 y = -0.1652x + 7.4104 0.30 

Total racemes Linear 1,15 0.88 0.36 y = -0.2181x + 13.8018 0.37 

1° pods Linear 1,15 1.67 0.22 y = 0.63x + 57.0727 0.0070 

2° pods Linear 1,15 5.74 0.030 y = -6.3620x + 215.41 0.40 

3° pods Linear 1,14 0.56 0.47 y = -2.0839x + 94.313 0.31 

Total pods Linear 1,14 2.68 0.12 y = -8.3057x + 370.52 0.44 

1° seed weight Linear 1,15 1.30 0.27 y = 0.05497x + 2.4323 0.049 

2° seed weight Linear 1,15 1.40 0.26 y = -0.1837x + 9.1746 0.35 

3° seed weight Linear 1,15 0.00 0.99 y = -0.00038x + 3.3556 0.19 

Total seed weight Linear 1,14 0.34 0.57 y = -0.1806x + 15.3535 0.28 

1° 100-seed weight Linear 1,15 0.22 0.65 y = 0.001213x + 0.2584 0.026 

2° 100-seed weight Linear 1,15 2.14 0.16 y = 0.002425x + 0.2319 0.00070 

3° 100-seed weight Linear 1,14 1.61 0.23 y = 0.002498x + 0.2124 0.0070 
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Table 2-8: Model statistics from regression analyses of a laboratory experiment assessing the 

impact of swede midge density on primary bud stage canola at the University of Guelph.  

Regression including 0, 2, 5, 10, and 50♀ swede midge treatments   

Variable Function Treatment Equation R2 

 
 df F-value P-value   

2° racemes Linear 1,16 3.66 0.074 y = -0.04131x + 6.5136 0.34 

3° racemes Linear 1,16 0.92 0.35 y = 0.03059x + 5.7101 0.011 

Total racemes Linear 1,16 0.050 0.82 y = -0.01072x + 13.2237 0.13 

1° pods Linear 1,16 24.50 0.00010 y = -0.8711x + 51.2333 0.19 

2° pods Linear 1,16 0.86 0.37 y = -0.4186x + 123.81 0.069 

3° pods Linear 1,16 6.54 0.021 y = 0.7451x + 35.0963 0.031 

Total pods Linear 1,16 1.41 0.25 y = -0.5446x + 210.14 0.11 

1° seed weight Linear 1,16 18.33 0.00060 y = -0.04343x + 2.4627 0.085 

2° seed weight Linear 1,16 0.26 0.62 y = 0.005583x + 2.1606 0.053 

3° seed weight Linear 1,16 4.45 0.051 y = 0.01828x + 0.3329 0.13 

Total seed weight Linear 1,16 2.90 0.11 y = -0.01956x + 4.9562 0.018 

1° 100-seed weight Linear 1,11 0.48 0.51 y = -0.00041x + 0.32 0.023 

2° 100-seed weight Linear 1,16 0.55 0.47 y = 0.000472x + 0.2362 0.093 

3° 100-seed weight Linear 1,10 0.040 0.84 y = 0.00038x + 0.158 0.23 

 Quadratic 1,10 5.67 0.039 
y = 0.000422x2 - 0.02181x 
+ 0.2259 0.057 

Regression including 0, 2, 5, and 10♀ swede midge treatments   

2° racemes Linear 1,12 2.48 0.14 y = 0.1586x + 5.7260 0.33 

 Quadratic 1,12 5.44 0.038 
y = -0.08284x2 + 1.0122x + 
4.7698 0.33 

3° racemes Linear 1,12 0.27 0.61 y = -0.09868x + 6.2194 0.12 

 Quadratic 1,12 5.78 0.033 
y = -0.1614x2 + 1.5639x + 
4.3571 0.12 

Total racemes Linear 1,12 0.050 0.82 y = 0.05991x + 12.9454 0.22 

 Quadratic 1,12 6.91 0.022 
y = -0.2442x2 + 2.5761x + 
10.1269 0.22 

1° pods Linear 1,12 0.11 0.75 y = -0.326x + 49.0855 0.018 

2° pods Linear 1,12 0.36 0.56 y = 1.259x + 117.2 0.042 

3° pods Linear 1,12 1.22 0.29 y = -1.5533x + 44.1515 0.073 

 Quadratic 1,12 5.78 0.033 
y = -1.1948x2 + 10.7582x + 
30.3609 0.073 

Total pods Linear 1,12 0.060 0.82 y = -0.6203x + 210.44 0.073 

1° seed weight Linear 1,12 0.38 0.55 y = -0.03708x + 2.4377 0.070 
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2° seed weight Linear 1,12 0.020 0.90 y = -0.00744x + 2.2119 0.062 

3° seed weight Linear 1,12 3.20 0.10 y = -0.03835x + 0.556 0.030 

Total seed weight Linear 1,12 2.75 0.12 y = -0.08287x + 5.2056 0.36 

 Quadratic 1,12 6.62 0.024 
y = 0.04538x2 - 0.5504x + 
5.7293 0.36 

1° 100-seed weight Linear 1,11 0.040 0.84 y = 0.000206x + 0.3178 0.059 

2° 100-seed weight Linear 1,12 4.75 0.050 y = 0.006939x + 0.2108 0.30 

 Quadratic 1,12 5.030 0.045 
y = -0.00252x2 + 0.03289x 
+ 0.1817 0.30 

3° 100-seed weight Linear 1,7 4.93 0.062 y = -0.01701x + 0.2179 0.33 
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Table 2-9: Model statistics from regression analyses of a laboratory experiment assessing the 

impact of swede midge density on secondary bud stage canola at the University of Guelph.  

Regression including 0, 2, 5, 10, and 50♀ swede midge treatments 

Variable Function Treatment Equation R2 

 
 df F-value P-value   

2° racemes Linear 1,8 4.62 0.064 y = -0.0481x + 10.1112 0.46 

3° racemes Linear 1,8 1.24 0.30 y = -0.07328x + 16.9153 0.0080 

Total racemes Linear 1,8 2.56 0.15 y = -0.1214x + 28.0265 0.015 

1° pods Linear 1,8 0.050 0.83 y = -0.04471x + 53.1324 0.093 

2° pods Linear 1,8 7.090 0.029 y = -1.2962x + 276.84 0.36 

3° pods Linear 1,8 1.18 0.31 y = -0.7542x + 189.24 0.023 

Total pods Linear 1,8 21.66 0.0016 y = -2.095x + 519.21 0.11 

1° seed weight Linear 1,8 0.19 0.68 y = -0.00562x + 2.6668 0.023 

2° seed weight Linear 1,8 0.32 0.59 y = -0.01644x + 9.1663 0.028 

3° seed weight Linear 1,8 0.19 0.68 y = -0.00675x + 4.5975 0.054 

Total seed weight Linear 1,8 0.65 0.45 y = -0.02881x + 16.4307 0.0040 

1° 100-seed weight Linear 1,8 3.88 0.08 y = -0.00073x + 0.285 0.028 

2° 100-seed weight Linear 1,8 0.17 0.70 y = 0.000124x + 0.2381 0.048 

3° 100-seed weight Linear 1,8 0.99 0.35 y = 0.000402x + 0.2014 0.075 

Regression including 0, 2, 5, and 10♀ swede midge treatments 

2° racemes Linear 1,6 0.020 0.90 y = -0.01615x + 9.9853 0.31 

3° racemes Linear 1,6 0.10 0.77 y = 0.1292x + 16.1175 0.21 

Total racemes Linear 1,6 0.060 0.82 y = 0.1131x + 27.1028 0.089 

1° pods Linear 1,6 0.010 0.91 y = 0.141x + 52.4009 0.15 

2° pods Linear 1,6 1.98 0.21 y = -3.9618x + 287.34 0.15 

3° pods Linear 1,6 0.070 0.81 y = 1.0176x + 182.26 0.26 

 Quadratic 1,6 9.43 0.022 
y = -4.3248x2 + 45.5801x 
+ 132.34 0.65 

Total pods Linear 1,6 1.12 0.33 y = -2.8032x + 522 0.12 

 Quadratic 1,6 9.56 0.02 
y = -2.8874x2 + 26.9484x 
+ 488.67 0.53 

1° seed weight Linear 1,6 0.00 0.99 y = -0.00137x + 2.6501 0.0090 

2° seed weight Linear 1,6 1.86 0.22 y = -0.2298x + 10.0069 0.0410 

3° seed weight Linear 1,6 0.88 0.38 y = -0.08779x + 4.9168 0.17 

 Quadratic 1,6 9.80 0.020 
y = -0.1033x2 + 0.9764x 
+ 3.7248 0.58 

Total seed weight Linear 1,6 2.11 0.20 y = -0.319x + 17.5739 0.0025 

1° 100-seed weight Linear 1,6 0.020 0.90 y = 0.000262x + 0.2811 0.18 
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2° 100-seed weight Linear 1,6 1.26 0.31 y - 0.002019x + 0.2306 0.11 

3° 100-seed weight Linear 1,6 0.23 0.65 y = -0.00096x + 0.2067 0.023 
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Figure 2-2: Least squares mean (± SE) regressions of the number of the total number of pods from 

3-leaf stage canola plants exposed to 5 densities of swede midge (0, 2, 5, 10, or 50♀ per plant) ( = 

0.05) Regression equation: y = -3.8456x + 565.13; R2 = 0.070. 
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Figure 2-3: Least squares mean (± SE) regressions of 3° raceme 100 seed-weight from 3-leaf stage 

canola exposed to 4 densities of swede midge (0, 2, 5, or 10♀ per plant) ( = 0.05). Regression 

equation: y = 0.000927x + 0.1727; R2 = 0.0020.  
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Figure 2-4: Least squares mean (± SE) regressions of the number of a) 1° raceme pods and b) 2° 

raceme pods from 7-leaf stage canola plants exposed to 5 densities of swede midge (0, 2, 5, 10, or 

50♀ per plant) ( = 0.05). Regression equations: a. y = -0.5942x + 61.8958; R2 = 0.00050; b. y = 

0.1312x2 – 7.5293x + 216.2; R2 = 0.66. 
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Figure 2-5: Least squares mean (± SE) regressions of a) the weight of seeds from 1° racemes from 

7-leaf stage canola plants exposed to 5 densities of swede midge (0, 2, 5, 10, or 50♀ per plant) and 

b) the number of 2° raceme pods from 7-leaf stage canola plants exposed to 4 densities of swede 

midge (0, 2, 5, or 10 per plant) ( = 0.05). Regression equations: a. y = -0.02236x + 2.737; R2 = 

0.023; b. y = -6.3620x + 215.41; R2 = 0.40. 
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Figure 2-6: Least squares mean (± SE) regressions of the number of a) 1° raceme pods and b) 3° 

raceme pods from primary bud stage canola plants exposed to 5 densities of swede midge (0, 2, 5, 

10, or 50♀ per plant) ( = 0.05). Regression equations: a. y = -0.8711x + 51.2333; R2 = 0.19; b. y = 

0.7451x + 35.0963; R2 = 0.031. 
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Figure 2-7: Least squares mean (± SE) regressions of the weight of seeds from a) 1° racemes from 

primary bud stage canola plants exposed to 5 densities of swede midge (0, 2, 5, 10, or 50♀ per 

plant) and b) the total weight of all seeds from primary bud stage canola plants exposed to 4 

densities of swede midge (0, 2, 5, or 10♀ per plant) ( = 0.05). Regression equations: a. y =              

-0.04343x + 2.4627; R2 = 0.085; b. y = 0.04538x2 – 0.5504x + 5.7293; R2 = 0.36. 
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Figure 2-8: Least squares mean (± SE) regressions of the number of a) 2° racemes, b) 3° racemes, 

and c) total racemes from primary bud stage canola exposed to 4 densities of swede midge (0, 2, 

5, or 10♀ per plant) ( = 0.05). Regression equations: a. y = -0.08284x2 + 1.0122x + 4.7698; R2 = 

0.33; b. y = -0.1614x2 + 1.5639x + 4.3571; R2 = 0.12; c. y = -0.2442x2 + 2.5761x + 10.1269; R2 = 0.22. 
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Figure 2-9: Least squares mean (± SE) regressions of the number of 3° raceme pods from primary 

bud stage canola plants exposed to 4 densities of swede midge (0, 2, 5, or 10♀ per plant) ( = 

0.05). Regression equation: y = -1.1948x2 + 10.7582x + 30.3609; R2 = 0.073.   
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Figure 2-10: Least squares mean (± SE) regressions of 2° raceme 100-seed weight from primary 

bud canola exposed to 4 densities of swede midge (0, 2, 5, or 10♀ per plant) ( = 0.05). Regression  

equation: y = -0.00252x2 + 0.03289x + 0.1817; R2 = 0.30.
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Figure 2-11: Least squares mean (± SE) regressions of the number of a) 2° raceme pods and b) the 

total number of pods from secondary bud stage canola plants exposed to 5 densities of swede 

midge (0, 2, 5, 10, or 50♀ per plant) ( = 0.05). Regression equations: a. y = -1.2962x + 276.84; R2 = 

0.36; b. y = -2.095x + 519.21; R2 = 0.11.   
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Figure 2-12: Least squares mean (± SE) regressions of the number of a) 3° raceme pods and b) the 

total number of pods from secondary bud stage canola exposed to 4 densities of swede midge (0, 

2, 5, or 10♀ per plant) ( = 0.05). Regression equations: a. y = -4.3248x2 + 45.5801x + 132.34; R2 = 

0.65; b. y = -2.8874x2 + 26.9484x + 488.67; R2 = 0.53.   
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Figure 2-13: Least squares mean (± SE) regression of the weight of seeds from 3° racemes from 

secondary bud stage canola exposed to 4 densities of swede midge (0, 2, 5, or 10♀ per plant) ( = 

0.05). Regression equation: y = -0.1033x2 + 0.9764x + 3.7248; R2 = 0.58.   

0

1

2

3

4

5

6

7

8

9

0 1 2 3 4 5 6 7 8 9 10

3
°

ra
c
e
m

e
 s

e
e
d
 w

e
ig

h
t 

p
e
r 

p
la

n
t 

(g
)

♀ swede midge density



 65 

Table 2-10: The number of ♀ swede midge at which single canola plants have reached optimal 

compensation as a result of single infestations over 4 densities (0, 2, 5, or 10) of ♀ swede midge.  

Plant stage Variable 
Figure 

number 
Number of ♀ 
swede midge 

3-leaf --- --- --- 
7-leaf --- --- --- 
Primary bud 2° racemes  2-7a 6.1 
 3° racemes 2-7b 4.9 
 Total racemes 2-7c 5.3 
 3° raceme pods 2-8 4.5 
 2° raceme 100-seed weight 2-9 6.5 
Secondary bud 3° raceme pods 2-11a 5.3 
 Total pods 2-11b 4.7 
 3° raceme seed weight 2-12 4.7 
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2.3.2 Multiple Infestation Experiments  

 In the multiple infestation experiments, midge density had a significant effect on 

the number of 1° raceme pods produced per plant (F3,20 = 7.3, P = 0.0017) and 1° raceme 

seed weight (F3,20 = 3.4, P = 0.0037). Canola exposed to infestations of 5♀ SM at the 7-

leaf and 2° bud stages produced significantly fewer 1° raceme pods compared to all other 

treatments, lower 1° raceme seed weight compared to un-infested plants and plants 

infested at the 7-leaf stage, and higher 3° raceme seed weight compared to plants 

infested at the 7-leaf stage (Table 2-11). No other treatment differences were found (see 

Appendix Table S2-9). 

 Following the ANOVA and regression analyses of the multiple infestation 

experiment, midge density had a significant effect (F3,20 = 5.8; P = 0.0052) and there were 

differences in damage over time (F9,180 = 4.9; P < 0.0001). Highest damage levels in the 

multiple infestation experiment were observed in the 7-leaf and 2° bud plant stage 

infestation treatment (Figure 2-14). The response to damage over treatments had 

curvature (F1,180 = 49.0; P < 0.0001), represented by quadratic equations (Figure 2-14). 

All 3 infestation treatments followed the same trend of response to damage, where the 

highest damage levels are predicted to occur between 21 and 25 days after infestation 

(Figure 2.14).    
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Table 2-11: Mean (± SE) number of racemes, number of pods, 100-seed weight (g), and seed weight (g) from single canola plants that 
were exposed to single or multiple infestations of 5♀ swede midge at the 7-leaf (2.7), primary bud (3.1), and secondary bud (3.2) plant 
stages. Values within a column without letters or followed by the same letter are not significantly different (α = 0.05, Tukey’s HSD).  

 

 

 

 

 

 

 

 

 Mean (± SE) number of racemes Mean (± SE) number of pods 

Plant stage 2° Racemes  3° Racemes Total racemes 1° Raceme 2° Racemes 3° Racemes Total pods 

No infestation 4.40 ± 0.93 1.20 ± 0.58 6.60 ± 1.44 66.60 ± 3.09   a 118.60 ± 21.51 3.40   ± 3.40 188.60 ± 23.41 

2.7 4.14 ± 0.34 3.57 ± 1.29 8.71 ± 1.57 66.29 ± 6.42   a 129.86 ± 13.48 9.00   ± 3.35 205.14 ± 21.17 

2.7 + 3.1 4.33 ± 0.41 2.78 ± 0.66 8.11 ± 0.92 58.00 ± 6.37   a 120.78 ± 21.17 12.33 ± 4.85  191.11 ± 27.11 

2.7 + 3.2 4.00 ± 0.90 6.00 ± 1.58 10.7 ± 2.40 14.00 ± 14.00 b 104.33 ± 46.10 19.33 ± 9.74 137.67 ± 42.70 

 Mean (± S.E.) 100-seed weight (g) Mean (± S.E.) seed weight (g) 

Plant stage 1° Raceme 2° Racemes 3° Racemes 1° Raceme 2° Racemes 3° Racemes Total 

No infestation 0.21 ± 0.02 0.18 ± 0.01 --- 1.56 ± 0.15 a 2.29 ± 0.57 0.07 ± 0.07 ab 3.93 ± 0.73 

2.7 0.23 ± 0.02 0.19 ± 0.03 --- 1.55 ± 0.22 a 2.09 ± 0.48 0.02 ± 0.01 b 3.66 ± 0.69 

2.7 + 3.1 0.17 ± 0.02 0.16 ± 0.02 --- 1.27 ± 0.28 ab 1.64 ± 0.42 0.11 ± 0.05 ab 3.02 ± 0.63 

2.7 + 3.2 --- 0.20 ± 0.07 --- 0.22 ± 0.10 b 1.44 ± 1.27 0.34 ± 0.12 a 2.38 ± 1.34 
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Figure 2-14: Relationship between swede midge damage and infestation timing for 3 different infestation events on individual canola 

plants. Lines are arcsine square root transformed best fit regression lines, and symbols are the arcsine square root transformed means 

of observed values (SE = 0.05) (n = 7, 9, and 3 for 7-leaf, 7-leaf + primary bud, and 7-leaf + secondary bud, respectively). An interval of 2 

represents 1 week after infestation on the sampling date scale (i.e. sampling date of 2 = 7 days, 4 = 14 days).

0

0.2

0.4

0.6

0.8

1

1.2

0 2 4 6 8 10 12

D
a
m

a
g
e
 r

a
ti
n
g

Sampling Dates

7-leaf
y = -0.01207x2 + 0.1451x – 0.06596

7-leaf + primary bud
y = -0.01391x2 + 0.1464x + 0.1336

7-leaf + secondary bud
y = -0.01269x2 + 0.1217x + 0.6948

R2 = 0.60



 69 

2.4 Discussion 

The 7-leaf and early bud stages are considered the most vulnerable to SM 

infestation (Williams and Hallett 2018), but results from the multiple infestation experiment 

revealed that the 1° raceme was negatively impacted through a reduced number of 1° 

raceme pods and seed weight when canola was exposed to 2 infestations at the 7-leaf 

and secondary bud stages (Table 2-11). It is interesting that the 1° raceme was not 

impacted by infestations at the 7-leaf and primary bud stages, considering that the 1° 

raceme would likely be the main target for SM oviposition. This lack of damage may be 

because the developing meristem on the 1° raceme is still surrounded by leaves at the 

primary bud stage and is not as accessible to SM. In contrast at secondary bud plant 

stage prior to flower formation, there is a greater amount of surface area of plant tissue 

on the 1° raceme for SM to oviposit. 

In single infestation experiments, the 1° raceme was negatively impacted by SM at 

the 7-leaf (Figures 2-4a, 2-5a) and primary bud (Figures 2-6a, 2-7a) plant stages through 

decreasing relationships between female SM density and number of pods and seed 

weight. However, all of these regressions were likely influenced by the 50♀ treatment, as 

there were no relationships or differences found concerning 1° racemes in any plant stage 

in the single infestation experiments when the 50♀ treatment was removed from the 

analysis. Similar trends were observed between female SM density and the number of 2° 

raceme pods at the secondary bud (Figure 2-11a) and the total number of pods at the 3-

leaf (Figure 2-2) and secondary bud (Figure 2-11b) stages, whereby the 50♀ treatment 

probably influenced the resulting negative relationships.  
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Despite the negative effects caused by SM, the only effect of SM density on total 

seed weight at any of the four plant stages tested in the single infestation experiments 

was at the primary bud stage, where plants exposed to the 5♀ treatment produced 

significantly lower seed weight compared to the control (Table 2-4). At the primary bud 

stage, canola damaged by 4.5–6.5 SM is predicted to optimally compensate by producing 

more racemes (Figures 2.8a,b,c), 3° raceme pods (Figure 2.9), and a higher 100-weight 

of 2° raceme seeds than un-infested plants (Figure 2-10). Similarly, at the secondary bud 

stage, optimal compensation is predicted to occur in canola damaged by 4.7–5.3 female 

SM and to be manifested in production of more 3° raceme pods (Figure 2-12a), more total 

pods (Figure 2-12b), and a higher total weight of 3° raceme seeds compared to un-

infested plants (Figure 2-13). Compensation by canola was also observed in the multiple 

infestation experiment: Infestations at the 7-leaf and secondary bud stages resulted in 

significantly fewer 1° raceme pods compared to all other treatments and higher 3° raceme 

seed weight compared to plants infested only at the 7-leaf stage, and total seed weight 

was unaffected (Table 2-3). These results suggest that canola has the ability to 

compensate for damage from a single infestation of up to 50 female SM and from multiple 

infestations of 5 female SM by allocating more resources towards pod and raceme 

development, particularly at the 3° raceme level. Higher 100-seed weight could suggest 

a higher quality of seed, however this was not directly tested.  

 There was also evidence of canola compensating for SM infestation via the 

increased yield of 3° racemes at the 3-leaf and primary bud plant stages. At the 3-leaf 

stage, 3° raceme 100-seed weight increased as female SM density increased (Figure 2-

3), which suggests that canola is compensating through heavier 3° raceme seed quality. 
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Additionally, there was a positive linear relationship between the number of 3° raceme 

pods produced and female SM density at the primary bud stage (Figure 2-9). This 

increase in pod production can be viewed as a direct compensatory response of canola, 

where the plants experienced detrimental effects at the 1° raceme and compensated for 

this damage by producing more 3° raceme pods. Canola likely compensated at the 3° 

raceme level rather than the 2° raceme because 2° racemes may be too far along in 

development for an allocation of compensatory resources to have a tangible effect on 

yield. Subsequent research on the impacts of SM on canola should investigate how the 

quality of seed is affected, as canola could potentially compensate for heavy SM 

infestations through increased raceme and pod production, but the resulting seed could 

be of low quality, thus reducing yield. 

True overcompensation of canola, in terms of increased yield, and thus fitness 

(McNaughton 1983; Mashinski and Whitham 1989), from plants damaged by SM 

compared to un-infested plants, was not found in this study. This result suggests that 

canola must have a limit to how much it can compensate for SM damage before it 

exhausts its resources and a reduction in yield is seen. Reduction in yield at the primary 

bud plant stage has been found in the laboratory using densities of up to 100 female SM 

(Williams and Hallett 2018), however this effect was not observed in the current study. 

Additionally, caution is advised in interpreting that these results suggest a potential 

beneficial effect of a low density SM infestation on canola. Compensation in canola can 

lead to uneven and thus delayed maturation in SM-affected fields, as damaged canola 

may compensate in the field through increased branching and development of 2° and 3° 

racemes (Hallett 2017). Increased branching in response to SM damage can create 
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asynchrony among plant development, which can further disrupt harvesting timing 

(Williams and Hallett 2018). Delayed maturation can lead to large losses in profit if the 

crop cannot be harvested prior to snowfall (Hallett 2017). Also, it is unclear the extent to 

which additional racemes as a result of compensation are beneficial in the field, as new 

racemes will be delayed in development and likely not contribute a significant amount to 

final yield (Williams and Hallett 2018). Canola may compensate to varying degrees 

depending on agronomic conditions and timing of herbivory (Maschinski and Whitham 

1989), and so field-plot trials to assess the compensatory abilities of canola in response 

to SM damage are required to better understand this phenomenon. 

 In the multiple infestation experiment, damage ratings increased until 

approximately 17–21 days after infestation, and then began decreasing (Figure 2-14). 

This trend is expected as SM larval development time is between 7 and 21 days 

(Readshaw 1966), during which they feed gregariously and damage plant tissues. 

Damage ratings in all 3 treatments decreased over time because new undamaged 2° and 

3° racemes continued to develop, which decreased the overall damage rating. This same 

effect has been previously observed at the primary bud stage (Williams and Hallett 2018) 

and is a potential compensatory response. However, there were no significant differences 

in the number of racemes produced among treatments (Table 2-11). 

Damage ratings were conducted in the multiple infestation experiment until 

flowering on the 1° raceme was completed, and the regression equations predicted that 

a second infestation at the secondary bud stage would slightly delay maturation of a single 

canola plant by approximately 2-3 days compared to the other 2 treatments (Figure 2-

14). This delayed maturation is significant, because in the field there are 2–4 overlapping 
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generations and 3 emergence phenotypes of SM (Hallett et al. 2009b; Liu et al. 2019b), 

and so canola is subjected to ≥2 infestations of SM during the season. If 2 infestation 

events caused delayed maturation of 2-3 days, it is likely that more infestation events will 

result in longer development times of canola. Further research is required to determine 

the effect of multiple infestations of SM on the development time of canola, as this will 

contribute to planting time decisions for growers. 

In conclusion, the null hypothesis was rejected at the alternative hypothesis that 

canola compensates for SM damage through increased raceme and pod production was 

supported. This series of experiments is the first to directly examine the compensatory 

abilities of canola in response to SM damage. Because these experiments were 

performed in the laboratory, relationships between SM density and canola yield and 

growth parameters may not translate to field-realistic conditions. Nevertheless, the data 

provide useful insights into compensatory abilities of plants in response to herbivory and 

builds upon previous knowledge of SM management in canola. Results from the current 

study suggest that the secondary bud stage should be included as a vulnerable plant 

stage. Insecticide applications during the early vegetative stages of canola for SM 

damage should be avoided until canola reaches the 7-leaf stage because yield was not 

negatively impacted at the 3-leaf plant stage. Insecticides should be applied before SM 

densities at which canola can optimally compensate for damage are reached, in order to 

prevent delays in maturation. Canola between the 7-leaf and secondary bud stages 

should be monitored for SM damage, and the timing of insecticide applications should 

coincide closely with when trap threshold levels are reached during these plant stages. 

This study demonstrates that canola can compensate for SM damage, but further 
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research is required to determine the extent to which beneficial compensatory effects 

occur in the field.  
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3 Insecticide field plot trials: is a growth-stage timing or 

threshold regime most effective for swede midge in 

canola? 

3.1 Introduction 

The swede midge (SM), Contarinia nasturtii Kieffer,  is an economically important 

pest of canola (Brassica napus L., B. rapa L., and B. juncea L.), and has had Ontario 

canola growers struggling to manage it since its detection in canola in 2005 (CFIA 2009). 

Yields of canola are impacted by larval feeding of SM, resulting in damage to meristematic 

tissues, which prevents the primary raceme from bolting, and kills developing flower buds 

(Williams and Hallett 2018). Yield losses have been reported as high as 81% in canola 

as a result of SM damage (Philips 2015). SM has been detected in six provinces, including 

Ontario (Hallett and Heal 2001), Quebec (Corlay and Boivin 2008), Saskatchewan, Nova 

Scotia, Manitoba, and Prince Edward Island, but bioclimatic modelling indicates that most 

of Canada is suitable for the establishment of SM (Olfert et al. 2006; CFIA 2009). If canola 

is to continue as a leading cash crop in Canada, management of this economic pest must 

be improved to prevent its spread to other regions. 

Management of SM is difficult due to its highly variable life history traits and short 

life cycle (Hallett 2017). Adults live only 1-4 days, during which females may lay up to 100 

eggs on meristematic tissues, and the resulting larvae feed gregariously between tightly 

appressed leaves and petioles within buds and bud clusters (Barnes 1946; Readshaw 

1966). Feeding damage may not be visible until 5–10 days after feeding and remains on 

the plants until harvest (Hallett 2017). There are three to four overlapping generations of 

SM per year in the eastern North American range (Hallett et al. 2009a; Liu et al. 2019b), 

but pheromone-based monitoring and the MidgEmerge population dynamics model 
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suggest there may be a fifth predicted under future climatic conditions (Mika et al. 2008). 

In addition, SM exhibits variation in diapause entry and termination (Readshaw 1961; Des 

Marteaux et al. 2014) 

Successful timing of insecticide applications in canola for control of SM is difficult 

to achieve, as adult midge are short lived, larvae are protected by plant tissues, and 

multiple overlapping generations emerge each year (Taylor 1912; Smith 1951; Frey et al. 

2004). Effective control of SM in cole crops (Brassica oleracea L.) has been achieved 

using foliar applications of -cyhalothrin, permethrin, acetamiprid, chlorpyrifos, and 

dimethoate (Hallett et al. 2009a); however, currently there are only two insecticides 

registered for use against SM in Ontario canola: Matador® 120EC (λ-cyhalothrin; active 

ingredient [AI] 120 g/L; Syngenta Crop Protection Canada Inc.; Health Canada Pesticide 

Registration No. 24984) and Coragen® (chlorantraniliprole; [AI] 220 g/L; DuPont Canada 

Inc.; Health Canada Pesticide Registration No. 28982). Both provide effective contact and 

residual control of SM in canola (Hallett 2017), but further research is needed to determine 

the most appropriate time for insect application.  

The most susceptible canola plant stages to SM damage are the 7-leaf and primary 

bud stages (Williams and Hallett 2018); however, it is unclear whether insecticide 

applications targeting these plant stages or timing insecticide applications using a 

threshold approach would be most effective in canola. The SM sex pheromone was 

synthesized in 2004 (Hillbur et al. 2005) and was made commercially available in 2005. 

It has since been used effectively to monitor SM populations (Boddum et al. 2009) and to 

time insecticide applications against SM in cole crops using a threshold of 4-10 

males/trap/day (Hallett and Sears 2013). An interim recommendation of an AT of ≥5 
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males/trap/day for SM in canola was developed from the cole crop AT, with the additional 

condition that the first insecticide application be made when a cumulative total of 20 

midges have been captured (Williams 2015). The initial threshold of 20 total midge 

captures was included to prevent heavy infestations of second generation SM (Hallett, 

unpublished data). However, it is unknown whether this is the most reliable method of 

insecticide application timing.  

The timing of SM management is critical in order to preserve canola yield and 

minimize insecticide use and costs. Given that a threshold approach has been successful 

at controlling SM in another Brassica crop, the alternative hypothesis is that an AT regime 

is a viable SM management approach in canola. The null hypothesis is that an AT regime 

is not a viable SM management approach in canola. To test this, the efficacy of a plant-

stage (PS) or threshold-based (TB) insecticide regime to control SM in Ontario canola 

production systems was evaluated in a series of field trials, and a pooled statistical 

analysis was performed on the data to investigate potential differences in yield and 

incidence of SM damage among insecticide regimes.  

3.2 Materials and Methods 

There were 4 field experiments to test the efficacy of a PS or TB insecticide regime 

at managing SM in canola. The experiments were arranged as a randomized complete 

block design with 4 replicates of each treatment. Planting and harvesting dates varied 

between years due to differences in climatic conditions, crop growth, and maturity (Table 

3-1). The number of treatments varied among years (Table 3-2). All field experiments 

were located at the University of Guelph Elora Research Station (Elora, Ontario), and 

conducted between 2014 and 2017. Fields used for experiments were rotated each year 
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so that fields that had previously grown Brassica crops were not used for at least another 

3 years. All fields used for experiments in previous years had either wheat or barley. 

Canola was machine-seeded using a cone seeder (Hege Maschinen GmbH) at a rate of 

150 seeds/m2 in plots that consisted of six strips of smaller sub-plots 7 m in length and 

1.5 m in width. Each sub-plot was 7.5 m2 (0.00075 ha) in seeded area after trimming, 

which resulted in 1125 seeds/plot. Fertilizer was applied using a multi-purpose spreader 

(Ghandy) and all plots received fertilizer applications of ammonium nitrate (120 kg/ha), 

ammonium sulfate (50 kg/ha) and phosphorus (100 kg/ha) approximately one week prior 

to planting. Each sub-plot received a single treatment, and all treatments were included 

in a single replicate. Sub-plots within a replicate were separated by three buffer sub-plots. 

Replicates were separated by 1-m alleyways and bordered by a single sub-plot on each 

end. Plots were trimmed to 5 m plot length with 3-m alleyways after cotyledon emergence. 

Each sub-plot was 5 m in length and 1.5 m in width. Canola cv. L150 (Bayer CropScience 

Inc.) was planted in 2014 and 2015, while cv. L140P (Bayer CropScience Inc.) was 

planted in 2016 and 2017. All plots were harvested using a WINTERSTEIGER Plot 

Combine, and the resulting grain was dried at 60°C for three days, and then cleaned, 

weighed, and tested for moisture. All yield data were adjusted to 10% moisture. In each 

year, identical trials were conducted in early- and late-seeded plots (Table 3-2). Late-

seeded plots were only harvested in 2015 and 2017, as poor weather conditions 

prevented harvest in 2014 and 2016 due to poor weather conditions.  

3.2.1 Insecticide Regimes 

Plots were treated with two main insecticide regimes from 2014-2017: plant stage-

based applications and threshold-based applications (Table 3-1). Insecticides used 
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included two products registered for use on canola, Matador® 120EC (λ-cyhalothrin; 

active ingredient [AI] 120 g/L; Syngenta Crop Protection Canada Inc.; Health Canada 

Pesticide Registration No. 24984) and Coragen® (chlorantraniliprole; [AI] 220 g/L; 

DuPont Canada Inc.; Health Canada Pesticide Registration No. 28982). A third product, 

Movento® 240SC (spirotetramat; [AI] 240 g/L; Bayer CropScience Inc.; Health Canada 

Pesticide Registration No. 28953) is registered for control of SM on cruciferous 

vegetables and was included as a positive control. Matador® 120EC, Coragen®, and 

Movento® 240SC were applied at rates of 83, 250, and 208.3 mL product/ha, 

respectively. Insecticides were mixed with water and Hasten NT spray adjuvant (octadic-

9-enoic acid, methyl ester; [AI] 71.44%; Victorian Chemical Co. PTY LTD; Health Canada 

Pesticide Registration No. 28277) and Surf 92 (nonylphenoxypolyethoxyethanol; [AI] 

92%; Wilbur-Ellis Company LLC; Health Canada Pesticide Registration No. 21313) were 

added to the Coragen® and Movento® tank mixes, respectively, to improve product 

coverage and adherence. In 2014, 2016, and 2017, insecticides were applied to 

designated plots using a CO2 backpack sprayer and handheld boom at 275 kPa with 3 

TeeJet® 8002 VisiFlo® flat spray tip nozzles spaced 40 cm apart, and in 2015, they were 

applied using a tractor-mounted HARDI® boom sprayer 45-60 cm above the canopy at 

117 kPa with HARDI® ISO minidrift air induction nozzles spaced 50 cm apart. All 

insecticides in each year were applied at a spray volume of 200 L/ha.  

The PS timing regime subjected plots to insecticide application at three plant stages: 

early rosette (2-7 true leaves), primary bud (buds are visible within the rosette), and 

secondary bud (bolting of the primary raceme has occurred and secondary buds are 

visible in the leaf axils). Insecticides were applied once approximately 60% of plants had 
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reached the desired plant stage (see Appendix Table S3-1). Plant stages of canola were 

determined by randomly sampling an equal number of plants from each subplot, and plant 

stage terminology from Harper and Berkenkamp (1975) was used.  

For plots that received insecticide application based on the pheromone-based 

threshold regime, SM population numbers were monitored using four white delta style 

traps (Jackson traps, Solida Distributions Inc., Saint-Ferréol-les-Neiges, Quebec) baited 

with a SM sex pheromone polyethylene cap lure (PheroNet Swede Midge Lures, 

Andermatt Biocontrol, Grossdietwil, Switzerland). Traps were placed equidistant around 

the perimeter of the field containing all experimental plots at approximately 40 cm above 

the ground. Each trap contained a white sticky card that was replaced twice per week. 

The pheromone lure in each trap was replaced every four weeks on a staggered 

scheduled, so that the lures in two traps were changed every two weeks. Threshold 

values of ≥1 or ≥5 male males/trap/day were used to trigger insecticide application 

depending on treatments assigned to plots. Insecticides were applied to each plot on the 

same day the corresponding threshold value was reached, but not until plants reached 

the 2nd true leaf stage. In 2014 only, an initial spray was made when cumulative counts 

of SM from the four traps exceeded 20 males. The maximum number of, and interval 

between, insecticide applications were set to comply with label restrictions, i.e. a 

maximum of three applications each of Matador® 120EC and Coragen®, with a minimum 

application interval of 7 days. Herbicides were applied to the plots as necessary (see 

Appendix Table S3-2). 
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3.2.2 Damage Ratings 

The incidence of SM damage on canola was rated once weekly, starting when 

plants reached the 1st true leaf stage and ending once approximately 90% of plants in a 

plot had flowered. Ratings were performed on plants from the inner four sub-plots of each 

treatment plot, and an equal number of plants was randomly sampled from each sub-plot 

(20, 100, 60, and 60 plants per plot in 2014, 2015, 2016, and 2017, respectively).  

3.2.3 Statistical Analysis 

All statistical analyses were conducted using SAS 9.4 software, University Edition 

(SAS Institute Inc., 2014). Data from all years were pooled for analyses; however, only 

treatments that appeared in two or more years were included: Matador® PS (2014, 2015, 

2016), Matador® TB (2014, 2015, 2016), alternating Matador® and Coragen® PS (2014, 

2017), alternating Matador® and Coragen® TB (2014, 2017), Movento® TB (2016, 2017), 

and untreated control (2014, 2015, 2016, 2017). The data from the two TB treatments in 

2017 were combined and treated as a single treatment of a threshold application of ≥5 

males per trap per day because both the ≥1 and ≥5 males per trap per day thresholds 

were reached on the same day, resulting in both treatments receiving identical insecticide 

applications (Table 3-2). Standardized yield was calculated by dividing the treatment yield 

by control yield in each replicate in an attempt to decrease variation between replicates. 

Mean yield and mean standardized yield within each treatment, within either regime, and 

within insecticides used were each compared by ANOVA using PROC GLIMMIX, followed 

by mean separations with Tukey’s HSD (α = 0.05). Where least squares means estimates 

generated values >100% or <0%, a t-test was performed to determine if the estimates 

were different from 100% or 0%, respectively. If they were not different, the estimates 

were reported as 100% or 0%. In all analyses, treatment and planting time (early or late) 
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were fixed effects, and year was a random effect. The number of male SM capture on 

pheromone-baited traps was included as a covariate in each yield analysis. The following 

simplification procedure was used in both yield analyses: If a fixed effect had P > 0.05, it 

was removed from the analysis, and the model was run again. The best fit model was 

selected based on the lowest AIC value. 

Damage ratings did not occur on the same dates every year, so in order to analyze 

damage ratings across all four years, ratings were grouped into a common range of days 

after planting (DAP). Three separate time intervals, which coincidently represented plant 

stages of interest, were selected for analysis of damage ratings: 33-37, 40-43, and 47-50 

days after planting (DAP), where 33-37 DAP corresponds with the late vegetative stage, 

and 40-43 and 47-50 DAP correspond with primary bud development and onwards (CCC 

2017b). In all damage analyses, data were compared by ANOVA using PROC GLIMMIX, 

followed by means separations with Tukey’s HSD (α = 0.05). Treatment and planting time 

were included as fixed effects, and year was included as a random effect. The same 

model simplification procedure used in the yield analyses was used in the damage rating 

analyses.  

3.3 Results 

There were very high populations of SM in 2017 (~30 males per trap per day), high 

populations in 2015 (~10 males per trap per day), moderate-to-high populations in 2014 

(~5-10 males per trap per day), and moderate population levels in 2016 (~5 males per 

trap per day) (Table 3-1). The population levels were classified using terminology from 

Hallett and Sears (2013) based on the number of male SM captured on pheromone-baited 

traps.  
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Treatment (F5,84 = 5.22; P < 0.0005), planting time (F1,84 = 12.59; P < 0.001), and 

SM trap captures (F1,84 = 660.73; P < 0.0001) had significant effect on yield. The highest 

yielding treatment was Matador® PS, which was significantly higher in yield than all other 

treatments (F5,84 = 5.22; P < 0.0005; Table 3-3). The Matador® PS treatment was 32.5% 

higher in yield than the untreated control and 30.6% higher than the Matador® TB 

treatment (Table 3-3). Later planted plots produced approximately 2.7x higher yield than 

earlier planted plots. Overall, there were no differences in yield between PS or TB regimes 

(F2,87 = 1.78; P > 0.1), but there were significant differences in yield among insecticides 

used (F3,86 = 3.75; P < 0.05). Plots treated with Matador® resulted in 24.3% higher yield 

compared to plots treated with both Matador® and Coragen®, but both were no different 

from untreated control plots and plots treated with Movento® (Table 3-3). 

Although treatment was a significant model effect in the standardized yield ANOVA 

(F4,57 = 3.97; P = 0.007), there were no significant differences among treatments (Table 

3-3). There were also no significant differences in standardized yield among regime (F1,60 

= 0.42; P > 0.5) or insecticides (F2,59 = 1.68; P > 0.1) (Table 3-3).  

Due to model simplification, planting time was removed from the damage incidence 

analyses. At all three assessment intervals, there were no significant differences in 

damage incidence between any treatment and the untreated control (Figure 3-1). At 33-

37 DAP, although treatment was a significant model effect (F5,87 = 2.41; P = 0.04) there 

were no significant differences among treatments. At 40-43 DAP, the Matador® PS 

treatment resulted in less damage incidence than the Matador® and Coragen® PS and 

TB, as well as the Movento® TB treatments (F5,83 = 5.06; P < 0.0005) (Figure 3-1). The 
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Table 3-1: Planting, harvest, and the date the first and last swede midge were captured on 

pheromone-baited traps, and the average number of male swede midge/trap/day (± SE) from a 

series of action threshold field plot trials conducted at the Elora Research Station, 2014-2017, on 

canola. 

Year 

Planting 

Date Harvest Date 

First Swede 

Midge Trap 

Capture 

Final Swede Midge 

Trap Capture 

Male Swede 

Midge/Trap/Day (± 

SE)1 

2014 May 27-28 September 19 May 21 October 23 7.6   ± 1.7 

2015 May 15 September 2 June 5 October 21 13.1 ± 2.4 

 June 5 September 16   14.6 ± 2.5 

2016 May 18 August 30 May 27 October 3 4.8   ± 1.2 

2017 May 18 August 31 May 9 October 27 21.8 ± 4.1 

 June 13 September 27   26.1 ± 4.4 

1Trap capture rates reflect average male swede midge/trap/day between planting and harvesting dates within each year.  
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Table 3-2: All treatments from a series of action threshold field plot trials conducted at the Elora 

Research Station, 2014-2017, on canola. Only those treatments that appeared in two or more years 

were included in the analysis. 

 
Planting   

 
Total Sprays 

Included 
in  

 Year Dates Regime1  Active Ingredient(s) Matador® Coragen® Movento® analysis2 

2014 Early Control --- --- --- --- Y 

  
Plant Stage λ-Cyhalothrin 3 --- --- Y 

  
Plant Stage Chlorantraniliprole - λ-Cyhalothrin 2 1 --- Y 

  
Threshold (≥5) λ-Cyhalothrin 2 --- --- Y 

  
Threshold (≥5) Chlorantraniliprole - λ-Cyhalothrin 1 1 --- Y 

  
Biweekly λ-Cyhalothrin 3 --- --- N 

    Biweekly Spirotetramat --- --- 3 N 

2015 Early Control --- --- --- --- Y 

  
Plant Stage λ-Cyhalothrin 3 --- --- Y 

  
Threshold (≥5) λ-Cyhalothrin 1 --- --- Y 

  
Threshold (≥10) λ-Cyhalothrin --- --- --- N 

 
Late Control --- --- --- --- Y 

  
Plant Stage λ-Cyhalothrin 3 --- --- Y 

  
Threshold (≥5) λ-Cyhalothrin 1 --- --- Y 

  
Threshold (≥10) λ-Cyhalothrin --- --- --- N 

2016 Early Control --- --- --- --- Y 

  
Plant Stage λ-Cyhalothrin 3 --- --- Y 

  
Plant Stage Spirotetramat --- --- 3 Y 

  
Threshold (≥5) λ-Cyhalothrin 2 --- --- Y 

  
Threshold (≥5) Spirotetramat  --- --- 2 Y 

2017 Early Control --- --- --- --- Y 

  
Plant Stage Chlorantraniliprole - λ-Cyhalothrin 2 1 --- Y 

  Threshold (≥1) Chlorantraniliprole - λ-Cyhalothrin 2 2 --- Y 

  
Threshold (≥5) Chlorantraniliprole - λ-Cyhalothrin 2 2 --- Y 

  
Threshold (≥5) Spirotetramat --- --- 4 Y 

  
Weekly Spirotetramat --- --- 3 N 

 
Late Control --- --- --- --- Y 

  
Plant Stage Chlorantraniliprole - λ-Cyhalothrin 2 1 --- Y 

  Threshold (≥1) Chlorantraniliprole - λ-Cyhalothrin 1 2 --- Y 

  
Threshold (≥5) Chlorantraniliprole - λ-Cyhalothrin 1 2 --- Y 

  
Threshold (≥5) Spirotetramat --- --- 3 Y 

  
Weekly Spirotetramat --- --- 4 N 

1Numbers within parentheses indicate the number of male swede midge per trap per day at which threshold sprays were applied.  

2Y indicates that yes, the treatment was included in the analysis, and N indicates that it was not included.  
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Matador® TB treatment also resulted in less damage incidence than the Matador® and 

Coragen® PS and Movento® TB treatments (F5,83 = 5.06; P < 0.0005) (Figure 3-1). At 

47-50 DAP, the Matador® PS and TB treatments resulted in less damage incidence than 

the Matador® and Coragen® PS treatment (F5,82 = 3.21; P < 0.05) (Figure 3-1). 

3.4 Discussion 

Plant stage applications of Matador® resulted in the highest yield compared to all 

other treatments, and treatments using only Matador® resulted in significantly higher yield 

compared to treatments using both Matador® and Coragen® (Table 3-3). Yield may be 

significantly higher statistically using only Matador® at vulnerable plant stages of canola, 

but this is not an economical management practice. Although insecticide applications 

using Matador® resulted in potential yield gain of canola, overall, PS and TB insecticide 

regimes were equally effective (Table 3-3). This result is important from an economic 

perspective, because a PS regime can result in unnecessary insecticide applications, 

reducing grower profits. In this study, PS regimes always resulted in three insecticide 

applications, whereas the TB regimes resulted in an average of two applications (Table 

3-2). Therefore, a threshold approach can be an effective economical approach at 

controlling SM in canola while reducing insecticide use.  

 Based on 2019 production estimates (OCGA 2019a), and an average cost of 

$17.3/ha per application of Matador® and between $54.3-$79/ha per application of 

Coragen® (M. Moran, Ontario Ministry of Agriculture, Food & Rural Affairs, 2019, 

personal communication), a single unnecessary insecticide application can reduce profits  

by 3.8-17.4%. In 2016 and 2017, a single unnecessary application had the potential to   
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Table 3-3: Least squares means estimates for yield (± SE) and standardized yield (± SE) of canola 

from plots that received plant-stage or threshold-based insecticidal spray regimes using 

insecticides for control of swede midge on canola at the Elora Research Station (Elora, ON) from 

2014 – 2017.   

Regime Active Ingredient(s) Yield (kg/ha)2 Standardized Yield2 

Control ---- 3688 ± 509 b --- 

Plant stage λ-Cyhalothrin 4888 ± 537 a 1.12 ± 0.07 

Plant stage Chlorantraniliprole - λ-Cyhalothrin 3328 ± 517 b 1.05 ± 0.06 

Threshold (≥5)1 λ-Cyhalothrin 3742 ± 533 b 1.00 ± 0.07 

Threshold (≥5)1 Spirotetramat 3491 ± 551 b 0.98 ± 0.07 

Threshold (≥5)1 Chlorantraniliprole - λ-Cyhalothrin 3550 ± 517 b 1.18 ± 0.06 

Control --- 3605 ± 485  --- 

Plant stage --- 3969 ± 472  1.11 ± 0.05 

Threshold (≥5) --- 3567 ± 466  1.08 ± 0.05 

Control ---- 3686 ± 511 ab --- 

---- λ-Cyhalothrin 4282 ± 512 a 1.09 ± 0.06 

---- Chlorantraniliprole - λ-Cyhalothrin 3444 ± 497 b 1.12 ± 0.05 

---- Spirotetramat 3492 ± 558 ab 0.99 ± 0.08 

1Numbers within parentheses indicate the number of male swede midge per trap per day at which threshold sprays were applied. 

Plant stage timings include spray applications at the early rosette, late rosette-bud, and secondary bud development growth stages.  

2Values followed by the same letter, within the same column, are not significantly different (P > 0.05); Tukey’s Studentized Range 

(HSD) Test.
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Figure 3-1: Percentage of plants damaged from a series of action threshold field plot trials conducted at the Elora Research Station, 

2014-2017, on canola. Codes used in legend are: λ-C = Matador®, PS = plant stage, TB = threshold-based, Ch = Coragen®, Sp = 

Movento®. Bars followed by the same letter are not significantly different (P > 0.05); Tukey’s Studentized Range (HSD) Test. 
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reduce profits by 19-32% (OCGA 2016; Hallett 2017). Thus, a grower could potentially 

reduce costs by using a TB regime because in some years only 1 or 2 applications were 

required (Table 3-2). A TB regime has less risk of resulting in an unnecessary pesticide 

application than the plant stage approach, and targets SM populations when necessary.  

Additionally, this pooled analysis demonstrated that insecticide regimes targeting 

SM in canola are more effective when using Matador® compared to alternating 

applications with both Matador® and Coragen® (Table 3-3). As well, damage incidence 

was generally lower in treatments that only used Matador® (Figure 3-1), suggesting that 

an insecticide regime using only Matador® can be effective at reducing SM impact in 

canola. While using two different insecticides is preferable to avoid the development of 

insecticide resistance in SM, growers can achieve effective control while reducing costs 

by only using Matador®. Insecticide resistance in SM has been discussed previously 

(Hallett et al. 2009a), and the suggestion to use only a single insecticide against SM in 

canola exacerbates the risk of resistance (South and Hastings 2018), and it is for this 

reason that Coragen® should still be used in the SM IPM program for canola. 

Chlorantraniliprole, the active ingredient in Coragen®, has some residual activity, and has 

been found to move systemically to new vegetative structures of soybean (Adams et al. 

2016). Therefore, it is suggested that once an initial threshold is reached for SM in canola, 

the first insecticide application be of Coragen®, so that some resistance management is 

practiced while the vegetative stages of canola are protected.  

Another issue surrounding the use of Matador® is that the Pest Management 

Regulatory Agency (PMRA) of Health Canada has proposed to cancel the use of λ-

cyhalothrin in products used by commercial applicators and growers for all uses on food 
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and feed commodities (PMRA 2017). There are potential environmental and human 

health risks associated with the use of λ-cyhalothrin, but it is widely used in Canada 

because, as one of the main alternatives to organophosphates and neonicotinoids, it is a 

valuable tool for resistance management (PMRA 2017). The anticipated date for a final 

decision regarding λ-cyhalothrin was March 2019 (PMRA 2018), however this publication 

was submitted in April 2019 and no announcements or decisions had been made. Other 

insecticides need to be investigated, but the timeline to develop and register a new 

product is approximately 10 years (Guenther 2016), and so it is essential that control 

methods other than insecticides are also investigated. Current research into potential 

biocontrol of SM using parasitoid wasps is ongoing (Ferland, McGregor and Hallett, 

unpublished data), and could be a viable management tactic to reduce dependence on 

insecticides.  

Standardized yield was analyzed in an attempt to account for within-plot variability 

and differences between replicates. Although there were no differences among 

treatments, between regimes, or among insecticides in standardized yield, there is 

preliminary evidence that a yield gain in canola is possible using the insecticides and 

regimes evaluated in this study. Both PS and TB regimes resulted in values >1, and any 

treatment using Matador® and/or Coragen® resulted in values ≥1 (Table 3-3), which 

suggests that the tools required for effective SM management in canola are available. 

However, the best recommendations for use of these tools remains unclear. It is likely 

that the pheromone-based action threshold of ≥5 males/trap/day used in these trials is 

not conservative enough, and further research testing lower action thresholds within the 

range of 1-4 males/trap/day is required to fully elucidate the utility of a TB regime for SM 
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in canola. Lowering of the action threshold recommendation will require meticulous 

monitoring of traps twice a week, because in the 2017 threshold treatments where traps 

were monitored twice a week, whenever the ≥1 males/trap/day threshold was reached, 

the ≥5 threshold was also reached. Effective monitoring of traps is crucial to timing 

threshold insecticide applications.  

Current planting recommendations suggest that canola should be planted earlier 

so that plants may grow past the susceptible plant stages before SM is abundant (Hallett 

and Hall 2014). As well, delayed harvest in Ontario may result in severe economic losses 

if canola cannot be harvested prior to poor weather conditions (Hallett 2017). Although 

later planted plots produced approximately 2.7x higher yield than earlier planted plots, it 

is still advised to plant canola earlier rather than later. Two out of the four later planted 

plots in this study, in 2014 and 2016, were not harvested because poor weather conditions 

in the fall resulted in wet conditions, such that the plants did not dry sufficiently to be 

harvested. Later planted plots are also subject to potentially devastating SM damage. In 

a planting-date trial near Guelph in 2006, severe damage was reported in later planted 

plots (Hallett 2017). Contrastingly, in a three-year field study of Contarinia damage on 

early- and late-seeded canola in Saskatchewan, early-planted plots were subject to 

higher probability of damage, but despite this, seed yield was greater in early-planted 

plots compared to late-planted plots (Soroka et al. 2019). Further adding to the complexity 

of early versus late planting timing is that canola infested by SM may branch extensively 

to compensate for damage, leading to uneven maturation of plants and delayed harvest 

(Hallett 2017). Thus, it is imperative that insecticide applications are applied in a timely 

manner in order to protect plants during infestations, to prevent uneven maturation of 
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plants due to SM damage, and to ensure timely harvests. Given the variability in SM 

impact on early- and late-seeded canola, it is advised to seed canola under the most 

optimal agronomic conditions (Soroka et al. 2019).  

Although this study consisted of only small-plot field trials, the resulting yield 

ranged between 59.4–87.2 bu/ac (3328–4888 kg/ha), which falls closely within the 2018 

Ontario average yield range of 59.7–128.3 bu/ac (3346–7192 kg/ha) (OCGA 2019b) and 

the 2017 average Canadian yield of 41.0 bu/ac (2298 kg/ha) (CCC 2017a). Despite this, 

a greater impact of insecticide on yield may be seen in field-scale trials where more 

complete control of SM may be achieved. There was a high proportion of perimeter plants 

in these small plot trials, and damage may have been overestimated given that the edge-

interior ratio of plants is higher in small plots compared to large plots. Heaviest SM 

damage is typically observed along field edges as SM move into fields, and canola is 

known to compensate for lower plant densities and for SM damage by increased 

branching and pod production (Angadi et al. 2003; Hallett 2017). As well, the population 

pressure of SM varied each year (Table 3-1), which likely contributed to variable levels of 

damage within the same treatments across years. For example, 2014 had the highest 

levels of damage at each of the three sampling date ranges (Table 3-3); however, the 

highest midge numbers were recorded in 2017 and 2015, respectively (Table 3-1). A TB 

regime may be found to be more effective than a PS regime, since application timing can 

coincide more closely with peak adult emergences.  

In conclusion, the results of this study suggest that Matador® is currently the best 

insecticide for control of SM in canola and that a threshold approach can be an effective 

economic management tactic. Thus, the null hypothesis is rejected and the alternative 
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hypothesis that a TB regime is a viable management method for SM in canola is 

supported. Given the risk of insecticide resistance, Coragen® should also be 

implemented into threshold applications. A more conservative pheromone-based action 

threshold of <5 males/trap/day may be required to achieve better control than the current 

threshold recommendation. To measure this, AT’s between of a range of 1-4 

males/trap/day need to be tested in large plot field trials. In order to prevent unnecessary 

insecticide applications, and thus a reduction in profits, traps should be monitored closely 

during the 7-leaf and primary bud stages of canola to ensure that, while canola is in its 

most vulnerable plant stages, insecticide applications are timed as soon as a threshold 

value is reached. Future research involving large-scale field trials and a lower range of 

pheromone-based action thresholds is required to refine and determine the optimum 

threshold for effective management of SM in canola.
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4 General discussion  

My research has uncovered the first direct evidence of the compensatory abilities of 

canola to swede midge (SM) damage, and has provided novel information to the topic of 

compensatory responses of plants to herbivory. Single canola plants were found to 

compensate for SM herbivory through increased raceme and pod production at the 3-

leaf, 7-leaf, primary bud, and secondary bud plant stages, with the majority of 

compensatory effects found at the 3° raceme level (Chapter 2). As well, my research 

determined that the secondary bud plant stage should be categorized as a vulnerable 

stage of canola to SM infestation (Chapter 2), along with the 7-leaf and primary bud plant 

stages (Williams and Hallett 2018), as the total number of pods decreased with increasing 

SM density. Canola is predicted to reach maximum levels of compensation at the primary 

and secondary bud stages when exposed to a range of 4.5 – 6.5 female SM (Chapter 2). 

However, the compensatory response of canola to SM damage is not a highly desirable 

trait in the field, as damaged plants create asynchrony in development time of a crop 

(Williams and Hallett 2018), leading to delayed harvest and a potential reduction in profits. 

In areas of low plant density, increased pod production and branching can occur (Angadi 

et al. 2003), and so compensatory abilities of canola may be enhanced under low density 

conditions. Compensatory responses to herbivory are influenced by factors such as water 

and nutrient availability, timing and intensity of herbivory, and the type and age of tissue 

damaged (Maschinski and Whitham 1989), but it is unknown how canola compensates 

under these varying conditions.  

A threshold-based insecticide regime could effectively protect new compensatory 

growth of canola, whereas a plant stage regime would not. Threshold applications of 
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insecticides can immediately target rising, or high, SM densities that could cause yield 

loss in canola, and are only applied when necessary (Tangtrakulwanich et al. 2014), 

rather than the passive prophylactic approach of plant stage applications that do not 

depend on detection of SM. Given the utility of Matador® 120EC in providing effective 

control of SM in canola (Chapter 3), and that there was no difference between plant stage 

timing and threshold-based insecticide regimes, a threshold-based insecticide regime 

would be useful for timing insecticide applications to target SM densities at which canola 

is susceptible to high levels of compensatory responses. Ontario growers and crop scouts 

are advised to plant canola early to allow for a longer time frame to accommodate a 

delayed harvest in the event of high SM infestation levels and compensatory responses 

of canola. There is a very high risk of later planted fields being unharvestable because 

they are more prone to SM damage compared to early planted fields (Hallett and Hall 

2014; Hallett 2017; Soroka et al. 2019) and pods produced on compensatory racemes 

may not mature in time for harvest before winter. 

In order to protect canola against early and potentially high infestations of SM while 

also preventing excessive spraying during the early vegetative stages where canola is 

able to compensate for damage, the recommended initial threshold value of the 

cumulative capture of 20 midges (Hallett and Hall 2014) should continue to be used to 

stop unnecessary early spraying by growers, but to also prevent economic losses (Hallett 

2017). Coragen® should be used for this initial threshold application, as it will provide 

some residual activity during the vegetative stages while providing insecticide resistance 

management to the SM IPM program for canola. Subsequent applications of Matador® 

120EC should be implemented whenever a threshold of ≥3 males/trap/day is reached, 
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with a minimum 7-day interval between applications. The threshold of ≥3 is advised 

because treatments in the field plot trials using a threshold of ≥5 did not guarantee a yield 

gain (Chapter 3), and a more conservative threshold may provide better control before 

SM densities related to maximum levels of compensation occur (Chapter 2). In the event 

that the PMRA decides to cancel the use Matador®, Coragen® should be used for all 

threshold applications. This AT recommendation involves insecticide applications across 

entire canola fields, but subsequent research should investigate the utility of only spraying 

field perimeters, as SM damage is often initially observed along field edges (Hallett 2017).  

 Future studies should be designed to avoid problems encountered in the current 

study. Damage ratings were performed using the scheme from Williams and Hallett 

(2018) in all but one year of the field plot trials, thus necessitating the use of damage 

incidence data. Damage severity should be recorded consistently in future research 

assessing field-realist SM impact on canola. Another inconsistency occurred in Chapter 

2 among the infestation experiments. Control plants from each plant stage assessed in 

the single infestation experiments, as well as the controls from the multiple infestation 

experiment, showed variation in the percentage of total seed weight produced by 1°, 2°, 

and 3° racemes, i.e. 9.4 – 51.8%, 40.4 – 60%, and 0.02 – 42%, respectively. These large 

ranges are likely due to differences in growth conditions between the growth chamber 

where experiments were performed and the greenhouse where plants were first cultivated 

and later held until maturation after the experimental treatment. Variation may also be a 

result of aphid and thrip infestations that occurred to varying degrees throughout this 

study. A final possible source of inconsistency in the laboratory experiments is the method 

used to introduce SM to experimental plants. Adult SM were aspirated into cages with the 
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expectation that mating and oviposition would occur. Oviposition rates were not 

assessed, as this would require mechanical manipulation and/or destruction of plants to 

count eggs, and plants in these experiments were needed to reach maturity in order to 

measure yield. This method was utilized because prior attempts to move individual eggs 

and larvae onto canola plants utilizing a damp camel hair paint brush were unsuccessful 

(Hallett, personal communication). However, future laboratory trials assessing the impact 

of SM damage on canola could integrate the method used successfully by Stratton et al. 

(2018), whereby first instar SM larvae were washed from plants with deionized water, 

aspirated from the water, and then directly applied to the primary meristem of 

experimental plants using a 200-l pipette. This method would provide a means of 

accurately delivering desired densities of SM for future studies of the impact that SM 

larvae have on a single plant. 

Although I have suggested using 2 different insecticides for chemical control of 

SM, insecticide resistance development in SM is still a threat. Risk of insecticide 

resistance has been suggested previously given that there are only 2 registered products 

for use against SM in canola (Hallett et al. 2009a). To further improve the integrated pest 

management program for SM in canola, and to avoid the development of insecticide 

resistance, other control methods should be investigated. Biocontrol of SM using 

parasitoids is currently being researched. Macroglenes chalybeus Haliday (Pteromalidae) 

and Synopeas myles Walker (Platygastridae) have been identified as endoparasitoids of 

swede midge, however parasitism rates have characteristically been low (<3%) and have 

rarely reached 30-40% in Europe (Abram et al. 2012). Recent Ontario surveys have 

discovered the presence of S. myles in Ontario canola fields, with an average parasitism 
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rate of 6.36% (Ferland, McGregor and Hallett, unpublished data). Successful control of 

SM in conventional broccoli fields has been found in the field using three 

entomopathogenic nematode species (Heterorhabditis bacteriophora,Steinernema 

carpocapsae and S. feltiae) and one entomopathogenic fungus (Metarhizium anisopliae) 

to suppress emergence of adults from the soil (Evans et al. 2015), but it is unknown if this 

form of biocontrol would be useful in canola. Pheromone-mating disruption, where 

synthesized female sex pheromone is released to confuse and prevent males from 

locating mates, has been used successfully for SM in Europe (Samietz, Baur, and Hillbur 

2012), but SM pheromone synthesis is expensive and may not be a cost-efficient solution 

(Hodgdon et al. 2018). Preliminary laboratory results using essential oils such as garlic, 

lemongrass, oregano, and thyme to manage SM were promising, and field trials are 

currently underway to investigate this further (Hodgdon et al. 2018).  

In the future, advancements in genetic technology may provide additional tools to 

help combat insect pests. RNA interference (RNAi) is an emerging technology for pest 

control which involves targeting and silencing essential genes in an insect to cause 

mortality (Rodrigues et al. 2017). RNAi has been used to effectively induce mortality of a 

number of insect pests, including emerald ash borer (Agrilus planipennis Fairmaire) 

(Rodrigues et al. 2017) and Western corn rootworm (Diabrotica virgifera virgifera 

LeConte) (Bolognesi et al. 2012). Another strategy that may arise is the ability to select 

for compensatory genes in field crops. Techniques such as CRISPR/Cas9 based genome 

editing could be used to improve crop tolerance and compensation for pest damage, and 

potentially enhance yield and nutritional value (Jaganathan et al. 2018). 
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 In conclusion, the new pheromone-based action threshold recommendation for SM 

management in canola is: an initial insecticide application of Coragen® 120EC once a 

cumulative capture of 20 midges across all traps is reached, and then subsequent 

applications of Matador® 120EC should occur whenever a threshold of ≥3 males/trap/day 

is reached, with a minimum 7-day interval between sprays. Applications should cease 

once majority of canola plants in a field have flowered. Lab and field trials have provided 

evidence that supports the compensatory abilities of canola, however whether 

compensation can be beneficial within a canola field in response to SM damage remains 

to be determined. Moving forward, alternative methods of pest control need to be 

investigated to further improve the IPM program for SM.  
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APPENDIX 

Table S2-1: Model statistics from ANOVAs of a laboratory experiment assessing the impact of 
swede midge density on 3-leaf stage canola at the University of Guelph.  

ANOVA including 0, 2, 5, 10, and 50♀ swede midge treatments 

 
Treatment Date 

Variable df F-value P-value df F-value P-value 

2° racemes 4,12 0.74 0.59 1,12 0.56 0.47 

3° racemes 4,12 1.27 0.34 1,12 2.83 0.12 

Total racemes 4,12 1.08 0.41 1,12 2.17 0.17 

1° pods 4,12 0.87 0.51 1,12 1.02 0.33 

2° pods 4,12 0.87 0.51 1,12 1.71 0.22 

3° pods 4,12 0.86 0.52 1,12 0.48 0.50 

Total pods 4,12 2.08 0.15 1,12 0.15 0.70 

1° seed weight 4,12 0.79 0.55 1,12 0.83 0.38 

2° seed weight 4,12 1.01 0.44 1,12 0.02 0.88 

3° seed weight 4,12 0.79 0.55 1,12 4.42 0.057 

Total seed weight 4,12 1.02 0.43 1,12 1.24 0.29 

1° 100-seed weight 4,10 0.53 0.72 1,10 1.53 0.24 

2° 100-seed weight 4,11 1.26 0.34 1,11 1.47 0.25 

3° 100-seed weight 4,12 0.72 0.59 1,12 1.21 0.29 

ANOVA including 0, 2, 5, and 10♀ swede midge treatments 

 
Treatment Date 

Variable df F-value P-value df F-value P-value 

2° racemes 3,9 0.89 0.48 1,9 1.04 0.33 

3° racemes 3,9 0.55 0.66 1,9 2.12 0.18 

Total racemes 3,9 0.43 0.74 1,9 1.78 0.22 

1° pods 3,9 1.26 0.35 1,9 1.69 0.23 

2° pods 3,9 0.12 0.95 1,9 1.20 0.30 

3° pods 3,9 0.63 0.62 1,9 0.24 0.64 

Total pods 3,9 0.18 0.91 1,9 0.10 0.76 

1° seed weight 3,9 0.81 0.52 1,9 1.45 0.26 

2° seed weight 3,9 0.10 0.96 1,9 0.020 0.88 

3° seed weight 3,9 1.15 0.38 1,9 5.020 0.052 

Total seed weight 3,9 1.50 0.28 1,9 1.33 0.28 

1° 100-seed weight 3,8 0.44 0.73 1,8 2.06 0.19 

2° 100-seed weight 3,9 0.98 0.44 1,9 1.00 0.34 
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3° 100-seed weight 3,9 3.18 0.078 1,9 1.39 0.27 
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Table S2-2: Model statistics from ANOVAs of a laboratory experiment assessing the impact of 

swede midge density on 7-leaf stage canola at the University of Guelph.  

ANOVA including 0, 2, 5, 10, and 50♀ swede midge treatments 

 
Treatment Date 

Variable df F-value P-value df F-value P-value 

2° racemes 4,20 0.51 0.73 1,20 0.00 0.96 

3° racemes 4,20 0.63 0.65 1,20 0.24 0.63 

Total racemes 4,20 0.65 0.64 1,20 0.15 0.70 

1° pods 4,20 6.99 0.0011 1,20 0.29 0.60 

2° pods 4,20 1.94 0.14 1,20 1.53 0.23 

3° pods 4,19 0.45 0.77 1,19 0.41 0.53 

Total pods 4,19 1.15 0.37 1,19 0.96 0.34 

1° seed weight 4,20 2.35 0.089 1,20 0.020 0.89 

2° seed weight 4,20 0.38 0.82 1,20 0.050 0.83 

3° seed weight 4,19 0.22 0.92 1,19 0.13 0.73 

Total seed weight 4,19 0.15 0.96 1,19 0.030 0.87 

1° 100-seed weight 4,19 0.38 0.82 1,19 0.020 0.88 

2° 100-seed weight 4,20 0.59 0.68 1,20 0.48 0.50 

3° 100-seed weight 4,19 0.89 0.49 1,19 0.00 0.98 

ANOVA including 0, 2, 5, and 10♀ swede midge treatments 

 
Treatment Date 

Variable df F-value P-value df F-value P-value 

2° racemes 3,15 0.43 0.73 1,15 0.01 0.94 

3° racemes 3,15 0.57 0.64 1,15 0.33 0.58 

Total racemes 3,15 0.55 0.66 1,15 0.19 0.67 

1° pods 3,15 0.58 0.64 1,15 0.00 0.95 

2° pods 3,15 2.20 0.13 1,15 1.03 0.33 

3° pods 3,14 0.42 0.74 1,14 0.20 0.66 

Total pods 3,14 0.98 0.43 1,14 0.52 0.48 

1° seed weight 3,15 0.91 0.46 1,15 0.32 0.58 

2° seed weight 3,15 0.50 0.69 1,15 0.01 0.92 

3° seed weight 3,14 0.13 0.94 1,14 0.01 0.92 

Total seed weight 3,14 0.15 0.93 1,14 0.02 0.88 

1° 100-seed weight 3,15 0.12 0.95 1,15 0.66 0.43 

2° 100-seed weight 3,15 0.91 0.46 1,15 2.74 0.12 

3° 100-seed weight 3,14 1.13 0.37 1,14 0.74 0.40 
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Table S2-3: Model statistics from ANOVAs of a laboratory experiment assessing the impact of 
swede midge density on primary bud stage canola at the University of Guelph.  

ANOVA including 0, 2, 5, 10, and 50♀ swede midge treatments 

 
Treatment 

Variable df F-value P-value 

2° racemes 4,16 2.61 0.075 

3° racemes 4,16 2.37 0.096 

Total racemes 4,16 1.97 0.15 

1° pods 4,16 6.58 0.0025 

2° pods 4,16 0.53 0.71 

3° pods 4,16 3.52 0.030 

Total pods 4,16 1.27 0.32 

1° seed weight 4,16 5.80 0.0044 

2° seed weight 4,16 0.59 0.68 

3° seed weight 4,16 1.56 0.23 

Total seed weight 4,16 2.040 0.14 

1° 100-seed weight 4,11 0.63 0.65 

2° 100-seed weight 4,16 2.87 0.057 

3° 100-seed weight 4,10 2.13 0.15 

ANOVA including 0, 2, 5, and 10♀ swede midge treatments 

 
Treatment 

Variable df F-value P-value 

2° racemes 3,12 2.64 0.097 

3° racemes 3,12 2.38 0.12 

Total racemes 3,12 2.49 0.11 

1° pods 3,12 0.53 0.67 

2° pods 3,12 0.49 0.70 

3° pods 3,12 2.78 0.087 

Total pods 3,12 1.18 0.36 

1° seed weight 3,12 1.53 0.26 

2° seed weight 3,12 0.72 0.56 

3° seed weight 3,12 1.65 0.23 

Total seed weight 3,12 3.19 0.063 

1° 100-seed weight 3,12 0.68 0.58 

2° 100-seed weight 3,12 4.66 0.022 

3° 100-seed weight 3,7 2.58 0.14 

 



 

 112 

Table S2-4: Model statistics from ANOVAs of a laboratory experiment assessing the impact of 
swede midge density on secondary bud stage canola at the University of Guelph.  

ANOVA including 0, 2, 5, 10, and 50♀ swede midge treatments 

 
Treatment 

Variable df F-value P-value 

2° racemes 4,8 2.09 0.17 

3° racemes 4,8 2.37 0.14 

Total racemes 4,8 1.82 0.22 

1° pods 4,8 0.54 0.72 

2° pods 4,8 2.89 0.094 

3° pods 4,8 4.42 0.035 

Total pods 4,8 8.92 0.0048 

1° seed weight 4,8 0.11 0.97 

2° seed weight 4,8 0.93 0.49 

3° seed weight 4,8 4.29 0.038 

Total seed weight 4,8 0.79 0.57 

1° 100-seed weight 4,8 1.47 0.30 

2° 100-seed weight 4,8 0.83 0.54 

3° 100-seed weight 4,8 0.41 0.80 

ANOVA including 0, 2, 5, and 10♀ swede midge treatments 

 
Treatment 

Variable df F-value P-value 

2° racemes 3,6 1.2 0.39 

3° racemes 3,6 2.08 0.21 

Total racemes 3,6 1.2 0.39 

1° pods 3,6 0.55 0.66 

2° pods 3,6 1.71 0.26 

3° pods 3,6 5.05 0.044 

Total pods 3,6 4.48 0.056 

1° seed weight 3,6 0.07 0.98 

2° seed weight 3,6 1.11 0.42 

3° seed weight 3,6 4.87 0.048 

Total seed weight 3,6 0.78 0.55 

1° 100-seed weight 3,6 0.65 0.61 

2° 100-seed weight 3,6 0.96 0.47 

3° 100-seed weight 3,6 0.18 0.90 
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Table S2-5: Model statistics from an ANOVA of a laboratory experiment assessing the impact of 
multiple infestations of swede midge density on canola at the University of Guelph.  

 
Treatment 

Variable df F-value P-value 

2° racemes 3,11 0.17 0.91 

3° racemes 3,11 1.010 0.43 

Total racemes 3,11 0.44 0.73 

1° pods 3,11 3.92 0.039 

2° pods 3,11 0.050 0.99 

3° pods 3,11 0.73 0.55 

Total pods 3,11 0.23 0.87 

1° seed weight 3,11 2.79 0.091 

2° seed weight 3,11 0.51 0.68 

3° seed weight 3,11 1.14 0.38 

Total seed weight 3,11 0.51 0.68 

1° 100-seed weight 2,10 2.67 0.12 

2° 100-seed weight 3,9 0.67 0.59 

3° 100-seed weight --- --- --- 
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Table S3-1: Insecticide spray dates in treatments from a series of action threshold field plot trials 

at the Elora Research Station from 2014-2017.  

Year 
Planting 
Timing Regime1  Active Ingredient(s) Spray Dates2 

2014 Early Control --- --- 

  
Plant Stage λ-Cyhalothrin June 19, July 4, 18 

  
Plant Stage Chlorantraniliprole - λ-Cyhalothrin June 23 (M), July 4 (C), 16 (M) 

  
Threshold (≥5) λ-Cyhalothrin July 11, 18 

  
Threshold (≥5) Chlorantraniliprole - λ-Cyhalothrin June 23 (M), July 16 (C) 

  
Biweekly λ-Cyhalothrin --- 

    Biweekly Spirotetramat --- 

2015 Early Control --- --- 

  
Plant Stage λ-Cyhalothrin June 18, July 6, 13 

  
Threshold (≥5) λ-Cyhalothrin July 13 

  
Threshold (≥10) λ-Cyhalothrin --- 

 
Late Control --- --- 

  
Plant Stage λ-Cyhalothrin July 6, 13, 24 

  
Threshold (≥5) λ-Cyhalothrin July 24 

  
Threshold (≥10) λ-Cyhalothrin --- 

2016 Early Control --- --- 

  
Plant Stage λ-Cyhalothrin June 9, 23, July 6 

  
Plant Stage Spirotetramat --- 

  
Threshold (≥5) λ-Cyhalothrin June 21, July 6 

  
Threshold (≥5) Spirotetramat  June 21, July 6 

2017 Early Control --- --- 

  
Plant Stage Chlorantraniliprole - λ-Cyhalothrin June 13 (M), 24 (C), July 4 (M) 

  Threshold (≥1) Chlorantraniliprole - λ-Cyhalothrin June 8 (C), 17 (M), 30 (C), July 8 (M) 

  
Threshold (≥5) Chlorantraniliprole - λ-Cyhalothrin June 8 (C), 17 (M), 30 (C), July 8 (M) 

  
Threshold (≥5) Spirotetramat June 9, 17, 20, July 8 

  
Weekly Spirotetramat --- 

 
Late Control --- --- 

  
Plant Stage Chlorantraniliprole - λ-Cyhalothrin July 6 (C), 18 (M), 25 (M) 

  Threshold (≥1) Chlorantraniliprole - λ-Cyhalothrin July 8 (C), 20 (M), 27 (C) 

  
Threshold (≥5) Chlorantraniliprole - λ-Cyhalothrin July 8 (C), 20 (M), 27 (C) 

  
Threshold (≥5) Spirotetramat July 8, 20, 27 

  
Weekly Spirotetramat --- 

1Numbers within parentheses indicate the number of male swede midge per trap per day at which threshold sprays were applied.  

2(C) and (M) represent an applications of Coragen® and Matador®, respectively.   
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Table S3-2: Herbicide application timing from a series of action threshold field plot trials at the 
Elora Research Station from 2014-2017. 

Year Herbicide Spray Dates 

2014 Rival® EC1 May 26  

2016 Rival® EC1 May 12 

 Liberty® 200 SN2 June 17 

1Trifluralin; [AI] 500 g/L; Nufarm Agriculture Inc. 

2Glufosinate ammonium; [AI] 200 g/L; Bayer CropScience Inc. 
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