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Abstract 

Volunteer canola (Brassica napus L.) has become an abundant weed in western 

Canadian cropping systems.  Modern canola cultivars are strong competitors and produce 

large seed yields, however seed shattering during harvest creates large volunteer 

seedbanks.  The segregation of hybrid trait and changes in variability of traits may allow 

successive generations of volunteer B. napus weeds to display different levels of fitness 

and other traits.  Three cultivars: 2 hybrid, and 1 open-pollinated at three consecutive 

generations: G1, the initial crop; G2, first generation of volunteers; and G3 the second 

generation of volunteers, were used to evaluate the competitive ability, fitness and 

population dynamics of volunteer canola when grown as a weed in wheat (Triticum 

aestivum L.).  Traits including seed, biomass, and pod production, plant height, seed 

weight, dormancy, and competitive ability were measured.  In all traits but height and 

seed weight, hybrid breakdown occurred, as the hybrid G1displayed greater mean values 

than the G2 generation.  Hybrids commonly showed the highest mean values of various 

traits in the G1, lowest mean values in the G2.  Hybrid G3 populations produced mean 

values not different from the G1 or G2 generations for many traits. The open-pollinated 

cultivar displayed mean values for all traits which did not vary across generations. 

Generational differences in B. napus seedlings resulted in differences in wheat yield 

losses.  B. napus densities at maturity provided a more robust model of wheat yield loss, 

as there were differences in wheat yield losses due to the interaction of generation and 

cultivar of B. napus.  Commercial seed generations were the most competitive and fit 

plants, while volunteer generations were less competitive, and not as fit.   
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1.0 Introduction 

Brassica napus L. (canola) is one of the most widely grown crops on the 

Canadian prairies.  Brassica napus is also a common and widespread weed because of its 

large sown acreage, and weedy characteristics.  Currently B. napus is the 12
th
 most 

abundant weed on the prairies (Leeson et al. 2005), and appears on average at densities of 

three to five plants per square meter (Harker et al. 2006). 

Gulden (2003) has shown that volunteer B. napus populations originate from the 

harvest of B. napus crops.  In the process of harvesting B. napus, 3,000 seeds per square 

meter are lost to the soil surface, allowing a seedbank to be formed (Gulden 2003).  

Secondary seed dormancy is genetically controlled and allows for the persistence of 

volunteer B. napus for several cropping seasons (Gulden 2003, Claupein and Gruber 

2007, Pekrun 1997).  Volunteer B. napus seeds breaking secondary dormancy in the 

spring and germinating with wheat (Triticum aestivum L.) have been found to cause 

variable yield losses.  In the 1970’s low volunteer B. napus densities were observed to 

cause wheat yield losses of 0.24 to 2.4% per B. napus plant (O’Donovan et al. 2008). 

However, the competitive ability of current B. napus cultivars remains unknown.  

Volunteer B. napus plants competing with wheat crops are also able to reach full maturity 

before the wheat crop is harvested.  This allows for the production of over 3,000 seeds 

per volunteer plant in Quebec cropping systems (Légère et al. 2006).  There are no 

estimates of volunteer B. napus fecundity in western Canadian environments or cropping 

systems.  

Commercial cultivars of B. napus crops are provided to producers in one of two 

general forms: open pollinated (OP) and hybrid. Open pollinated cultivars are a 
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homogeneous sample of homozygous seeds which produce a homogeneous yield of 

homozygous seeds (Hill et al. 1998).  Subsequent generations of OP cultivars maintain 

their genotype across generations, but hybrids do not (Hill et al. 1998).  Hybrid cultivars, 

in contrast are a homogeneous sample of F1 heterozygous seeds.  F1 hybrids produce a 

heterogeneous mix of homozygous and heterozygous F2 seeds.  Volunteer generations 

from hybrids begin with the F2 generation of seed.  This generation is highly variable and 

contains the greatest number of different genotypes (Russell 1992).  Selfing subsequent 

generations of former B. napus hybrids move the population towards homozygosity by 

50% in each generation (Hill et al. 1998). Increased complexity in the ecology of 

volunteer B. napus arises when the cultivar and generation of the volunteers are 

considered.    

  Genetic variability within plant populations is commonly seen as beneficial, as it 

increases the likelihood of survival across multiple environments (Smith 2006).  

Furthermore, genetic variability allows for selection of phenotypes which are best suited 

to specific environments.  Natural selection of the most fit B. napus individuals could 

allow for increased weediness, and competitive ability over several generations.  

The aim of this study was to evaluate the effect of generation and cultivar on the 

ecology and competitiveness of volunteer B. napus.  Ecological fitness and phenology 

were evaluated using several traits including biomass, pod production, seed size, and 

plant height.  It was hypothesized that hybrid cultivars would vary in their levels of 

fitness, and competitive ability across generations, while the open pollinated cultivar was 

expected to maintain constant levels of fitness, and competitive ability across all 

generations. 
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2.0 Literature Review 
 

2.1 Introduction 

 Brassica napus is grown on over 750, 000 hectares in Saskatchewan 

(Saskatchewan Ministry of Agriculture 2008).    Initial seed bank inputs from the harvest 

of a B. napus crop, and the ability of volunteer B. napus seed to attain secondary seed 

dormancy, allow volunteer B. napus to persist as a weed in western Canadian agro-

ecosystems (Gulden 2003). The ability of this crop to become a persistent weed across 

multiple agroecosytems has been well documented (Gruber et al. 2004; Lutman 1993; 

Gulden 2003; Simard et al. 2002). 

 

2.2 The Occurrence of Volunteer B. napus  

Volunteer B. napus presence has increased with the increased B. napus crop 

production.  Volunteer B. napus has increased in abundance from a rank of 28
th

 most 

abundant weed in the 1970’s to the 12th most abundant weed across western Canada in 

the 2000’s (Leeson et al. 2005).  The greatest populations of volunteer B. napus on the 

Canadian prairies appear in the Peace lowland, boreal transition and mid-boreal upland 

regions (Leeson et al. 2005).  In these regions, volunteer B. napus occurs in 20 to 50% of 

the crops other than B. napus, even after a herbicide has been applied (Leeson et al. 

2005). 

 Volunteer B. napus  populations are the result of machinery losses, seed 

persistence through dormant seedbanks, seed immigration from neighbouring fields, and 

transport losses (Pivard et al. 2008). Soil seedbanks of B. napus tend to decline rapidly 
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after the crop is grown.  In the first year after a B. napus crop in Europe, seedbanks of 

600 (Pekrun and Lutman 1998) to 3,200 seeds are common but diminish greatly before 

the second year (Gruber at al. 2004; Simard et al. 2002; Pekrun and Lutman, 1998; 

Lutman  2003).In western Canada, first year seed bank reductions can be as high as 99% 

(Gulden 2003).   

Volunteer B. napus populations are at their greatest densities the first year after a 

B. napus crop, and can be quite variable (Gulden  2003; Simard et al. 2002).  In Quebec 

cropping systems, volunteer B. napus  densities one year after the original crop averaged 

five plants per square meter (Simard et al. 2002), while in Manitoba, volunteer B. napus  

densities ranged from 6 to 2,015 plants per square meter (Lawson et al. 2006).  In 

Saskatchewan, Gulden (2003) found field recruitment to be as high as 14 plants per 

square meter, but also as low as 0.1 plant per square meter, depending on the year.  A 

western Canadian study showed a large variation in volunteer B. napus densities ranging 

from 0 to 179 plants per square meter, emerging from seedbanks of the same size (Harker 

et al. 2006).  Regardless of initial spring density, volunteer populations have been 

observed to suffer seedling mortality creating populations of less than five plants per 

square meter by harvest (Harker et al. 2006).   

Volunteer B. napus commonly appears along roads sides in Europe (Crawley and 

Brown  2004) and western Canada (Yoshimura et al. 2006).  European roadside 

populations are not self-replacing, and only persist for one to four years (Crawley and 

Brown 2004). The requirement of seed input from passing vehicles and farm machinery 

carrying B. napus seed (Crawley and Brown 2004), as well as, a disturbance to remove 
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competitive perennial grasses, prevent these populations from becoming feral self-

sustaining communties (Crawley et al. 1993). 

 

2.3 The Life Cycle of Volunteer B. napus  

2.3.1 Seed introduction and secondary seed dormancy 

 Seed losses during the harvest of conventional B. napus crops allow for the initial 

volunteer B. napus seedbank inputs.  These harvest losses can be in the range of 3,000 

seed m
-2

 to over 10,000 seeds m
-2

 depending on ripening, harvest method and 

environmental conditions (Gulden 2003; Gulden et al. 2003a; Price et al. 1996; and 

Lutman et al. 2003).   

  Dormancy is the mechanism which prevents a seed from germinating in 

conditions which appear favourable for germination (Vleeshowers et al. 1995).  

Dormancy can be classified using the primary/secondary seed dormancy classification 

system (Karssen 1980).  Primary dormancy is the prevention of germination of a seed, on 

the mother plant, and the maintenance of that dormancy for a period of time once the 

seed has been separated from the mother plant (Karssen 1980; Hilhorst and Toorop 

1997).  Seeds in primary dormancy may require any number of various after-ripening 

mechanisms to take place in order to break dormancy and germinate (Baskin and Baskin, 

1998). In volunteer B. napus there is very little or no primary dormancy (Schlink 1998). 

Secondary seed dormancy is the induction of dormancy, generally after the seed has been 

removed from the mother plant.  Volunteer B. napus seeds are able to persist by 

developing secondary seed dormancy, under conditions of high osmotic potential and 

other factors (Pekrun et al. 1997; Pekrun et al. 2005; Momoh et al. 2002; Gulden 2003).  
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High osmotic potential activates dormancy by limiting sensitivity to far red light, thus 

preventing germination (Lopez-Granados and Lutman 1998; Pekrun et al 1997).  

Exposure to red light is able to remove this imposed dormancy, therefore soil burial, or 

the exclusion of red light, is capable of allowing B. napus to persist for up to ten years 

(Bewley and Black 1985; Gulden 2003; Momoh et al. 2002; Pekrun et al. 1997;  Pekrun 

et al, 2005; Schlink 1998; Squire 1999). Low oxygen concentrations, high osmotic 

potential, high temperatures and light exclusion are all able to induce dormancy in B. 

napus seeds (Pekrun et al. 1997; Momoh et al. 2002; Zhang and Hampton 1999; Gulden 

et al. 2004).   

Environmental stimuli, including light and cold temperatures are commonly used 

to break dormancy in several dicotyledonous species (Amritphale et al. 1995).  Light, in 

the form of sunlight, a camera flash, or conventional indoor lighting can be a dormancy 

breaking factor for B. napus (Schlink 1998).  Cold stratification at temperatures of 2 to 

4°C for several days is also sufficient to remove dormancy restraints on volunteer B. 

napus seed (Pekrun et al. 1997).  Alternating temperatures or exposure to gibberellic acid 

have also been used to break dormancy in volunteer B. napus (Pekrun et al. 1997; Pekrun 

et al. 1998). 

 Several factors are known to affect, or cause variation in B. napus dormancy.  

One of the most influential factors affecting the ability of seeds to maintain secondary 

dormancy is genetics (Gulden 2003; Gulden et al. 2003b; Gruber et al. 2004).  Different 

genotypes of B. napus can be grouped into different categories ranging from high, 

moderate, and low levels of dormancy (Gulden et al. 2004).  Some B. napus cultivars 

exhibit no secondary seed dormancy potential (Momoh et al. 2002).  Transgenic cultivars 
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have been found to have less dormancy potential than conventionally bred cultivars 

(Gruber et al. 2004).  However, this was contradicted by Gulden (2003), who found no 

differnces between the breeding methods.  Seed size contributes to the variation in 

dormancy levels within a cultivar, where large seeds show greater secondary dormancy 

potential (Gulden et al. 2004)    

Differences in secondary dormancy potential due to environment during seed 

production and maturation is also known to occur (Gulden 2003; Andersson and Millberg 

1998).  Aging of seeds has a negative impact on secondary seed dormancy (Gruber et al. 

2004, Gulden 2003, Gulden et al. 2003b).  Aging seeds at room temperature for six 

months reduced secondary dormancy potential by 80% when compared to the dormancy 

potential of fresh harvested seeds (Gruber et al. 2004).    

Dormancy is not only affected by the genetics of the seed, but also by the genetics 

and environment of the maternal plant. Parental effects on seed dormancy occur through: 

A) direct transmission of genetic material through the cytoplasm, endosperm, or heritable 

mutations; and B) environmental conditions influencing gene expression in the seed coat 

(Foley and Fennimore 1998; Luzuriaga et al. 2006). The production of a greater number 

of seeds by the mother plant has also been shown to decrease the level of dormancy 

possessed by those seeds (Luzuriaga et al. 2006).   

 Antirrhinum majus L. (snapdragon) and Petunia hybrida L. (petunia) display 

dormancy as quantitative trait, where maternal factors producing the seed coat, as well as 

nuclear factors, influence the degree of dormancy (Foley and Fennimore 

1998). Transmission of information or environmental cues from the mother plant to the 
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seed is largely achieved through modifications to the seed coat (Luzuriaga et al. 2005; 

Leon-Kloosterziel et al. 1994). 

 Changes to the seed coat can affect dormancy and germination responses.  

Mechanical restriction may be placed on the radicle and embryo until the seed coat is 

cracked, or removed (Luzuriaga et al. 2006).  Alterations to the permeability of the seed 

coat can affect gas exchange, allowing for greater respiration and growth, or the 

identification of germination cues (Luzuriaga et al. 2005).  Changes to the thickness or 

the presence of the seed coat allow for changes in light perception, which may act as a 

germination cue (Luzuriaga et al. 2005).  

2.3.2 Germination of volunteer B. napus  

 A large proportion of volunteer B. napus seedling emergence often occurs in the 

fall after harvest of the original crop.  In western Canada, the seedlings produced in the 

fall are generally not able to survive the winter (Gulden et al. 2008). Volunteer plants 

most likely to survive to reproduction, and compete with crops, are recruited in May and 

June (Gulden et al. 2003b; Lawson et al. 2006).  Seedling recruitment occurs when 100 to 

450 growing degree days have been accumulated (base temperature of 5 degrees) 

(Gulden et al. 2003b, Lawson et al. 2006).  Canadian B. napus cultivars can germinate 

ranges at 0.44 to 2°C (Kondra et al. 1983; Vigil et al. 1997).  However, the optimum 

range in soil temperature for B. napus emergence is 15 to 20°C (Kondra et al. 1983).  In 

western Canada, the soil temperatures in May and June of the major B. napus producing 

areas are between 5 and 13°C.  A lower than optimal temperature range causes a 

decrease in the total germination percentage and a reduction in the rate of germination 
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(Kondra et al. 1983).  Recruitment events in western Canada are believed to coincide 

with spring rainfall events (Gulden et al. 2003b), while in Europe, seedling recruitment 

occurs throughout the entire growing season (Lutman 1993).  

2.3.3 Competition modeling and competitive qualities of volunteer B. napus  

The ability to withstand competition, and maintain crop yield in the presence of 

weeds is the result of two processes.  Firstly, weed growth must be suppressed and 

secondly, the crop must be tolerant to weed growth and competition.  Tolerance to 

competition involves both the avoidance of competition and the ability to maintain high 

yields in the presence of weeds (Lindquist 1998).  Wheat is the most commonly grown 

crop in Saskatchewan (Saskatchewan Ministry of Agriculture 2008).  Wheat is a strong 

competitor, and thus estimations of weed competitive ability using wheat as the response 

crop may be conservative (Mercer et al.  2006). Volunteer B. napus is likely to be at its 

highest densities during the wheat phase of many western Canadian crop rotations, as it 

generally follows B. napus crops (Leeson et al. 2005). An understanding of the effects of 

volunteer B. napus on wheat yield will provide for proper economic assessments of the 

losses caused by volunteer B. napus (O’Donovan et al. 2008).  

 Height, branching capacity, and greater light interception are traits commonly 

associated with plants showing strong competitive abilities (Mason et al. 2007). Traits 

associated with competition, may not necessarily be correlated with yield potential 

(Jennings and Aquino 1968).  Competitive traits aid in the capture of resources, but 

require allocation of nutrients to parts other than seed yield (Jennings and Aquino 1998). 

Traits conferring early establishment, such as early seedling emergence, rapid root 

growth, seedling vigour, early root and shoot biomass accumulation, and rapid canopy 
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closure also increase a plant’s competitive ability.  Many of the previously mentioned 

traits affect competition by influencing the amount of available light, and the intensity of 

the competition for light resources (Huel and Hucl 1996; Blackshaw 1994; O’Donovan et 

al. 2000; Ni et al. 2000; Zand and Beckie 2002; Kropff and Spitters 1991). Both winter 

wheat and B. napus are known to compete through light interception and height with 

volunteers, or neighbouring B. napus plants (Azais et al. 1986; Schott et al. 1994).  

Selection of various traits promoting competitive ability allows B. napus to compete with 

wheat.   

Understanding the ability and degree to which B. napus can cause a decrease in 

crop yields on its own, and in comparison to other common weeds and crops is important.  

A study in the United Kingdom estimated the competitive ability of different crop species 

with oats using a damage coefficient (Lutman et al. 1996).  Winter B. napus shows equal 

competitiveness to oats, but was less competitive than barley (Lutman et al. 1996).  When 

B. napus competed in winter wheat at population levels of 52 B.napus plants m
-2

, a 50% 

yield reduction was observed (Brain et al. 1999).  In western Canada during the late 

1970’s, volunteer B. napus was found to cause wheat yield losses between 0.24%, and 

2.4% per volunteer B. napus plant m
-2

 (O’Donovan et al. 2008).  This rate of loss is 

equivalent to, or may be greater than, the yield loss rate of wild oats (0.6% per plant m
-2

) 

(O’Donovan et al. 2008).  In Chile, volunteer B. napus resulted in field pea (Pisum 

sativum) yield losses of 2.3% at a density of 1 plant per square meter (Diaz et al. 1994).  

B. napus did not affect the biomass production of wild oats (Avena fatua) (Daugovish et 

al.  2002). Wild oat densities reduced B. napus biomass, suggesting that B. napus is more 
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susceptible to inter-specific rather than intra-specific competition (Daugovish et al. 

2002).   

 The competitive ability of a plant has a genetic component.  Different B. napus 

cultivars have shown different levels of competitive ability against wild mustard (Sinapis 

arvensis) (Safahani et al. 2009).  Hybrids have been shown to compete better than inbred 

lines (Lefort-Buson and Dattee 1985).  Positive epistasis among the various genetics of 

hybrids allows for greater adaptation, and vigour than homozygous individuals.  In a 

western Canadian greenhouse study, hybrid cultivars were found to be twice as 

competitive as open pollinated cultivars, based on their dry shoot weight and leaf area 

(Zand and Beckie 2002).   

 Seedling mortality, a form of intra-specific competition, is common in volunteer 

B. napus.  Mean volunteer B. napus densities of 86 plants m
-2

 after an herbicide 

application were reduced to 14 plants m
-2

 by harvest (Thomas et al. 1997).  As a crop, 

seedling mortality in B. napus is also common.  Plants seeded at higher densities suffered 

greater seedling mortality than plants seeded at lower densities (Van Deynze et al. 1992; 

Morrison et al. 1990).  In a European study of seeded volunteer B. napus weeds in a B. 

napus field, volunteer plants suffered greater seedling mortality than the crop (Claupein 

and Gruber 2007). 

Crop yield losses due to competition, based on weed density, are usually modeled 

using a rectangular hyperbola (Cousens 1985).  At low weed densities, the yield loss from 

increasing weed densities is approximately linear.  As the density increases it reaches a 

maximum yield loss.  This model evaluates both inter-specific and intra-specific 

competition, as weeds compete with the crop, as well as each other at high densities.  
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Linear models may also be produced to describe the relationship between yield loss and 

weed density at low weed densities (Kropff 1988; Wilson and Wright 1990). 

 

2.3.4 Reproduction 

 Although B. napus displays an indeterminate growth habit, it usually flowers for 

20 to 25 days only (McGregor 1981).  It is a self pollinating species, known to outcross at 

rates of 30%, with a range of 20 to 47% (Rakow and Woods 1987; Cuthbert and McVetty 

2001).  Increased distanced from a pollen source reduces the level of outcrossing 

occurring between plants (Staniland et al. 2000). 

 Temperature stress of 35°C can greatly affect B. napus reproduction (Angadi et 

al.  2000).  Plants subjected to heat stress abort flowers on the main stem, and show 

deformations in pods and seeds (Angadi et al. 2000; Morrison 1993).  Brassica napus 

plants can compensate once the heat stress has been removed, through increased 

flowering on lateral branches (Angadi et al. 2000).  

 Information on seed production of volunteer B. napus plants in western Canada is 

lacking (Gulden et al. 2008).  In eastern Canada, overwintering B. napus crop rootstocks 

have been observed to produce over 3,000 seeds per plant as a volunteer (Simard et al. 

2002).  In Saskatchewan, B. napus grown in monocultures of varying densities is able to 

produce 16 to 26 seeds per pod, and 44 to 582 pods per plant, depending on density 

(Angadi et al. 2003).  Thousand seed weight, ranged from 2.7 to 3.58 grams, irrespective 

of density (Angadi et al. 2003).  Fecundity of weeds is not always as stable as the 

fecundity of crops.  Variability in the fecundity of weeds may be due to the need to 
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complete their lifecycle and produce mature seeds before harvest of the crop, while under 

competition stress from the crop (Holst et al.  2007).      

2.3.5 Seed coat and maturation of seeds 

 Plants are able to produce polymorphic seeds differing in absolute dormancy 

potential and mechanisms (Harper 1977; Gutterman 2000). This may be due to 

differences in seed coat, nutrient allocation, and environmental conditions during seed 

maturation (Gutterman 2000).  Differences in seed coat permeability can affect water 

permeability (Gutterman 2000) and light perception (Pons 2000), two qualities important 

to the induction and maintenance of dormancy in volunteer B. napus (Gulden 2003; 

Pekrun et al. 1997).  Seed coat development is the last step in seed maturation, as the 

final seed size has been determined, but the seed remains unripe (Gutterman 2000).  

Adverse environmental conditions at this time may result in poorly formed seeds coats, 

allowing increased fungus and water permeability, as well as decreased seed longevity.   

 

2.4 B. napus Commercial Seed Production 

 Two production strategies are currently used to develop commercial B. napus 

cultivars; open pollination and hybrid breeding.  Open pollination was traditionally used 

for seed production, but currently hybrid production systems are becoming more popular.  

Canola F1 hybrids became readily favoured due to positive heterosis resulting in 

improved yields and quality (Sernyk and Steffanson 1983: Grant and Beversdorf 1985: 

Lefort-Buson and Dattee 1982; Leftort-Buson and Dattee 1985).  The yield increases 

from heterosis observed in B. napus is believed to be due to the accumulation of 

favourable dominant alleles, masking poor recessive alleles (Stoskopf et al. 1993). 
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  2.4.1 Open pollinated seed production 

 B. napus, is both a self-pollinating and outcrossing species.  Regardless of the fact 

that it outcrosses at a rate of 20%, B. napus is bred as a self-pollinated crop (Steffansson 

and Downy 1995).  Repeated backcrossing, inbreeding and selections allow for the 

creation of homozygotic individual with a specific set of desired traits (Hill et al. 1998).  

Open pollinated cultivars are generally self-pollinated to the 6
th
 or later generation before 

being released as a uniform cultivar ready for seed increases, and crop production (Hill et 

al. 1998).     

 

2.4.2 Hybrid seed production 

 In order to produce uniform high quality hybrid seed, homozygous parental lines 

must be used (Dianrong 1999).  Continuous self fertilization and tissue cultures are used 

to produce stable, homozygous individuals with desired traits (Dianrong 1999).  Male and 

female lines are created and evaluated for their ability to combine well with others, and 

produce acceptable progeny (Lefort-Buson and Dattee 1982).  The crossing of two 

homozygous individuals produces a homogeneous population of heterozygote 

individuals.  Increased genetic distance between parental genotypes is likely to result in 

greater levels of heterosis (Starmer et al. 1998). 

The production of hybrid cultivars involves several steps.  Pollination control is a 

critical step in the development of an F1 hybrid population.  Pollination control systems 

require the creation of a male and female lines. Genes conferring male sterility are 

introduced into the selected female parent (Mariani et al. 1992; Greuel 1999; and 

Dianrong 1999).  Fertility restoration genes may be added, and carried in the male line 
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(Mariani et al. 1992; Greuel 1999; and Dianrong 1999). Cytoplasmic male sterility 

(CMS), and nuclear male sterility (NMS) are the most common methods of pollination 

control used in B. napus breeding. For the purpose of this thesis, only hybrid 

development using the NMS system will be discussed.  

 NMS uses genetic transformations to insert a dominant male sterility gene 

(barnase) and a dominant herbicide resistance gene (barstar), acting as a marker, into B. 

napus plants (Denis et al. 1993).  The barnase gene is expressed only in the tapetum of 

the anther, causing cell death in this area, resulting in pollen destruction and male sterility 

(Denis et al. 1993).  In comparison to fertile plants, male sterile plants produce smaller 

flower buds, complemented by a much reduced stamen length (Denis et al. 1993).  Once 

a pollination control system has been developed and is in place, the production of F1 

hybrids is simple.  Sterile male plants are seeded next to fully fertile plants and allowed 

to interbreed (Figure 2.1) (Dianrong 1999).  Herbicides are applied to ensure only hybrid 

seed is produced and that self pollination has not occurred (Dianrong 1999).  Male sterile 

plants are not affected by herbicide application because they contain herbicide resistance 

genes (Dianrong 1999).  Reduced pollination due to few pollinators, or insufficient pollen 

sources, may cause reduced seed yields in the production of F1 plants.  However, sterile 

hybrid plants are able to achieve seed yields 60% of their fully fertile counterparts, thus 

yield reductions due to sterility are not easily observed (Dianrong 1999). Insects, wind, 

and proper seeding designs are used to ensure adequate crossing of male and female 

parents (Dianrong 1999).  Isolation zones of several kilometres around areas of hybrid 

seed production are also important in preventing the introgression of unwanted genes 

from non-parental material (Dianrong 1999). The combination of pollen control and 
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isolation strips allow for the successful production of a homogenous heterozygous F1 

generation of hybrid seed. 

 

 

 

 

X Creating Male Line 

 

  Parental 

      

 

 F1  

 

Figure 2.1 Seed production using a NMS system. (adapted from Mariani et al. 1992) 

 MS  represents Male Sterility 

HT  represents Herbicide Tolerance 

X    represents the sexual crossing of two individuals 

+     represents any genotypic combination desired for breeding 

\      represents removal before flowering with herbicide application 

MF represents Male Fertility (Restoring gene) 

  

MS-HT 

+ 

+ 

+ 

MF-HT 

MF-HT 
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2.4.3 Breakdown of hybrid vigour 

 F1 hybrid cultivars are a uniform, heterozygotic population.  Successive 

generations of offspring will produce a multitude of recombinant genotypes possessing 

traits from both parents of the original hybrid.  Fitness and other traits will change with 

the distribution of alleles across the population.  Hybrid breakdown is the exhibition of 

reduced fitness levels in F2 generations of hybrids when compared to their F1 

counterparts (Dobzhansky 1970). Successive generations of hybrids are likely to show 

different phenotypes due to the recombination of the F1 alleles in the production of F2 

seed.  Negative epistasis is negative interactions between gene loci due to the segregation 

of hybrid, heterzygotic individuals (Fenster et al. 1997).  This will not occur until the F2 

generation of hybrids and will likely remove itself from the population through natural 

selection of the fittest individuals (Fenster et al. 1997).  Inbreeding of successive hybrid 

generations will show increased homozygosity within individuals, after the F2 generation 

(Hill et al. 1998).  Late generation populations of hybrid origin are likely to become a 

heterogenous mix of homozygotic individuals, which may have greater fitness than the 

segregating F2 generation (Hooftman et al. 2008.) 

 

2.5 Population Dynamics and Fitness 

 Fitness is the ability of an individual to produce more successful progeny which 

will contribute to the next generation (Haldane 1932).  Differences in viability and 

fertility in plant populations will cause different individuals to contribute different 

amounts of progeny to the next generation (Hill et al. 1998). Individuals contributing the 

most progeny to the next generation have the highest levels of fitness, while those which 
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do not contribute progeny to future generations will have a fitness level of zero (Hill et al. 

1998). Increased seed production from increasingly fit individuals will allow for the 

adaptation and evolution of individuals with traits different from the original population 

after several generations. 

2.5.1 Traits conferring fitness 

 Alleles, genes and gene combinations increasing the fitness of individuals will 

increase in abundance, as they will contribute a greater number of progeny to future 

generations, provided there is positive selection pressure (Hill et al. 1998).  Darwinian 

fitness as described above only considers the ability of an allele to increase the number of 

progeny in future generations, not the ability of an allele to increase an individual’s 

vigour, or size (Hill et al. 1998; Dobzhansky 1970).  Vegetative vigour and improved 

stress tolerance may aid in increasing the ability of an individual to produce offspring, 

but does not increase the fitness of an individual unless a selection pressure for the 

desired traits is applied.  The presence of a stress results in the production of an increased 

proportion of progeny displaying the aforementioned trait or alleles. 

Competition can be a strong force  affecting the evolution in a species.  Traits, 

such as height and biomass production, which can aid in competitive ability, may also 

influence the fitness of populations under competition (Smith 2006).  B. napus plants 

show variation in their biomass when grown in varying densities of monoculture.  At a 

low density of 60 plants m
-2

, B. napus is nearly three times the weight of plants grown at 

a high density of 180 plants m
-2 

(Thomas 2003).  Branching of plants also varies with 

density, ranging from three to five branches on the main stem (Thomas 2003). Increased 
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phenotypic plasticity may allow for greater fitness when faced with varying levels of 

competition.   

Seed size is not a direct measurement of fitness, but is an important life history 

element (Harper et al. 1970).  Seedling emergence, growth, vigour, competitive ability 

and fecundity have been found to be affected by small changes in seed size (Koelewijn 

and Van Damme 2005). 

Fecundity is a direct measure of fitness, and one of the most important variables 

governing volunteer B. napus weediness (Squire et al. 1997).  Fecundity plays a major 

role in population dynamics, as it governs which alleles are maintained in the population, 

and at what proportions the alleles are maintained.  Plants with alleles allowing for the 

greatest seed production under the current environment will contribute more to future 

generations than less fecund individuals.  Traits conferring fitness and increased 

fecundity are likely to increase as generations succeed. This will produce an increasingly 

fit population of individuals.   

Seed yield per plant of B. napus and numerous harvest components are negatively 

correlated with plant density (Morrison et al. 1990). Increased plant density and 

competition may limit the total amount of seed produced by a population, but the most fit 

plants grown under this environment will still produce more seeds than less fit 

individuals.  Viability of seeds is also crucial to the fitness of an annual species.  Only 

viable seeds are able to contribute genetics to future generations, and contribute to the 

fitness of a population.  Recurrent selection of fit volunteers may alter the frequency of 

traits within the population and allow for increased ferality, or ability to cope with 

competition.    
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2.5.2 Variation around the mean 

The degree of variation in a population is an important aspect concerning the 

ecology of a species and its populations.  A population’s structure is impacted by the 

variance of its traits, and the interaction between mean trait values and the variance 

around the mean value (Benedetti-Cecchi 2003). Variance is comprised of both spatial, 

and temporal patterns in populations, as well as differences in processes that create and 

maintain various aspects of that population (Benedetti-Cecchi 2003).  The treatment of 

variance as a mean factor has been acknowledged by ecologists (Inouye 2005), however, 

it has rarely been evaluated as a force other than spatial or temporal noise. Differences in 

variance patterns may allow for greater diversity and fitness across environments, or 

increases in extinction risks for different populations (Karieva and Bergelson 1997). 

 The variance of the mean, may be independent from the mean, but become 

affected by changes in the magnitude of the mean (Benedetti-Cecchi 2003).  For example 

increasingly clumped distributions of seedlings could allow for greater variance in 

competition effects on seed production and seedling mortality, compared to the same 

density of plants uniformly dispersed. Also, great magnitudes of mean values will likely 

show greater variance. 

Trait stability is the absence of a statistically significant, directional change in a 

trait (Collins 2000).  It is often taken for granted when evaluating the ecology of many 

species.  The use of static traits values, such as mean seed output, or competitive yield 

loss is commonly used in models evaluating thresholds and risk assessments.  Phenotypic 

plasticity, as often expressed by volunteer B. napus, is the response of volunteer B. napus  

to a variable environment.  This response to variance is not predicted by traditional 
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models which use stable traits (Inouye 2005).  Increased variance around the mean of a 

trait and the interaction between the trait mean value and its variance within a population 

may become increasingly crucial to understanding the ecology of segregated offspring 

originating from a hybrid parent, or the influence of outcrossing on open pollinated 

species.    

It should be noted that in evaluating differences of the mean, transformations of 

data to achieve homogeneity of variance is not appropriate (Benedetti-Cecchi 2005).  The 

use of heterogeneous variances provides for non-biased confidence interval estimates 

when testing hypotheses (Neter et al. 1990).     

2.5.3 Population dynamics and evolution 

 Selection pressures influencing fitness may be classified as endogenous or 

exogenous (Burke and Arnold 2001).  Endogenous selection is selection against 

individuals within a population regardless of its environment, and is commonly 

associated with meiotic problems or developmental abnormalities.  Endogenous selection 

is mainly seen in hybrids resulting from the mating of crop and wild species.  Exogenous 

selection is due to differences in fitness, based on differences in environment.  

Recombinant genotypes may find suitable habitat where they are more fit than other 

competitors.  The role of selection pressure on populations is to retain alleles, and gene 

combinations which are able to elevate individual fitness (Burke and Arnold 2001).  The 

recombinants formed by hybrid segregation are theorized to produce a large array of 

genotypes which have not been subject to selection pressure.  These genotypes may have 

greater or poorer fitness levels than their parents (Burke and Arnold, 2001).  However in 

the case of volunteer B. napus, both parental plants of the hybrid have been subjected to 
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vigourous selection pressure for specific alleles in the breeding process, and thus may 

possess a high level of fitness, even during hybrid breakdown.     

 Hybrids have been considered to hold a greater ability to adapt to a changing 

environment than non-hybrid genotypes (Lefort-Buson and Dattee1982).  The vigour 

displayed by hybrids is due to positive epistatic gene loci in the heterozygotic state 

(Hooftman et al 2008).  Once the heterozygote state is moved towards a homozygous 

state, the amount of positive epistasis responsible for the observed heterosis in the F1 is 

lessened, and may result in an F2 with reduced vigour and fitness.  Hybrid breakdown is 

known to occur where a lower level of fitness is displayed by the F2 generation in 

comparison to the F1 hybrid plants (Dobzhansky 1970).  Hybrid breakdown is not always 

observed for all traits in the F2 generation (Campbell et al. 2005).  There is a lack of 

quantitative measurement of hybrid vigour breakdown in the literature (Hooftman et al. 

2008).  The release of great variability in the creation of the F2 generation may allow for 

production and selection of relatively more fit individuals in late generation hybrids.  

This may occur through recombination of positive alleles or epistatic gene combinations, 

but is highly dependent on exogenous selection (Burke and Arnold 2001).   

 Life history traits, such as dormancy, evolve as a suite of traits rather than a single 

trait response to selective pressure (Reznick and Ghalambor 2001).  Strong directional 

selection and the opportunity for rapid population growth can result in rapid evolution, 

and a change in the frequencies of alleles affecting population biology (Reznick and 

Ghalabor 2001).  The initial step in rapid evolution due to high selection pressure is the 

selection of alleles causing large changes in fitness (Orr 1998).  Selection of alleles with 
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smaller effects on fitness occurs later, as populations show diminishing response to static 

selection forces. 

 Selection pressure based on land management actions may allow for, or prohibit, 

the selection of increasingly competitive and fecund volunteer B. napus populations.  It is 

important to incorporate fitness studies and population dynamics of volunteer B. napus in 

the evaluation of management strategies for volunteer B. napus (Warwick 1991).  
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3.0  Ecological Traits of Volunteer B. napus as Affected by 

Generation, and Cultivar 

 

3.1 Introduction 

Volunteer B. napus has moved from a rank of 28
th
 most abundant weed in the 

1970’s to the 12 most abundant weed in the 2000’s across western Canada (Leeson et al. 

2005).  This increase is largely due to the increase in acres of commercial B. napus 

production.  In eastern Canadian cropping systems B. napus densities averaged five 

plants m
-2

 the first year after a B. napus crop (Simard et al. 2002).  Volunteer B. napus 

populations in western Canada appear to be more variable, ranging from 6 to 2,015 plants 

m
-2

 in Manitoba (Lawson et al. 2006), and 0.1 to 14 plants m
-2

 in Saskatchewan (Gulden 

2003). The greatest source of volunteer B. napus seed introduction is the harvest losses of 

a B. napus crop (Gulden 2003).  Conventional harvest procedures result in losses of 3,000 

seeds m
-2 

 which can develop secondary seed dormancy and form a persistent seedbank 

(Pivard et al. 2008; Lutman et al. 2003; Claupein and Gruber 2007; Gulden 2003).   

 Volunteer B. napus growing in subsequent crops can produce seeds which will 

give rise to another generation of weeds, maintaining its population within the field.  The 

number of seeds produced by a B. napus plant, when grown as crop depends on the plant 

density (Clarke 1977). The seed production of a single B. napus plant in Canada can 

range from 1.4 grams of seed when grown in a high density monoculture to 4.3 grams of 

seed in a low density monoculture (Thomas 2003). The morphological plasticity of B. 

napus allows it to adapt its morphology to the environment (Morrison et al. 1990).   In 

Europe, volunteer B. napus was found to produce less than 121 seeds (0.32 grams) per 
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plant when grown as a weed in wheat, but 1577 seeds (4.2 grams) per plant, as a weed in 

B. napus (Claupein and Gruber 2007).  In eastern Canada, volunteer B. napus densities of 

2.7 to 4.7 plants m
-2

 in a wheat crop were found to produce 148 seeds (0.39 grams) m
-2

 

(Légère et al. 2006).  The actual number of seeds, and other related fitness traits of 

volunteer B. napus in a competitive wheat stand in Western Canada, remains unknown.  

An assessment of seed production capabilities and other fitness components of volunteer 

B. napus are central to understanding the population dynamics of this species.   

 The genotype of volunteer B. napus may contribute to its fecundity, as cultivars 

differ in yield potential.  Hybrid B. napus seeds are delivered to producers as a 

homogenous population in a heterozygotic state.  The production of a crop from hybrid 

seeds allows for the segregation and recombination of heterozygous alleles, resulting in a 

heterogeneous seed population with increased genetic variability (Hill et al.  1998). 

Assuming self-pollination in successive generations, the population will move towards a 

homozygous state, showing decreased levels of variability (Hill et al. 1998). Although in 

time, members of the population will be homozygous, the population itself will remain 

heterogenous, therefore more variable than the F1.  In hybrid cultivars, the ability to 

produce high seed yields may become reduced in future generations due to decreased 

heterosis.  Alternatively seed yields may be increased due to natural selection of higher 

yielding, more fit plants.  Open pollinated cultivars are delivered to producers as a 

homozygous population (Hill et al. 1998).  In OP cultivars of B. napus, continued self-

pollination maintains the homozygous, homogeneous population (Russell, 1992).   

 Genetic variability in different generations of the same cultivar may affect the 

fitness of a population.  Variance around the mean of a trait encompasses both the 
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environmental and genetic variability between individuals which allows for differences in 

the exhibition of various traits (Benedetti-Cecchi 2003).  Open pollinated cultivars are 

likely to maintain low variability around common levels of fitness conferring traits, as 

they were released as cultivars at an inbred homozygous state.  Hybrid cultivars are likely 

to have very little variance in the first generation, followed by a large increase in 

variation in the second generation.  Selection of the fittest hybrid plants from the second 

generation would improve the population’s fitness, and reduce variation in the third 

generation.   Increased variance around the mean value of fitness conferring traits, in a 

feral population, could allow for increased fitness by providing tolerance to a broader 

theoretical niche (Smith 2006).   

The objective of this experiment was to determine the effect of cultivar, and 

generation on the phenology of individual volunteer B. napus. Hybrid cultivars were 

compared with an OP cultivar for differences in traits that can confer greater fitness. 

Segregation of the heterozygotic hybrid F1 is hypothesized to show decreased means for 

all traits in its F2 generation, as well as an increased amount of variation.   

 

3.2  Materials and Methods 

3.2.1 Site location and experimental design.  

Small plot trials were conducted in 2007 and 2008 at two locations within a 30-km radius 

of Saskatoon, Saskatchewan.  The Sutherland location (52°10’12’’N, 106°31’10’’W) was 

heavy textured, dark brown clay, Chernozen soil.  The Goodale location (52°03’31’’N, 

106°29’29’’W) was a lighter textured, dark brown loam, Chernozen soil.  Each location 

had not had B. napus sown on it for at least four years.  
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 Precipitation and temperature data were obtained from a weather station within 

25 kilometers of both locations (Table 3.1).  Weather patterns in 2007 were similar to the 

30 year average, except that June and august had significantly more rainfall 

(Environment Canada 2009).  May rainfall in 2008 was 1/8
th
 of the average, and appeared 

to limit germination of all plants (Environment Canada 2009). However, the flowering 

period in 2008 has optimal for seed set.   

 The experiment was designed as a two factor [cultivar (three levels) x generation 

(three levels)] randomized complete block design with eight replicates per site.  Each plot 

was two by four meters, with eight individual plants within each plot, serving as 

experimental units.   

 

Table 3.1.  Monthly rainfall (mm) and mean daily temperature (°C) for 

Saskatoon, Saskatchewan from April until September in 2007 and 2008 and the Climate 

normal’s (30-yr average). 

    Rainfall Temperature 

Location Month 2007 2008 Normal† 2007 2008 Normal† 

  mm °C 

Kernen April 2.4 23.4 15.0 3.8 0.1 4.7 

 May 41.0 5.2 41.5 10.7 9.6 11.8 

 June 99.8 54.2 60.5 14.6 14.6 16.0 

 July 31.4 85.2 57.3 20.6 17.6 18.3 

 August 119.0 34.0 35.4 15.7 18.2 17.6 

 September 23.6 17.4 28.9 11.3 11.5 11.5 

  Total 317.2 219.4 238.6 - - - 

† 1970-2000 Canadian Climate Normals obtained from Environment Canada (2009) 
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3.2.2  Cultivar and generation selection. 

 Three B. napus cultivars were selected for this experiment; two hybrids: InVigor 

2663® (Inv 2663) and InVigor 5020® (Inv 5020), and one open pollinated cultivar, 

Round-Up Ready 9550® (RR9550).  InVigor cultivars are the most popular, and highest 

yielding hybrids in western Canada (Saskatchewan Ministry of Agriculture 2009).  The 

generations evaluated were G1, G2, and G3.  The G1 generation is the seed that 

producers sow for commercial production.  The G2 generation is the first generation of 

volunteer weeds produced by the field crop. The G3 generation is the generation 

produced from the volunteer B. napus weeds. Hybrid cultivars are delivered to producers 

at the F1 level for initial crop production, while OP cultivars are delivered to producers 

beyond the F6 generation (Hill et al. 1998).   

Seed used in this experiment was sourced commercially for the G1 generation, 

and regrown in the field to produce subsequent generations.  Inv 2663 G2 and G3 

treatments were grown in a seed increase on the Kernen farm prior to 2007.  Inv 5020 G2 

seed was sourced from a canola producer, who only grew Inv 5020 seed.  The Inv 5020 

G2 seed was regrown on the Kernen research farm in 2007 to produce a G3 generation.  

RR9550 G2 was sourced from seed stock of the Kernen research farm in 2007.  The G3 

of RR9550 was created from the G2 seed in a seed increase on the Kernen farm in 2007.  

Due to the lack of G3 seed trials conducted in 2007 had all generations of Inv 2663, but 

only the G1 and G2 of Inv 5020 and RR9550.  In 2008, all generations of all varieties 

were available and used. 

3.2.3  Study establishment and maintenance. 

 Plots were established May 25, 2007 for both Kernen and Goodale, and May 12 

and 13, 2008 for the Kernen and Goodale locations, respectively.  Plots were sown with a 
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small plot seed drill.  The wheat was seeded to a target stand density of 250 wheat plants 

m
-2

, while the B. napus treatments were seeded at a rate of 40 plants m
-2

 in 2007 and 20 

plants m
-2

 in 2008.  Inter-row spacing was 10 cm, with B. napus, and wheat (Triticum 

aestivum L.) sown in alternate rows.  Seeder width was 1.8 meters.  Fertilizer was applied 

at the time of seeding to meet soil test recommendations for wheat, which were also 

adequate for B. napus growth. G1 seed had been acquired with an insecticide, and 

fungicide seed treatment, while G2 and G3 generations of all cultivars did not receive this 

treatment.  Plant density was measured from ¼ m
2
 quadrats approximately 1 week after 

seeding, to evaluate emergence and stand uniformity.  On July 12, 2007 at Kernen and 

July 16, 2007 at Goodale, eight individual plants in each plot were randomly selected.  In 

2008, selections were made on June 20 and 22 for Kernen and Goodale locations, 

respectively.  Due to poor emergence or other environmental factors, not all plots 

produced eight individual B. napus plants, thus all emerged individuals in those plots 

were selected.  A numbered flag was placed beside each plant for identification and all 

other B. napus plants were manually removed from the plots.  

 Plots were monitored for weed, disease, and insect infestations over the growing 

season.  The Kernen site received a tank mixed application of 563 g ai ha
-1 

clodinafop-

propargyl liquid, and 302 g ai ha
-1 

clopyralid liquid with Score adjuvant at a rate of 0.002 

l ai ha
-1

, for weed control on June 21, 2007.  In 2008, the Kernen site received the same 

herbicide regime as the previous year, on June 17, as well as an application of 14.8 g ai 

ha
-1 

of ethametsulfuron.  The Goodale site received an application of 563 g ai ha
-1 

 

clodinafop-propargyl liquid, and 302 g ai ha
-1 

 clopyralid liquid tank-mixed together on 

July 9, 2008, and an application of 14.8 g ai ha
-1 

 ethametsulfuron, on June 17
th
, 2008.  
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The Goodale location did not require the use of any pesticides in 2007.  Flea beetles and 

blister beetles were controlled in 2008, using deltamethrin at a rate of 0.62 g ai ha
-1

, on 

June 6 and July 2. 

The presence of male sterility was evaluated visually on each plant.  Plants 

producing flowers with reduced stamens, or stamens without visible pollen were 

considered to be sterile (Denis et al. 1993).  The number of pods and plant height were 

recorded for each plant before the plants were removed from the field.  Individual plants 

were harvested and bagged on August 10 and 11 at the Kernen Research Farm, and 

August 17 at the Goodale site in 2007.  In 2008 individual plant harvest and bagging was 

done August 21 at the Kernen Research Farm and August 21 and 22 at the Goodale 

Research Farm. Plant biomass, seed weight, and seed number were evaluated from the 

dry samples.  Seeds were counted using a seed counting machine
1 
(ESC-1 Agriculex, 

Inc., Guelph Ontario) and then placed in a -40° C freezer. 

Up to three plants which had produced over 200 seeds in each plot were randomly 

selected and evaluated for seed viability in the fall of 2008.  Fifty seeds from each of the 

selected plants were placed in 9 cm Petri dishes
2
 (Phoenix Biomedical, Ontario Canada) 

with eight ml of distilled water, and two pieces of filter paper
3
 (VWR Grade 413, VWR 

International, Inc.) then placed in the dark at 20° C for one week (October 6
 
to 13 in 

2008).  After one week, seeds were evaluated for germination, viability and firmness.  

Seeds which exhibited resilience upon pinching with forceps where considered viable 

(Gulden 2003).  Seeds not exhibiting resilience to pinching were considered non-viable. 

3.2.4  Statistical analysis.  

An ANOVA was run to determine the estimated viability of each cultivar 

(Chapter 4).  The mean seed viability for each treatment (generation X cultivar) was 
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multiplied by the number of viable seeds produced by each plant.  This provided a 

measure of the number of viable seeds produced per plant.  This value underwent a log10 

transformation due to the large magnitude of variability.  Regardless of the data 

transformation, to minimize the variability of this trait, variance analysis was still 

conducted.   

Data for all traits were analyzed using analysis of variance (ANOVA), in a two 

way factorial [generation (three) X cultivar (three)] design using the MIXED model 

procedure, in the statistical package SAS
4
 (SAS Inc., North Carolina, USA).  Generation, 

cultivar and the interaction between generation and cultivar were evaluated as fixed 

effects whereas  siteyear, male sterility and replicate nested within siteyear were 

considered random factors.  A hierarchal appraoch was used to simplify the model.  Non-

significant random effects were removed from the model to improve the Akaike 

Information Criterion (AIC). Models producing the lowest AIC were used in the analysis 

of the data, as they provided a better fit (Littell et al.  2005). A 10% significance level 

was used to determine the role of the fixed effects, while a 5% significance level was 

used to identify differences between generations and cultivars, according to significant 

ANOVA factors.   

3.2.5  Variance differences between the treatments.  

Variability around the mean of each trait was evaluated using a Tukey-type 

multiple comparisons test (Zar 1999).  Differences among generations and cultivars, as 

well as differences between generations within cultivars and differences in cultivars 

across generations were evaluated.  The variances used in the test were derived from the 
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standard errors of the least squared means of the modeled ANOVA (Littell et al. 2006).  

A 0.05 significance level of the q distribution was used. 

 There was a concern that the unbalanced design of 2007 contributed to the 

variance observed in the G3 population, However analysis of individual site years 

showed that it did not contribute to the variance of the G3 populations, thus all site years 

were analyzed together. 

In 2008, the first replicate at the Sutherland location became infested with 

unknown volunteer B. napus plants and was removed from the study. 

3.3 Results and Discussion 

Generation, cultivar, and the interaction of generation and cultivar, had different 

effects on B. napus fitness (Table 3.2).  Random factors such as the environment, shown 

in the rep (site year), had a large impact on plant height, number of pods, and plant 

biomass (Table 3.2).  The random occurrence of male sterility was very rare (60 plants 

across all siteyears) and never responsible for differences in the above-mentioned fitness 

traits. 
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Table 3.2.  P-values for factors in mixed model analysis of yield, seed weight, number of 

viable seeds produced, plant biomass, plant height, and number of pods produced by 

volunteer B. napus as affected by generation, and cultivar and their interactions. 

 

 

*, **denote significance at the 0.05,and 0.01 probability levels, respectively.  However, 

for this study 0.1 probability was considered significant. 

† denotes non-significant random effects which were removed to improve the AIC of the 

mixed model 

  

Source df Yield Seed 

Weight 

Number 

of 

Viable 

Seeds 

Plant 

Biomass 

Plant 

Height 

Number 

of Pods 

    P value    

Generation (G) 2 0.118 0.832 0.010 0.141   0.355 0.176 

Cultivar (C) 2 0.537 0.147 0.271 0.759 <0.001** 0.981 

G x C 4 0.101 0.326 0.835 0.088   0.706 0.108 

Site-year 3 0.145 0.134 0.122 0.160   0.119 0.173 

Rep(Site year) 7 0.001** 0.049* 0.001** 0.001**   0.001** 0.001** 

Site year x G  6 0.083 † 0.104 0.090   0.150 0.081 

Site year x C 6 † 0.169 † 0.212   0.236 0.131 

Site year x G x C 27 0.118 † 0.399 0.173   0.246 0.258 

Male Sterility 1 † † 0.278 † † † 
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  3.3.1 Seed yield 

 The average seed yield of volunteer B. napus was 2.8 grams per plant (SE=1.05).  

This yield is intermediate to that of crop B. napus plants, which have density dependent 

yields of 1.4 to 4.3 grams of seed per plant (Thomas 2003).   

The effect of generation on the seed yield of individual plants depended upon the 

cultivar (Table 3.2; Figure 3.1a). The G1 hybrids, Inv 2663 and Inv 5020 always 

produced a greater seed yield than their G2 generation (Figure 3.1a).  The G3 generation 

of hybrid cultivars did not differ from either the G1 or G2 generations. The OP cultivar, 

RR9550, did not differ in seed yield across any generation (Figure 3.1a).  The hybrid 

cultivars response to generation may be due to the loss of hybrid vigour as the G1 hybrids 

segregate to form the F2 generation (G2).  The open pollinated cultivar remains 

homogeneous with similar yields across all generations.   

Seed yield variance levels were similar across all generations and cultivars, except 

RR9550 in the G3 generation (Table 3.3).This increase in the degree of variance around 

the mean seed yield was not expected to occur in the open pollinated cultivar.  Random 

mating of RR9550 individuals with nearby plants of another cultivar was likely 

responsible for the increased variability in the last generation. 

3.3.2  Seed weight. 

 Volunteer B. napus produced an average seed weight of 2.66 mg (SE = 0.33) 

regardless of cultivar or generation (Table 3.2).   

Although the mean seed weight did not vary (Table 3.2), the variance differed 

between treatments (Table 3.3).  The OP cultivar showed the least variability in seed 

weight over all, with hybrid cultivars having greater variance.  Within the G2 and G3 

generations, hybrid cultivars showed greater variance than the OP cultivar. In both the G2  
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Figure 3.1.  Seed yield (A), number of pods (B), and biomass (C) produced by individual 

volunteer B. napus plants.  Error bars represent the least squares mean standard error.  

Comparisons are made within plant cultivars, and not between plant cultivars and 

generations.  Treatments with similar letter indicate no significant difference (P<0.05) 

between scores. 
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Table 3.3.  Differences in variance around the mean of seed yield, seed weight, viable 

seed production biomass, pod number, and plant height of volunteer B. napus as affected 

by generation and cultivar.  Groupings with the same letter are not significantly different 

at the 5% level. 

 

 

Main 

Effect G*C 

Seed 

Yield   

 Seed 

weight 

Viable Seed 

Number Biomass    

Pod 

Number  

Plant 

Height   

Inv 2663  0.560  0.130 a 281  6.449  101  51.0  

Inv 5020  0.576  0.145 a 246  6.823  104  53.9  

RR 9550  0.602  0.103 b 264  6.994  107  51.3  

Within G1             

 Inv 2663 0.741  0.258 a 364  8.785  134  52.8  

 Inv 5020 0.684  0.112 b 334  9.673  124  52.5  

 RR9550 0.679  0.121 b 326  8.034  124  52.6  

Within G2             

 Inv 2663 0.659  0.144 b 252  7.742  119  52.8 b 

 Inv 5020 0.656  0.236 a 224  7.676  118  76.8 a 

 RR9550 0.670  0.102 c 232  7.996  122  52.8 b 

Within G3             

 Inv 2663 0.674 b 0.176 b 263  7.935 b 122 b 52.6  

 Inv 5020 0.866 ab 0.369 a 272  11.231 b 168 ab 55.4  

 RR9550 1.103 a 0.109 c 218  13.407 a 192 a 55.4  

              

G1  0.642  0.112  337 a 7.425  109  51.4  

G2  0.627  0.111  233 b 7.076  107  54.1  

G3  0.708  0.131  244 b 8.157  122  52.1  

Within Inv 2663             

 G1 0.741  0.144 a 364 a 8.785  134  52.8  

 G2 0.659  0.176 b 252 b 7.742  119  52.8  

 G3 0.674  0.258 b 263 b 7.935  122  52.6  

Within  Inv 5020             

 G1 0.684  0.112 c 334 a 9.673  124  52.5 b 

 G2 0.656  0.236 b 224 b 7.676  118  76.8 a 

 G3 0.866  0.369 a 272 ab 11.231  168  55.4 b 

Within  RR9550             

 G1 0.679 b 0.102  326 a 8.034 b 124 b 52.6  

 G2 0.670 b 0.109  232 b 7.996 b 122 b 52.8  

  G3 1.103 a 0.121  218 ab 13.407 a 192 a 55.4  
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and G3 generation hybrid Inv 5020 showed greater variance around the mean than Inv 

2663.  The G1 generation of the hybrid cultivar Inv 2663 produced seed with greater 

levels of variability than the OP cultivar, but Inv 5020 displayed variance levels equal to 

the OP cultivar.  

3.3.3  Number of viable seeds produced per plant 

The generation of volunteer B. napus had a significant effect on the number of viable 

seeds produced by each individual (Table 3.2).  Viability and seed weight was similar 

amongst most cultivars and generations (Chapter 4), thus the differences in the number of 

viable seeds produced are mainly due to yield.  On average, each G1 plant produced 25% 

more viable seeds than G2 and G3 generations regardless of cultivar (Figure 3.2). The 

high yields observed in the hybrid G1’s used this study are due to their inherent hybrid 

vigour.  The segregation of heterozygous traits and the movement towards homozygosity 

result in the loss of hybrid vigour (Hill et al. 1998).  In comparison to previous studies, 

we found volunteer B. napus in western Canada was able to produce over 230 seeds 

(back-transformed value), compared to the 121 seeds per plant produced by B. napus 

volunteers in European wheat fields (Claupien and Gruber 2007).  Varietal differences 

which accounted for part of the differences in seed yield per plant were not observed in 

the number of viable seeds produced.  The proportion of viable seeds and seed weight did 

not differ across generations and cultivars, as the seed yield did.  Regardless of the effect 

of generation and cultivar interactions on various yield components, the number of viable 

seeds per plant did not display a response to changes in cultivar. 
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Figure 3.2.  Number of viable seeds produced per volunteer B. napus plant as affected by 

generation.  Bars represent the back-transformed values (log10) of the least squares mean.  

Comparisons are made between generations with similar letters indicating no significant 

difference (P<0.05) between scores. 
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The variance around the mean number of viable seeds differed across generations 

as a whole, and also across generations within cultivars (Table 3.3).   All variance was 

similar across cultivars.  Within each cultivar, variance levels differed according to 

generation.  The greatest variance was seen in the G1.  All cultivars displayed decreased 

variance levels between G1 and G2 generations.  Lower levels of variance were 

maintained into the G3 generation.  This reduction in variance may have been due to a 

reduction in the mean number of seeds produced by the G2 and G3 generations.  The 

hybrid cultivar, Inv 5020, and OP cultivar, RR9550, produced a G3 generation with 

variance levels intermediate, but not different from G1 or G2 generations.  This increase 

in variance may be due to the occurrence of outcrossing.   

   The log transformation used to limit the variability of the data, was still able to 

show differences in the variability of treatments when analyzed.  Thus true variability of 

the production of viable seeds by volunteers in this study has likely been underestimated. 

3.3.4  Plant biomass production. 

Individual plant biomass was affected by the interaction of both generation and 

cultivar (Table 3.2).  Hybrid G1 plants produced approximately two times more biomass, 

than their respective G2 generations (Figure 3.1c).  G3 plants of hybrid cultivars were 

able to produce as much biomass as their respective G1.  The lack of difference between 

G1 and G3 hybrid generations suggests that ecological pressures in the form of 

competition may have resulted in selection for larger plants.  Similarities between the G2 

and G3 hybrid generations suggest that although selection is taking place, the process 

requires more than one generation.  The OP cultivar displayed a constant biomass level of 

10 grams per plant on a dry weight basis, regardless of generation.   
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There were no generational or varietal effects on the level of variance around the 

mean of volunteer B. napus biomass production (Table 3.3).  The variance of this trait 

remained constant in all treatments except, RR9550 G3.  RR9550 G3 is an OP treatment 

showing approximately 65% more variance than its G1 and G2 generations.  In 

comparison to the hybrid cultivars at the G3 generation, RR9550 also showed 

approximately 65% more variance than Inv 2663, or Inv 5020.  The high variability 

within a late generation OP cultivar was not predicted.  The large increase in variance at 

this generation is unusual due to the predicted level of homozygosity within OP cultivars, 

but is likely due to outcrossing.  

3.3.5  Number of pods produced 

The number of pods produced by individual plants was dependent on the 

interaction of generation and cultivar (Table 3.2).  The change in pod numbers across 

generations and cultivars is similar to the trend seen in biomass and seed yield (Figure 

3.1b, and 3.1c).   

The number of pods produced by individual plants did not show differences in 

variance level by generation or cultivar, but did show similar trends to plant biomass and 

seed yield (Table 3.3).   

3.3.6  Plant height 

Plant height was only affected by cultivar, and did not change over generations, 

regardless of the cultivar (Table 3.2).  The tallest plants were from the cultivar Inv 2663, 

at a height of 93 cm, while Inv 5020 and RR9550 cultivars produced plants 

approximately 10% shorter (85 and 84 cm, respectively).  
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3.3.7  Male sterility 

The male sterility gene used in the production of the hybrids used in this 

experiment behaves as a dominant Mendelian trait (Denis et al.  1993). However, male 

sterility is overcome by the presence of a restorer transgene (Mariani et al. 1992).  The 

restorer gene is not dominant to the male sterility gene, as they are hemizygous alleles. 

However, it is able to restore fertility to plants with the male sterility gene.  Expected 

frequency of male sterility of InVigor G2 plants is 9.4% and even less in G3 generations, 

given certain assumptions (K. Bett, personal communication, 2009).  The frequency of 

male sterility observations was greatest in G2 and G3 hybrids.  Male sterile plants 

occurred at greatest amounts in Inv 5020 G3 (8.25 % rate of occurrence), and lowest in 

the OP cultivar (1.95% rate of occurrence) (Table 3.4).  The occurrence of male sterility 

in the OP cultivar is likely due to seed contamination in the G1, or outcrossing with 

hybrid plants, in the G2 and G3 generations. Environmental and other genetic factors are 

also known to cause sterility in B. napus, and may have impacted the frequency of 

occurrence.  Male sterile plants found in this experiment were able to produce similar 

levels of biomass and numbers of seed, as their fully fertile counterparts, suggesting that 

male sterility will not greatly impact volunteer B. napus populations.        
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Table 3.4.  Observed frequency of male sterility as affected by generation, cultivar, and 

their interaction in volunteer B. napus.   

Treatment Frequency 

(%) 

G1  0.59 

G2  5.19 

G3  4.37 

Inv 2663  3.85 

Inv 5020  3.92 

Inv 9550  1.95 

Inv 2663 G1 0.42 

Inv 2663 G2 7.83 

Inv 2663 G3 3.40 

Inv 5020 G1 0.44 

Inv 5020 G2 5.51 

Inv 5020 G3 8.25 

RR 9550 G1 0.94 

RR 9550 G2 2.43 

RR 9550 G3 2.91 
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 Seed yield, biomass production and number of pods produced by individual 

hybrid plants exhibited a breakdown of hybrid vigour with successive generations.  In 

contrast, OP plants showed constant values for these variables, across all generations.  

Increased biomass levels in the G1 may have allowed for greater resource capture and 

thus increased development of pods and viable seeds.  G2 hybrid generations were less fit 

than G1, as the reduced biomass may have limited resource capture, and seed yield. G3 

hybrid generations displayed an increase in fitness levels over the G2 generation, 

producing intermediate amounts of biomass, seed, and pods.  This increase in fitness is 

likely due to the greater seed production of the most fit plants of the G2 generation 

supplying a greater proportion of the G3 seed.  Plants with genes allowing them to 

produce a greater number of seeds will become a greater proportion of the population 

(Russell 1992). Increased fitness with hybrid G3 generations implies that volunteer B. 

napus populations may be short lived, or most easily controlled, if control actions are 

used against the G2 generation.  If control options are not utilized, there is a possibility 

that selection pressure could result in B. napus populations with greater fitness. 

 Ecological pressures exerted in this study where found in the form of competition, 

and environmental stresses such as a dry spring in 2008.  Environments governing the 

growth conditions of plants will create the fitness criteria and pressure which the 

population is under.   

 The number of viable seeds produced by volunteer B. napus was not affected by 

cultivar, and did not show an increase in seed production between the G2 and G3 

generations.  Low seed yields (200 viable seeds per plant) of volunteers are likely to be 

maintained in successive generations.  Random factors such as environment and pests 
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may have a large impact on the number of seeds produced.  Plants grown at the Goodale 

site produced more seed than those plants grown at the Kernen site, regardless of 

generation.   

 Plant height at maturity differed by cultivar.  This trait did not show hybrid 

breakdown in mean height values however, segregation was exhibited by increased 

variance of the Inv 5020 G2 population.  This trait may not be a good indicator of 

volunteer B. napus fitness or competitiveness, as early growth and space capture seem to 

prevent yield loss in B. napus, more than final height at maturity (O’Donovan 2008). 

Genetic variance allows for variation in fitness levels, and the occurrence of 

natural selection.  Increased variance around a trait will provide for a greater response to 

selection in the following generation, and may promote increased fitness of the 

populations.  Little variance in traits will slow adaptation rates, and may limit the fitness 

of population in variable environments.  Height and individual seed weight of Inv 5020 

showed greatest variance levels in the G2 generation, these variance levels dropped in the 

G3. The increase of variability in the G2 may have allowed for selection of increasingly 

fit phenotypes.  Inbreeding and self-fertilization, which is common to OP lines, should 

result in increased homozygosity and reduced variation.  Movement towards 

homozygosity may have been seen in the cultivar, Inv 2663 as the variance of seed 

weight and viable seed production decreased with successive generations. Outcrossing of 

OP plants may be responsible for the increase in variance around the mean with 

successive generations, as observed in seed yield, plant height, biomass, and pod 

production.  Outcrossing events have been found to occur at rates of 20% to 40% for 

conventional open pollinated cultivars, when competing for outside pollen (Becker et al. 
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1992).  The amount of outcrossing occurring is also dependant on the distance between 

receiver and pollen source (Cuthbert and McVetty. 2001).  In the current study, plants 

were approximately 1 meter apart, therefore limited in exposure to outcrossing 

opportunities. Furthermore, all treatments had equal opportunity for outcrossing.  

The variance levels of plant height were similar in all cultivars, except Inv 5020 

(Table 3.3).  The G2 generation of Inv 5020 showed an approximate 40% increase in 

variation, likely due to the segregation of its previously hybrid traits.  This variability was 

not apparent by the G3 generation, possibly due to a movement towards homozygosity.  

Inv 2663 does not show any difference in variance levels of plant height across all 

generations, which may be explained by similarities for plant height genes between the 

parents which made the original 2663 hybrid.  The lack of variance in the OP cultivar is 

due to the high level of homozygosity with its population. 

 Variance around the mean was an important measure for ecological traits, such as 

seed weight.  It was also important that this variance be genetic and therefore heritable, 

rather than environmental.  This experiment was not able to remove the effect of 

environmental variation on traits, however efforts, such as blocking and replication were 

used to account for differences in environmental variance.  All of the variance displayed 

by the G1 generation is considered to be environmental and sampling, thus differences in 

the variance levels between G1 and G2 or G3 were due to genetic variability.   

Effects of trait segregation were expected to be observed in both the mean values 

of traits, as well as the variance levels of traits.  Seed weight did not show differences in 

actual mean values, but had different levels of variance according to generation and 

generational differences within cultivars.  The variance of biomass, pod number, and seed 
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yield, were fairly consistent and did not fluctuate until the G3 generation.  However, the 

mean values of these traits varied according to generation and cultivar.  For these traits, 

hybrid breakdown was observed in the mean values, while for traits such as seed weight, 

and plant height, hybrid breakdown was observable in the increased variation amongst 

individuals.  Interactions between mean values and variance may have been responsible 

for increased variance levels in the G1. Generally G1 plants had greater mean trait values, 

thus the G1 generation is likely to have greater variance, as observed in seed production. 

3.4  Conclusion 

 The generation of B. napus hybrids was a significant factor affecting various 

ecological traits in hybrids. G1 plants of hybrid cultivars showed the greater mean values 

then the G2 generation of hybrid cultivars, in all traits except plant height and seed 

weight.  Constant levels of fitness, and other traits across all generations were seen in the 

OP cultivar, likely due to its inherent homozygosity. 
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4.0  Seed Dormancy Decreases with Subsequent Generations in 

Hybrid B. napus 

4.1 Introduction 

Secondary seed dormancy allows for the persistence of volunteer B. napus in 

agricultural ecosystems for four, or more years in western Canada (Gulden et al. 2003a; 

Simard et al. 2002).  Brassica napus populations and their seedbanks have been found to 

rapidly decline in successive cropping seasons, but persist for ten or more years in 

Europe (Lutman et al. 2002; Lutman et al. 2003; Lutman et al. 2005; Schlink 1998).  

Dormancy is crucial to species living in environments with a high degree of variability, 

environmental stress, and disturbance (Venable and Lawlor 1980).  Environmental 

conditions which are not conducive to germination can induce secondary dormancy in 

seeds (Foley and Fennimore 1998).  For B. napus, dormancy inducing conditions include 

warm temperatures and osmotic stress (Gulden et al. 2004). A portion of the seeds shed 

prior to and during harvest operations may develop dormancy in the fall (Gulden 2003).  

Dormancy prevents seeds from germinating, which would then be unable to survive to 

reproduction under western Canadian winter conditions.   

Brassica. napus is grown on over six million hectares annually in Canada 

(Agriculture and Agri-Food Canada 2009), half of which in 2005, were seeded to hybrid 

cultivars (Canola Council of Canada 2009).  Hybrid B. napus seed is produced by 

crossing two different parental genotypes, to produce homogenous seeds with a common 

heterozygote genotype.  The progeny resulting from the cross may be more fit than the 

parents due to heterosis, an abundance of positive alleles (Greuel 1999). If the hybrid 

genotype is allowed to self-pollinate and produce seeds, the recombination of 
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heterozygous alleles which formed the hybrid will segregate (Russell 1992).  This 

produces a heterogeneous population made of recombinant genotypes from the original 

two parental genotypes (Hill et al. 1998).  This range of genotypes may allow for 

enhanced fitness of the population (Campbell et al. 2006).  Increased genetic variation 

within a population increases the fitness of a population, as different plants may be suited 

to a greater range of environmental conditions (Smith 2006).  Seed produced by the 

hybrid, and its successive generations could display more or less dormancy potential than 

the original hybrid.  Successive self-pollinated generations of volunteer B. napus hybrids 

will likely show decreasing variability within the individual progeny, as the population 

moves toward a heterogeneous, homozygous state (Hill et al. 1998).  

In contrast to hybrid seed, open pollinated (OP) B. napus cultivars are produced 

from the inbreeding of plants produced by an initial cross between two true breeding lines 

(Stefansson and Downey 1995). Continued inbreeding to the point of homogeneity in the 

population produces a homogeneous, homozygous population, with little variability 

(Russell 1992).  Open pollinated B. napus cultivars are generally inbred to the F6 or F7 

generation before being released as a cultivar (Hill et al. 1998).   

Variance around the mean is an important factor in population structure as it 

includes both the environmental and genetic heterogeneity within populations (Benedetti-

Cecchi 2003).  Increased variance around the mean of a trait, such as dormancy and the 

interaction between the trait mean value and its variance within a population may be 

crucial to understanding the ecology of weeds originating from hybrid parents, or the 

influence of outcrossing on OP species.  Populations showing large amounts of 
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variability may be able to survive, and adapt to local conditions, resulting in greater 

fitness, and ferality.     

Little is known about how genetic segregation affects mean secondary dormancy 

potential, and variance of this trait in western Canadian volunteer B. napus.  The 

objective of this research was to determine the level of dormancy and the variability of 

dormancy potential within hybrid B. napus cultivars, in contrast to an OP cultivar.  

4.2  Materials and Methods 

4.2.1  Experimental design and treatment selection 

 The experiment was designed as a two factor [cultivar (three) x generation 

(three)] randomized complete block design with two blocks.  The three cultivars selected 

were InVigor hybrid 2663® (Inv 2663), InVigor hybrid 5020® (Inv 5020), and OP 

Round,up Ready 9550® (RR9550).  Three generation of seed were assessed.  The G2 

seed was produced by the commercial crop (G1).  The G2 seed is the initial generation 

that would go into the seedbank when seed is lost during the harvest operation.  The G3 

seed is the progeny of G2 volunteer plants, and the G4 seed is the progeny of G3 plants. 

These generations corresponded to the F2, F3, and F4 generations of hybrids, and F7 and 

greater generations of the completely inbred OP cultivar.  No Inv 5020 G3, and RR9550 

G3 seeds were available in 2007 for the field trials, thus G4 seed of these generations was 

not available in 2007.   

Dormancy evaluations were made in the lab, during the 2008-2009 winter 

seasons.  Each dormancy test utilized seed from the same set of individual plants.   
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4.2.2.  Environment, seed source and sub-sampling procedures 

Seed used in dormancy and viability evaluations was produced from replicated 

field trials in 2007 and 2008, within a 30-km radius of Saskatoon, Saskatchewan (Chapter 

3).  Precipitation and temperature data from the Kernen research farm near Saskatoon is 

displayed in Table 3.1. 

Up to three plants which had produced over 200 seeds were randomly selected 

from each plot of the field trials and evaluated for viability and dormancy.  In 2007, all 

seeds were placed in -40°C immediately after counting and selection, while in 2008, the 

harvested seeds were immediately used in dormancy testing. 

The first replicate of the 2008 Kernen site became infested with unknown 

volunteer B. napus, and was removed from the trial.     

4.2.3  Determination of viability and dormancy 

Seed lot viability was evaluated concurrently with the first dormancy test, but was 

not replicated in time, due to limited seed supply.  Fifty seeds of each individual selected 

from the replicated field trials were exposed to light, and placed in Petri dishes with eight 

ml of distilled water.  The Petri dishes were placed in the dark at 20°C for a week 

(October 6
 
to 13, 2008).  After one week, seeds were evaluated for germination and 

firmness.  Non-firm seeds were considered non-viable.   

The dormancy potential of the seed was assessed by imbibing the seeds in 

darkness in solution with a high osmotic potential (Pekrun et al. 1997).  Nine cm plastic 

Petri dishes
2 
(Phoenix Biomedical, ON, Canada) were fitted with two pieces of filter 

paper
3 
(VWR Grade 413, VWR International, Inc.).  Fifty seeds were placed in each dish, 

with eight ml of imbibing solution.  To induce secondary dormancy, polyethylene glycol
4
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(PEG-8000 Sigma Chemical Co., MO, USA) was used.  The water potential of the 

imbibing solution was lowered to -1.5 MPa (Michel 1983) and the Petri dishes were 

placed in a dark germination cabinet set at 20°C for four weeks.  Three layers of black 

plastic garbage bags were used to prevent inadvertent light exposure during the assay 

(Gulden 2003).  At the end of the four week period, seeds were transferred, under a green 

safe lamp, into new Petri dishes containing two pieces of filter paper and eight ml 

distilled water.  The new Petri dishes were then returned to the same growth chamber at 

20°C, where they remained for one week in the dark.  At the end of this week, seeds were 

examined for germination and firmness, under normal laboratory light conditions.  Seeds 

which exhibited resilience upon pinching with forceps were evaluated as firm and viable, 

whereas all others were considered non-viable.   Firmness evaluations were found to be 

an acceptable and efficient substitute for tetrazolin testing in B. napus by Gulden (2003), 

and Lutman et al. (2003).  Viable seeds were transferred to new Petri dishes with two 

pieces of filter paper, and eight ml of distilled water, and placed in the growth chamber 

for another week, at 20°C in the dark.  After this additional week, seeds were again 

examined, in normal light conditions, for germination and firmness.  All firm seeds were 

placed in new Petri dishes and stratified in a cool growth chamber for one week at 4°C in 

darkness (Gulden 2003).  The seeds were then returned to the 20°C germination cabinet 

for one week.  After this week, any seeds which had not germinated were examined for 

viability by evaluating firmness.  Firm seeds were re-evaluated after three days for 

germination and firmness.   

The first dormancy test commenced October 6, 2008, and ended December 4, 

2008.  The second dormancy test commenced December 10, 2008 and ended February 7, 
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2009.  All years and locations were evaluated simultaneously, in each run of the 

dormancy assay.    

4.2.4  Statistical analysis 

Data were analysed using ANOVA, in a two way factorial design using the 

MIXED model procedure, in the statistical package SAS
 
(SAS Inc., North Carolina, 

USA).  Generation, cultivar and the interaction between generation and cultivar were 

evaluated as main effects whereas; run, site-year, male sterility and replicate was nested 

within site-year and considered as random factors.  The proportion of viable seeds and 

proportion of seed acquiring secondary dormancy in relation to the mean viability of 

seeds were evaluated using this model.  A repeated statement was used to model the 

heterogeneity of variation between treatments for dormancy (Littell et al. 2006).  A 

hierarchal design was used in simplify the model.  Non-significant random effects were 

removed from the model to improve the Akaike Information Criterion (AIC).  The model 

that produced the lowest AIC was used to analyse the data (Littell et al. 2006).   

4.2.5  Variance differences between the treatments 

Variability around the mean of dormancy and viability was evaluated using a 

Tukey-type multiple comparisons test (Zar 1999).  Differences among generations and 

cultivars, as well as, differences between generations within cultivars and differences in 

cultivars across generations were evaluated.  The variances used in the test were derived 

from the standard errors of the least squared means of the modeled ANOVA (Littell et al. 

2006).  A 0.05 % significance level of the q distribution was used. 

 The unbalanced design of 2007, where two G3 populations were unavailable, 

could have contributed to differences in the variance of the G3 populations.  Variance, 
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therefore, was evaluated with both years combined, and each year separate.  There was 

no difference in variance trends when years were separate, thus all years were combined 

in the analysis. 

4.3  Results and Discussion 

4.3.1  Viability 

Seed lot viability was the same for all generations and genotypes (Table 4.2).  The 

proportion of viable seeds amongst individual treatments ranged from 0.94 to 0.99 with a 

mean of 0.96.  The G3 generation of RR9550 in Kernen 2007 showed 7 % lower viability 

than the mean, due to one sample with reduced viability.  This difference was corrected 

for in the random statement of the ANOVA. No differences in variance around the mean 

were observed in the viability test (Table 4.2).  The high seed lot viability, and lack of 

variability seen in all cultivars and generations suggests that volunteer canola may 

consistently continue to appear in producer fields, provided a seed bank has been 

established.  
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Table 4.2.  P-values for factors in mixed model analysis of viable and dormant 

seeds produced by volunteer B. napus as affected by generation and cultivar and 

their interaction 

 

 

*, **, *** denote significance at the 0.05, 0.01 and 0.001 probability levels, respectively. 

†denotes non-significant random effects which were removed to improve the AIC of the 

Proc Mixed model. 

n.a, not available because only one viability test was conducted. 

Run refers to the replicates used in the determination of dormancy. 

  

Source df Viability  Dormancy 

  P value P  value 

Generation 2 0.675 <0.001*** 

Cultivar 2 0.300 0.003** 

Generation x Cultivar 4 0.555 0.012* 

Siteyear 3 0.155 0.375 

Rep(Siteyear) 7 0.028* 0.131 

Siteyear x Generation  6 † 0.256 

Siteyear x Cultivar 6 † † 

Siteyear x Generation x Cultivar 27 0.009** 0.432 

Run 1 Na 0.261 

Male Sterility 1 † † 
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4.3.2  Secondary seed dormancy 

Dormancy was constant across environments as indicated by the lack of 

significant site-year interactions (Table 4.2).  Generation, cultivar, and their interaction 

all had significant effects on the secondary dormancy potential.  The hybrid cultivars, Inv 

2663 and Inv 5020 showed the greatest dormancy with a mean dormancy rate of 12% 

(Figure 4.1).  RR9550 consistently had potential dormancy values half as great as the 

hybrids.  The strong influence of genotype on secondary dormancy of volunteer B. napus 

has been well documented (Gulden et al. 2004; Pekrun et al. 1997; Gruber et al. 2004; 

Gruber et al. 2005; Momoh et al. 2002).  Varietal differences may be responsible for the 

observed difference between the hybrids and OP cultivars.  We can speculate that the 

differences in varietal breeding objectives, and parental stock of the different seed 

companies, rather than the production technique, may be responsible for the overall 

difference in mean dormancy levels between cultivars.  However, this is contradictory to 

the work of Gulden (2003) where no link between breeding company, or breeding 

method was clearly identified for G2 seed.  Previous investigation of dormancy potential 

in western Canadian cultivars (Gulden, 2003) observed dormancy potential around 9%, 

while in the present study the G2 potential dormancy levels are around 16%.  G4 

dormancy levels exhibited by seed lots of individuals in the present study, displayed 

dormancy levels similar to those of the G2 generation investigated by Gulden (2003).  

European studies have shown much higher levels of potential dormancy than was 

observed in this study (Pekrun et al. 2005; Gruber et al. 2004; Claupein and Gruber 

2007). 
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Figure 4.1 The effect of generation and genotype on secondary seed dormancy potential  

in two hybrid and one OP cultivars of B. napus.  Error bars represent the least squares 

mean standard error at a 5% significance level.  Comparisons are made across 

generations within cultivars, but not between cultivars. Similar letters indicate no 

significant difference (p<0.05) between scores. 
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Potential dormancy differed across generation in hybrid cultivars Inv 2663 and 

Inv 5020, but it did not differ in OP cultivar RR9550 (Table 4.2).  The G2 generation of 

the hybrid cultivars had dormancy levels more than twice as high as the G3 generations 

of seed.  The hybrid G4 generation showed dormancy potential to be intermediate to G2 

and G3 generations.  The changes in dormancy levels of hybrids across generations may 

be because of trait segregation, allowing for the expansion of genetic variability in the G2 

generation hybrid cultivars, and potential selection of individuals with increased 

dormancy potential in the G4 generation.  

Dormancy of B. napus is a complex quantitative trait; it is not only affected by the 

nuclear factors of the seed’s genetics, but also by the genetics of the maternal plant 

(Foley and Fennimore 1998). In B. napus, the seed coat is made from maternal tissue and 

affects the ability of the seed to perceive environmental conditions.  The genetics of the 

individual seed govern the interpretation of the exterior environmental cues, permitting or 

preventing dormancy (Luzuriaga et al. 2006; Leon-Kloosterziel et al. 1994).  This 

interaction of maternal seed coat and internal individual genetics may display a delayed 

hybridity.   We can speculate that the G2 seeds of hybrid cultivars may have different 

dormancy levels due to the presence of the homogeneous G1 maternal seed coat, 

displaying traits associated with greater dormancy.  Recombination effects producing the 

G2 generation allow for G2 plants producing G3 seeds with the segregated G2 maternal 

seed coat. We can also speculate that the changes in dormancy are due to segregation and 

an abundance of negative epistatic dormancy traits.   

The production of a greater number of seeds by the mother plant has also been 

shown to decrease the level of dormancy possessed by those seeds in other species 
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(Luzuriaga et al. 2006).  This did not have an impact on the present results, even though 

only plants which produced 200 seeds or more were used in the dormancy assay.  In this 

study, the G1 plants produced the greatest amount of seed (Chapter 3), also produced 

seeds with the greatest amount of dormancy.   

Secondary dormancy was reduced by a small amount for all treatments in the 

second test, but this was not a significant effect (Table 4.2).  This is contrary to other 

studies, in which storage time and temperature contributed to significantly reduced 

secondary dormancy levels (Gruber et al. 2004; Gulden 2003).   

4.3.3  Variance of the mean 

Differences in variance of the means were observed for generation and generation 

by cultivar interactions (Table 4.3).  Variance did not significantly differ among cultivars, 

but did differ within a cultivar across successive generations (Table 4.3). Selfing of an 

individual at the F1 generation reduces a proportion of the genetic variability by a quarter 

every generation (Hill et al. 1998).  In this study, variance of the G4 generation was 60% 

greater than G2 generations and approximately two times greater than the G3. The low 

variability in the G3 may be due to the low mean dormancy of G3 plants.  The increased 

variability in the G2 and G4 generations may have been due to the interaction between 

the hybrid maternal seed coat and the segregated hybrid traits within the seed, as well as 

greater mean potential dormancy in the G2.   

 The OP cultivar (RR 9550) has the least variance in the G2 generation (Table 

4.3).  The G2 of hybrid cultivars had more than twice the variability in dormancy levels 

compared to the OP cultivar.  Differences in variance were not observed among cultivars 

of the same generation after the G2 level.   
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Table 4.3.  Differences in variance around the mean of viability and dormancy around 

the mean of volunteer B. napus as affected by generation and cultivar. 

Factors 

(Generation or 

Cultivar) 

Interactions of 

Main Effects 

Variance 

of 

Dormancy 

Group† 

G2  0.000292 b 

G3  0.000216 c 

G4  0.000467 a 

 Within G2   

 Inv 2663 0.000734 a 

 Inv 5020 0.000571 a 

 RR9550 0.000266 b 

 Within G3   

 Inv 2663 0.000282 a 

 Inv 5020 0.000361 a 

 RR9550 0.000210 a 

 Within G4   

 Inv 2663 0.000681 a 

 Inv 5020 0.001296 a 

 RR9550 0.001037 a 

Inv 2663  0.000286 a 

Inv 5020  0.000342 a 

RR 9550  0.000266 a 

 Within 

 Inv 2663 

  

 G2 0.000734 a 

 G3 0.000282 b 

 G4 0.000681 a 

 Within  

 Inv 5020 

  

 G2 0.000571 b 

 G3 0.000361 b 

 G4 0.001296 a 

 Within  

RR9550 

  

 G2 0.000266 b 

 G3 0.000210 b 

 G4 0.001037 a 

† Means with the same letters are not significantly different (a < 0.05) 
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Open pollinated cultivars may be outcrossing with nearby plants (Becker et al. 

1992).  Random outcrossing of open pollinated cultivars will shift the population from a 

homozygous, homogenous state to a heterozygotic, heterogenous state.  Increased 

heterogeneity allows for increased variability in trait expression.  Hybrid cultivars in the 

G2 show the greatest amount of variance and are not different from each other. It is also 

important to note, that the G2 generation displayed the greatest amount of mean 

dormancy (Figure 4.1), and that as dormancy levels decreased, variance of the mean also  

decreased. The lack of difference between variance levels between cultivars in later 

generations may be partially due to reduced mean dormancy levels of those generations.   

 Successive generations within individual cultivars show different trends in 

variance (Table 4.3).  The great levels of variance seen in the G2 generation of Inv 2663 

may be due to hybrid trait segregation.  The other hybrid, Inv 5020, exhibits its greatest 

variation in the G4 generation. Both hybrids, Inv 2663 and Inv 5020 show a threefold 

difference in variance levels between the G4 and G3 generations.  The delay in 

expression of variability, and the similarity of variability trends between Inv 5020 and the 

OP cultivar RR 9550, suggests that the parents used in production of Inv 5020 did not 

differ in their dormancy potential as much as the parents used in production of Inv 2663.  

RR 9550 shows a four-fold difference in variance between G2 and G4 generations.  The 

lack of variability until late generations may be due to the integration of outcrossed genes 

from nearby plants (Chapter 3).      

Gruber et al. (2004) suggested that OP cultivars contain a heterogeneous 

distribution of secondary dormancy traits.  Some low dormancy OP cultivars may contain 

seeds with no secondary dormancy at all.  RR9550 showed mean dormancy of 4%, 
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meaning 96% of RR 9550 plants showed no dormancy at all.  The observation in the 

present study, of individual plants producing seeds showing no secondary dormancy 

potential, and other plants of the same treatment showing greater dormancy, corresponds 

with the work of Momoh et al. (2002).    The range in values is normal due to the 

complexity of factors affecting secondary dormancy in dicotyledonous species (Foley and 

Fennimore, 1998).   

Outcrossing likely occurred equally in all cultivars.  No precautions were taken to 

prevent outcrossing of individuals, nor were any precautions taken to ensure even 

fertilization of individuals.  Outcrossing events have been found to occur at rates of 20% 

to 40% range for conventional OP cultivars, when competing for outside pollen (Becker 

et al. 1992).  Out crossing of plants with pollen from individuals in nearby plots could 

allow for the creation of hybrids in later generation populations.  This would increase the 

variability of populations as novel alleles have entered a portion of the population.  The 

amount of outcrossing occurring is also dependent on the distance between receiver and 

pollen source (Cuthbert and McVetty 2001).  In this study, plants were grown 

approximately one meter apart, therefore limited in exposure to outcrossing opportunities.  

Nonetheless, RR9550 G4 generation had an unexplained five-fold increase in variance 

over the G3 generations.     

In the process of conducting this research we may have selected against dormancy 

in that, the 2008 crop year started with a dry spring. In 2008, the B. napus displayed poor 

germination, resulting in the fewer than desired plants.  The dry conditions could have 

caused the seeds with secondary dormancy potential to become dormant, preventing 
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spring germination.  However, there was no difference in site-years, and variance trends 

were not different between years, thus this explanation can be rejected.    

 The mean and variance of potential seed dormancy interact to allow for selection 

pressure and improved fitness of volunteer populations.  Within each cultivar, the G4 

generation displayed the most variance.  In the hybrids, variance for this generation was 

not different from the G2 or G3 generations, regardless of the large differences between 

their means. The mean dormancy of the OP remained indifferent across all cultivars 

regardless of the large increase in variance of its G4 generation.  Variance increased two 

to five fold more in the G4 of all cultivars.   

4.4  Conclusions 

The results of this study show potential dormancy differed across generation in 

hybrid cultivars, but not in the OP cultivar.  The segregation of heterozygote G1 hybrid 

genotypes initiates both the rapid initial drop in mean dormancy levels, and the increase 

in variance around the mean dormancy level.  In OP cultivars this may not occur because 

the seeds are late generation homozygous genotypes. 

The seeds contributing most to future weedy generations will be those possessing 

secondary dormancy.  The few seeds that do contain genes promoting dormancy will 

become an increasingly large proportion of the population. Continued selection pressure 

towards increased dormancy may result in the production of increasingly feral 

populations of volunteer B. napus.  The ability of volunteer B. napus to respond to 

environmental pressures, paired with the high levels of variability in dormancy, allows 

the attainment of greater potential dormancy levels within the population, through 

selection of more fit individuals.   
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5.0 Commercial Generations of B. napus Cause Greater Yield 

Loss in Triticum aestivum, than Volunteer Brassica napus 

Generations 

 

5.1 Introduction 

Canola (Brassica napus) and wheat (Triticum aestivum) are the two most 

commonly grown crops in Canada (Saskatchewan Ministry of Agriculture 2008).  

Brassica. napus crop yield losses at harvest of over 3,000 B. napus seeds m
-2

 are common 

in western Canada and create a large B. napus seedbank (Gulden 2003).  The greatest 

numbers of volunteers are seen in the first growing season following a B. napus crop 

(Harker et al. 2006), which in western Canada is commonly wheat. Current estimates of 

volunteer B. napus populations in wheat fields after a broadleaf herbicide application 

range between 2.7 and 4.7 plants m
-2

 (Harker et al. 2006). Secondary seed dormancy 

allows volunteer B. napus to persist, and thereby compete in cropping systems for 4 to 5 

years following a B. napus crop (Simard et al. 2002; Gulden 2003).  Brassica napus 

became the 12
th
 most abundant weed on the western Canadian prairies in the 1990’s 

(Gulden et al. 2003a; Thomas et al. 2005).   

Volunteer B. napus may differ in competitiveness against crops according to 

cultivar.  Weedy characteristics that influences competition include; rapid growth to 

capture space and light; great phenotypic plasticity; and wide genetic diversity allowing 

for adaptations to a wide cultivar of environments (Hall et al. 2005; Angonin et al. 1996; 

O’Donovan et al. 2008; Zand and Beckie, 2002; Kropff and Spitters, 1991).  The 

competitive ability of volunteer B. napus may be increased with traits allowing for and 

aiding in early establishment such as early seedling emergence, rapid root growth, 
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seedling vigour, early root and shoot biomass accumulation (Huel and Hucl, 1996; 

Blackshaw, 1994; O’Donovan et al. 2008; Ni et al. 2000; Zand and Beckie, 2002).  B. 

napus cultivars have been observed to differ in height (Chapter 3).  Biomass differences 

have been observed between generations of the same cultivar (Chapter 3).  Varietal 

differences in the yield potential or growth rate, may allow some B. napus cultivars to 

compete more strongly than others.  Hybrids are notably more vigorous and capable of 

larger yields than OP cultivars (Hall et al. 2005; Fargue et al. 2004).  However, 

successive generations of volunteers lose their heterozygosity and move towards a 

homozygous state (Hill et al. 1998).  Recombination of the original F1 alleles may result 

in hybrid breakdown due to negative epistasis in F2 or later generations of hybrids 

(Fenster et al. 1997).   

Cultivars of B. napus from the 1970’s have been found to reduce wheat yields at 

rates of 0.24% to 2.4 % per B. napus plant, at low weed densities, which is greater than 

the yield loss caused by wild oats (Avena fatua) (O’Donovan, 2008).  European winter B. 

napus has shown equal competitiveness to oat but was less competitive than barley 

(Lutman et al. 1996).  In a greenhouse experiment, Beckie et al. (2008) has shown hybrid 

cultivars to be better than OP cultivars at suppressing the growth of wild oats.  Yield loss 

estimates in wheat due to volunteers of current B. napus cultivars grown in western 

Canada, remain unknown.  Differences in the competitive ability of hybrids and OP 

cultivars remain unknown.  However, details of differences in fitness and phenological 

characters exist (Chapter 3).  

 The effect of generation, and cultivar has been shown to affect several different 

aspects of volunteer B. napus biology (Chapter 3).  However, generational and varietal 
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effects on the competitive ability of volunteer B. napus remain unkown.  The high 

biomass and yield of commercial hybrids should allow for greater competitiveness, while 

the decreased biomass of the first volunteer generation from hybrid cultivars will likely 

cause less competition (Chapter 3).  The OP cultivar showed similar levels of biomass, 

yield, and pod production regardless of generation (Chapter 3). Thus similar levels of 

competitive pressure are expected across all generations of OP B. napus.    

 The objective of this study was to determine the role of generation and cultivar in 

the competitive ability of B. napus in a wheat crop.   

5.2  Materials and Methods 

5.2.1 Location, experimental design and treatment selection.  

Locations, years, cultivars, generations and seed source are described in Chapter 

3.  In addition, the Goodale location in 2007 also endured a light hail storm in late 

August.  This light hail storm shattered the canola, however, the wheat appeared 

unaffected.  

 The experiment was designed as a three factor [cultivar (three levels) x generation 

(three levels) x target B. napus density (four levels, in 2007, and five levels in 2008)] 

randomized complete block design, with a weed free control, and four replicates.  Target 

densities of B. napus were 10, 20, 40, 80,and 160 m
-2

.  Not all G3 generations were 

available were available in 2007.  However, by 2008, all generation treatments were 

included.  Wheat was seeded to a target density of 250 plants m
-2

.   

5.2.2 Study establishment and maintenance. 

Plots (2 by 6 m) were seeded May 25, 2007 for both Goodale and Kernen.  In 

2008, Kernen plots were seeded on May 12, into standing stubble.  On May 13, 2008 
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Goodale plots were sown into tilled fallow. A second, late seeded trial was seeded at 

Kernen on June 16, 2008 on tilled fallow. Plots were seeded with a small plot seed drill, 

at a row spacing of twenty centimeters.  Fertilizer was applied at the time of seeding to 

meet soil test recommendations.  Table 5.1 displays seeding dates and maintenance 

operations for all trials.  All G1 seed was treated with a seed treatment containing 20.7% 

thiamethoxam, 1.25% difenoconazole, 0.39% metalaxyl-M, 0.13% fludioxonil, at a rate 

of 1.5 L per 100 kg seed, before seeding.  All of the seed used in the late seeded, trial at 

Kernen, received the abovementioned seed treatment.   

Emergence counts and plant density were taken approximately two weeks after 

seeding.  In 2008, both trials seeded in May experienced poor germination due to dry soil 

conditions.  Two 1 m
2
 quadrats per plot were permanently identified and densities of both 

the crop and weed were recorded for the 2008 Goodale, and early seeded Kernen trials.  

Plots were monitored for weed, disease, and insect infestations over the growing season.  

Plots were managed as they would be for commercial wheat production, removing all 

weeds except the intended B. napus.  However, insecticide was applied to prevent flea 

beetle damage to the B. napus. 

 A small plot combine was used to harvest plots from the Kernen 2007 trial and 

the late seeded Kernen 2008 trial.  All other trials were hand harvested.    Hand 

harvesting of the Goodale 2007 plots followed a specialized format due to a hail storm, 

and plugged seeding row.  Hand harvesting in Goodale was conducted August 23, 2007: 

as follows only the wheat was collected, as the B. napus had been damaged by hail, 

resulting in uneven shattering throughout the trial; 2 meter lengths were harvested from 
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Table 5.1  Plot maintenance of competition trials by site-year 

Site-year Seeding 

Date 

Seed Bed Herbicide Insecticide Harvest Date 

   Pesticide Rate Date of 

Application 

Pesticide Rate Date of 

Application 

 

Goodale 

2007 

May 25 

2007 

Tilled Fallow * - * - August 23, 

2007** 

Kernen 2007 May 25 

2007 

Cereal 

Stubble 

Clodinafop-propargyl 

(228 g/ac),  

Clopyralid (122.4 

g/ac) 

June 21, 2007 * - August 15, 

2007 

Goodale 

2008 

May 13 

2008 

Tilled Fallow Clodinafop-propargyl 

(228 g/ac), 

 Clopyralid (122.4 

g/ac) 

July 9, 2008 Deltamethrin 

(0.25 ml/ac) 

June 6,  

and July 2, 

2008 

 August 25-28, 

2008** 

   Ethametsulfuron-

methyl (6 g/ac) 

June 17, 2008 * -  

Kernen 2008 May 12 

2008 

Cereal 

Stubble 

Clodinafop-propargyl 

(228 g/ac),  

Clopyralid (122.4 

g/ac) 

June 17, 2008 Deltamethrin 

(0.25 ml/ac) 

June 6, 2008  August 19-20, 

2008** 

   Ethametsulfuron-

methyl (6g/ac) 

June 19, 2008 * -  

Kernen 2008 

Late 

June 16 

2008 

Tilled Cereal 

Stubble 

Clodinafop-propargyl 

(228 g/ac), 

 Clopyralid (122.4 

g/ac) 

July 9, 2008 * - September 3-

4
th,

 2008  

   Ethametsulfuron-

methyl (6 g/ac) 

July 19, 2008 * -  

*, denotes trials when no pesticide was required                                                        **, denotes trials which were hand harvested 
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the center 4 meters of the 2
nd

 and 7
th

 row, placed in paper bags and dried.  Samples were 

then weighed for biomass, and individually threshed in a plot combine  

August 29, 2007.   In 2008, the early seeded Kernen trial and Goodale 2008 trial were 

harvested by hand August 19 to 20
th
 and August 25 to 28

th
, respectively.  These sites 

were harvested by removing all biomass from each permanently marked square meter, 

and recording the number of B. napus present at time of harvest.  The biomass was then 

separated into wheat (crop) and B. napus (weed) and placed in paper bags in dryers  at 

160° C for 2 days then weighed.  Each sample was individually threshed by the small plot 

combine in the fall.  The seed was cleaned using a Carter Dockage Tester
5
 (Simon-Day 

Ltd. Winnipeg, MB) with the slotted 5/64, and circular 6/64 screens to remove chaff and 

B. napus.  The grain was collected and weighed for yield.   

5.2.3 Statistical analysis. 

 Low B. napus plant densities did not allow for evaluations using an asymptotic 

yield loss function, as it was not possible to fit the assymtote.  Data was fitted to a mixed 

model, in the statistical package SAS
 
(SAS Inc. North Carolina,USA).  The effects of 

generation and cultivar, interacting with the density of B. napus, in relation to wheat 

density, were evaluated as fixed effects, while site-year, and replicate were evaluated as 

random factors.  This model was used to test the effect of B. napus density on wheat 

yield, but a hierarchal design was used to simplify and improve the fit of the model.  

Non-significant random and fixed factors were removed to improve the Akaike 

Information Criterion (AIC), resulting in a condensed model, with only B. napus density 

and B. napus density by generation evaluated as fixed effects for seedling density.  For 
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mature B. napus plants, the model incorporated B. napus density, generation and 

generation by cultivar main effects.  

 Seedling mortailty of B. napus was also evaluated using a similar approach.  

Brassica napus  density at maturity was modelled according to B. napus  density at 

seedling stage, and the interaction of B. napus  seedling density with generation, and 

cultivar.  The same random factors were used in the mixed model ANOVA, as above.  

Wheat density was evaluated as a random factor.  Simplifications of model parameters, 

based on non-significant factors, and improvement of AIC, were used to create the best 

fitting model.  The Goodale 2007 trial was not used in the seedling mortaility analysis, as 

a hail storm prevented the harvest of mature B. napus.    

5.3 Results and Discussion 

 5.3 Results and Discussion 
 Reduction in wheat yield was due to the density of B. napus, with differences 

between generations (Table 5.3).  Cultivar and breeding method used in producing the 

cultivar did not affect the ability of volunteer B. napus to reduce wheat yield, when 

seedling densities were evaluated.  When B. napus density at maturity was used, the 

interaction of generation and cultivar became significant.  Site-year had significant 

random effects, because low B. napus densities at the Goodale 2008 site permitted high 

wheat yields.  
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Table 5.2  P-values for factors in mixed model analysis of wheat yield as affected by 

volunteer B. napus generation (G), cultivar (V), and density, at both seedling stage and 

maturity, and the amount of seedling mortality in volunteer B. napus. 

 

 

 

 

*, **, *** denote significance at the 0.05, 0.01 and 0.001 probability levels, respectively. 

† denotes non-significant effects which were removed to improve the AIC of the Proc 

Mixed model. 

  

Source Df Wheat Yield 

Variation 

According to 

Seedling B. 

napus Density 

df Wheat Yield 

Variation 

According to 

Mature B. 

napus Density 

df Seedling 

Mortality 

  P value  P  value  P  value 

B. napus density 1 0.060 1 0.037* 1 0.050 

B. napus density x C 2 † 2 † 2 0.094 

B. napus density x G  2 0.017* 2 0.023* 2 <0.001*** 

B. napus density x G x C 4 † 4 0.011* 4 † 

Siteyear 4 0.080 3 0.080 3 0.085 

Block(Site-year) 7 0.018* 7 0.019* 7 † 

Site-year x G  8 † 6 † 6 † 

Site-year x V 8 † 6 0.088 6 † 

Site-year x G x V 16 † 12 † 12 † 

Site-year x B. napus density 4 0.092 3 0.103 3 0.113 
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5.3.1 Seedling B. napus densities. 

 Seedling densities of B. napus reduced wheat yield by different amounts 

depending on the volunteer generation of B. napus (Figure 5.1).  G1 generations caused 

the greatest yield loss at a rate of approximately 0.37% per B. napus plant, while G2 and 

G3 caused yield loss similar of approximately 0.24% per B. napus plant. Volunteer weed 

generations are not as competitive as the commonly cropped generation.     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1.Rate of wheat yield loss when competing with low densities of 3 generations 

of B. napus, as modeled according to seedling density. Error Bars represent standard error 

associated with each yield loss estimate.  Treatments with similar letter indicate no 

significant difference (P<0.05) between scores. 
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5.3.2 Mature B. napus density. 

The competitive ability of hybrid volunteers is dependent on the cultivar and the 

generation of the volunteer. The interaction of generation and cultivar on yield loss of 

wheat, due to volunteer B. napus competition, was significant when modeled by the 

number of B. napus plants present at maturity (Table 5.3)   

Mean yield loss, as analyzed by mature plant densities was 0.41% per plant.  Inv 

2663 maintained high wheat yield losses across all generations, while Inv 5020 became 

less competitive in the volunteer generations (Figure 5.2). G1 hybrid plants are 

commonly more fit plants than G2 generation of hybrids, due to larger biomass and 

greater yields (Chapter 3).  This reduction in competitive ability is probably due to hybrid 

breakdown.  Hybrid breakdown was not visible in Inv 2663, but was highly evident in 

Inv 5020.  The great yield losses caused by the G1 of Inv 5020 were reduced in the Inv 

5020 G2 as the population moved from a homogenous heterozygotic state towards a 

heterogeneous mix of homozygous individuals (Hill et al. 1998).   

A lack of difference in competitive ability of the parental genotypes involved in 

the production of Inv 2663 may be responsible for the high level of competition across all 

of its generations. Inv 5020 did not see an increase in fitness in the G3. This suggests that 

selection of increasingly competitive genotypes requires greater selection pressure in 

order for a change in competitiveness.   

 The open-pollinated cultivar, RR 9550, was highly non-competitive in the G2, 

but moderately competitive in the crop and G3.  The reduced competitive ability of RR 

9550 G2 was not expected as G2 OP plants have the same ecological fitness as their G1 

and  
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Figure 5.2 Effect of cultivar and generation on rate of wheat yield loss when competing 

with low densities of B. napus, as modeled by mature plant density  Error bars represent 

standard error associated with each yield loss estimate.  Comparisons are made within 

plant cultivars, and not between plant cultivars and generations.  Treatments with similar 

letter (a) indicate no significant difference (P<0.05) between scores. 
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G3 counterparts (Chapter 3).  The inherent homozygosity of OP plants was 

expected to prevent large changes in competitive ability across generations. 

 Rates of yield reduction observed in this study were low in comparison to 

previous research (Brain et al. 1999; O’Donovan et al. 2008).  In comparison to previous 

work, O’Donovan (2008) has shown volunteer B. napus to possess greater variation in 

competitive ability with losses ranging from 0.24% to 2.4% wheat yield losses per 

volunteer B. napus. Brain et al. (1999) has shown rates of winter wheat yield loss to be 

approximately 1% per volunteer B. napus.   

5.3.3 Seedling mortality. 

 The differences between seedling and mature B. napus density may be due to 

seedling mortality of B. napus plants.  In this experiment, seedling mortality was found to 

occur at different rates depending on B. napus generation (Figure 5.3).  B. napus cultivar 

was also able to influence the degree of seedling mortality.  G1 generations displayed the 

least seedling mortality, followed by G2 and G3 (Figure 5.3). Differences between 

generations occurred at a proportional rate, with each generation increasing the rate of 

seedling mortality by approximately 6%.   

Seedling mortality in volunteer B. napus can be very high.  In western Canada, 

spring volunteer B. napus densities ranging up to 179 plants m
-2

 were reduced to 5 plants 

m
-2

 in the fall (O’Donovan et al. 2008).  The seedling mortality observed in this 

experiment was variable, similar to that observed by O’Donovan et al. (2008), but 

displayed a density dependent linear response (Figure 5.3).  The differences in predicted 

yield loss between seedling and mature plant yield loss estimates may be partially due to 

seedling mortality.  The lack of varietal differences on seedling predicted yield losses 
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Figure 5.3  Seedling mortality rates of B. napus differ according to generation. Data 

points are the estimated values from the statistical model.  
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and significance of varietal differences in seedling mortality estimates, suggests that 

individual and varietal characteristics promoting competitive ability are potentially 

responsible for differences in yield loss.  

There is a possibility that the superior competition of the G1 plants may be 

inherently due to hybrid vigour.  Most of the trials used G1 seed which had a proprietary 

insecticidal and fungicidal seed treatment.  However, insecticide was applied to all 

treatments when flea beetle damage was first detected.  G1 seed may still have had an 

advantage due to the fungicidal component of the seed treatment.  Nevertheless, in the 

late seeded trial of 2008, the seed treatment was applied to all cultivars and generations of 

B. napus.  The lack of a significant site year by generation effect indicates that the 

superior competition of the G1 generations has a genetic basis.  In a phenological study 

using the same seed and maintenance regime in the same growing seasons and locations, 

no phenological differences in biomass and number of pods were visible between G1 and 

G3 plants (Chapter 3).  

 The low rates of wheat yield loss observed in this study may be due to the 

tolerance of the wheat cultivar to competition.  CDC Go is considered to be a well 

adapted competitive cultivar, able to maintain above average yields across multiple 

environments and weed pressure levels (Mason et al. 2007).  Only at high weed 

populations does CDC GO lose its yield stability (Mason et al. 2007).  The low initial 

yield loss rates observed in this study support this. 

 Further explanation for the low yield loss reported in this study may be the low 

yield potential of the wheat in the environments sampled.  Measuring yield loss on a 

percentage basis allowed for relative yield loss to be expressed.  Thus, although the 
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absolute wheat yield and subsequent yield loss may have been low, the relative yield loss 

remained accurate.  The Kernen 2007 trial had a Septoria (Septoria tritici) leaf disease 

infestation, while the Goodale site in 2007 experienced a late season hail storm.  In 2008, 

the Goodale and Kernen early seeded trials suffered from a dry spring, limiting B. napus 

and wheat emergence.  Multiple factors, other than competition alone, may have limited 

the crop yields.   

5.4 Conclusion 

Generation of volunteers differed in competitive ability and seedling mortality.  

G1 plants, which would not appear as volunteers, caused the greatest amount of 

competitive yield loss.  Common volunteer generations, such as G2 and G3, caused less 

competitive yield loss than the G1 crop plants.  Hybrid and OP plants behaved differently 

across multiple generations.  The competitive yield loss caused by mature plants 

depended on both the density and the generation by cultivar interaction.   
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6.0 General Discussion 

 This thesis investigated the interaction of generation and variety on the ecology 

and competitive ability of volunteer B. napus.  Various ecological and traits were 

observed over three generations in two hybrids and one OP variety.  The fitness and 

competitive ability of hybrid varieties changed across generations, while the OP variety 

maintained constant levels of fitness across all generations.    

The interaction between variety and generation illustrated hybrid breakdown in 

the G2 for several traits.  Hybrid breakdown occurs when the G2 generation of hybrid 

plants are not able to achieve the vigour, fitness, and competitiveness of the original 

hybrid (G1).  This effect was observed in viable seed production, biomass accumulation, 

pod production, and dormancy.  For the hybrid, highest values of each trait in the 

commonly cropped generation (G1) were succeeded by a volunteer generation (G2) with 

lower mean values.  In many cases, the G3 generation recovered to levels not different 

from the G1 or G2 generations.  For all of these traits, the OP variety maintained constant 

levels of each trait across all generations. This thesis also provided a framework for 

evaluating the variance around mean values of different traits.  The belief that changes in 

variance levels of volunteer B. napus could impact ecology, life history events, and feral 

evolution is central to this thesis.  The use of contrasted hybrid and open-pollinated 

genetics has allowed for the development of insight to the importance of variability and 

selection in natural systems.   

Observations of individual plants and their traits allowed for the evaluation of 

mean trait values and variance of those traits.  The true variance of populations was 

evaluated, and illustrated underlying ecological mechanisms affecting the fitness of 
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volunteers.  Seed size did not differ between generations or varieties, but variance around 

the mean of seed size differed between generations. 

Variance of the mean was able to reflect the segregation of hybrid genetics and 

changes in ecological fitness.  Generation of B. napus did not influence the mean height 

or seed weight of volunteers, but hybrid breakdown was observed in the variance of the 

mean across generations. Inv 5020 G2 displayed an increase of variation around the mean 

followed by a decrease in variance around the mean in the G3 generation.  The release of 

variability, due to segregation of the hybrid in the G2 generation, increased the level of 

variance around the mean.  Movement towards homozygosity of the Inv G3 generation 

expected in hybrids progressing through successive generations, was illustrated by a 

change in variance rather than a change in mean plant height. Random outcrossing 

between varieties and generations may also be another source of heterogeneity within a 

population.  This also allows for selection of increasingly fit phenotypes within volunteer 

populations. Possible increase in fitness in the G3 generation of hybrids may be selected 

for from the variability of the G2 generations.  Thus volunteers appearing in producer 

fields are generally at the G2 generation or later should be controlled immediately in 

order to prevent rapid evolution and selection of increasingly fit phenotypes in hybrid 

varieties.  Variance around the mean is an important aspect in the long term population 

dynamics of volunteer B. napus. 

Male sterility used in the production of hybrids was anticipated to impact the 

population dynamics and fitness of volunteer B. napus populations.  However, this trait 

did not lower the fitness of plants expressing male sterility.  The lack of fitness reduction 
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displayed by the male sterile plants may be due to the abundance of nearby pollen and the 

presence of pollinators.   

The potential dormancy levels displayed by the varieties used in this study were 

greater than those evaluated by Gulden (2003).  Inv 2663, with a potential dormancy of 

16% in the G1, is from the same seed company as 2273, 2463, and 2473, studied by 

Gulden (2003).  The varieties studied by Gulden displayed dormancy around 9%, while 

the current study found dormancy  of Inv 2663 to be 16% in the G2.  The variability in 

dormancy potential, as well as variance around the mean is also much greater than what 

was observed by Gulden (2003).  Gulden saw standard errors of 0.1%, while this current 

study revealed standard errors of 2%.  The lack of variability observed by Gulden (2003) 

is likely due to the use of a square root transformation to limit the variability of the data.  

In limiting the variance, Gulden was able to see refined differences between varieties, but 

not the true potential variance of the populations.  Without evaluations of variance, 

proper interpretations of population dynamics and population ecology are impossible.  It 

is important to note that the aim of Gulden’s work (2003) was to evaluate the 

contribution of different factors to secondary dormancy potential in volunteer B. napus, 

and not the ecological and resulting population dynamics of volunteer B. napus.        

In this study, B. napus populations cause only small amounts of yield loss in 

wheat.  Low wheat yields without B. napus competition and the high level of tolerance to 

competition displayed by the wheat cultivar used in this thesis may have allowed the 

volunteer B. napus to appear less competitive.  Seedling mortality and poor emergence of 

volunteer B. napus populations within the wheat crop prevented evaluations volunteer B. 
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napus competition at high densities.  Thus only the linear aspect of competition could be 

evaluated. 

Multiple volunteer B. napus plants acting as a population allowed for evaluation 

of the competitive ability of modern B. napus varieties in a wheat field.  Differences in 

competitive ability due to generation were evident at both seedling and mature plant 

densities, while differences due to the interaction of variety and generation were only 

visible when mature plant densities were evaluated.  The competitive ability of volunteer 

B. napus can be quite variable, and is greatly affected by the environment.  Seedling 

mortality was responsible for the differences in estimated competitive ability between 

seedling mature plant densities.  The competitive ability of volunteer B. napus, and the 

availability of low priced herbicides allow economic thresholds to be easily reached and 

surpassed at very low B. napus densities. Nonetheless, it is important to use an integrated 

approach, considering both predicted yield loss from seedling density and the different 

competitive abilities due to generation and variety in mature plants, when making a weed 

control decision. 

   This thesis has provided the first step toward creating a proper evaluation 

system for the measurement of ecologically important traits in plant species, and a 

quantification method for the ecology of hybrid breakdown.  I have succeeded in 

developing an estimate of the seed production ability of volunteer B. napus plants, when 

grown in a wheat field.  Evaluations of volunteer B. napus’ competitive ability at high 

densities were not possible.  However, five site-years of low density values have 

confirmed the linear aspect of volunteer B. napus competition.  Future projects such as: 

the development of an economic threshold for volunteer B. napus, as well as, ecological 
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fitness evaluations using variance around the mean to examine the ecology of other 

hybrid and outcrossing species, are likely to benefit from the groundwork laid by this 

thesis. 
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