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Euphorbia lagascae and Centrapalus pauciflorus naturally produce vernolic acid, a 

plasticizer. 2014 field trials conducted at Simcoe and Guelph, Ontario show they perform best 

when seeded early in well-drained soil. Low field establishment rates and reduced flowering 

from late seeding lead to lower yields (59.82-319.21 kg/ha for C. pauciflorus and 1180.61-

2796.00 kg/ha for E. lagascae). The low persistence of seeds in the soil and poor ability to 

establish a seedbank limit their potential as weeds. Plants that established in unmanaged areas 

did not produce viable seeds and are unlikely to become feral. Although their competitive 

ability is similar to that of pigweed, they are unlikely to achieve the high densities of pigweed 

infestation and appear as weeds. Domestication is unlikely to lead to the production of an 

invasive weed. Efforts need to be devoted to breeding robust germplasms and determining the 

best agronomic practices to achieve high yields in Ontario. 
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CHAPTER 1 – INTRODUCTION 

 

 The energy generated from the burning of fossil fuels has been harnessed for use in 

various aspects of modern human life for decades, for purposes of heating, electricity, 

transportation and even agriculture. Plastics constitute one of the most useful fossil-fuel based 

innovative technologies developed over the last two centuries (Pfeiffer 2006). High molecular 

weight polymers have been used to synthesize plastics (Sperling 2015). On the other hand, 

plasticizers are low molecular weight additives that alter the structure and temperature sensitivity 

of polymers that comprise plastics by dispersing polymer chains (Rahman and Brazel 2004). 

Currently, esters of phthalic acid (such as phthalates) derived from petroleum sources are used as 

additives for manufacturing useful plasticiser-based value-added products such as polyvinyl 

chlorides (PVCs), cables, wirings, automotive parts and in the packaging of foods (Rahman and 

Brazel 2004). Ideally, plasticiser industries want to develop polymers that are stable over a broad 

range of temperatures, safe for the environment and human health, easy and inexpensive to 

produce, resistant to radiation, and able to reduce the rigidity of the polymer that it is integrated 

into. In the last two centuries, camphor oil, castor oil and triphenyl phosphate were used for 

manufacturing plastics. However, these starting materials proved to be ineffective. Today, 

phthalic acid esters are being used for their low production cost, elasticity and ability to fuse 

(Rahman and Brazel 2004). 

 Products made from esters of phthalic acid have shown to have negative implications on 

the environment and human health. Di-2-ethylhexyl phthalate (DEHP), used to make PVCs for 

medical purposes, can be toxic to the organs of hemophiliac patients or those on dialysis when 

DEHP leeches from the medical PVC apparatus (Tickner et al. 2001). The multitude of uses 

provided by plasticiser products lead to a projection of 2.8% global annual growth rate for the 
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production of such items in the early 2000s (Rahman and Brazel 2004). Even though the energy 

derived from millions of years of accumulation of solar energy on earth far outweighs the 

photosynthetic capability of green plants world-over, fossil fuels are non-renewable and over-

reliance on them is causing rapid depletion (Pfeiffer 2006). Given the complications that arise 

from the use of starting materials derived from fossil fuels, the search for safer, renewable and 

biodegradable sources of oil has been on the rise.  

 Plants synthesize more than 300 different types of fatty acids, most commonly as 

triacylglycerols (TAGs) (Aitzetmuller et al. 2003). Of these fatty acids, saturated palmitic acid 

(16:0), stearic acid (18:0), monounsaturated oleic acid (18:1), polyunsaturated linoleic (18:2) and 

linolenic acid (18:3) are the most commonly occurring fatty acids, extracted from plant 

membrane lipids of major oilseed crops (Table 1.1; Stymne et al. 2006).  

 

 

 

 

 

 Such TAGs, containing saturated and unsaturated fatty acids and resembling the long 

chain hydrocarbons of fossil fuels, are found in oils derived from soybean [Glycine max (L.) 

Merr.]. However, the lack of chemical reactivity of soybean oil requires it to undergo 

reinforcement and chemical modification through the addition of epoxy functional groups by a 

process known as ‘epoxidation’ to form unusual fatty acids (Tran et al. 2006). The process of 

epoxidation involves the breaking of double bonds present in the fatty acids of vegetable oil. The 

Table 1.1 Composition of fatty acids within commonly 
used oilseed plants, as modified from Stymne et al. (2006)  
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addition of hydrogen peroxide (H2O2) in the presence of acetic acid to the double carbon bonds 

oxidizes them to produce peroxy acids, with each double bond now representing a new oxirane 

ring (COPRIDE 2010) (Figure 1.1). 

 

Figure 1.1 Chemical equation representing the Prileshajev epoxidation process, as modified 
from Maurer (2005) 

  

 200,000 tons of epoxidized soybean oil (ESBO) are produced on a global scale every 

year, demonstrating high demand as a more sustainable and cheaper source of oil for use in 

biocomposites (COPRIDE 2010; Tran et al. 2006). On the one hand, Mustata (1997) found that 

the malleable yet stable nature of plasticisers derived from ESBOs was useful for producing 

PVCs. However, Williams and Wool (2000) have noted the lack of mechanical strength to 

ESBO-derived plastics, which could only be reinforced with the addition of petrochemicals. 

Linseed oil derived from flax seed (Linum usitatissimum L.) is hard-bodied to reduce its drying 

time while inadvertently increasing its viscosity (Derksen et al. 1996). The low availability of 

unusual fatty acids in plants combined with the complications of epoxidation, have also lead 

researchers to explore the option of transgenically modifying plants to over express unusual fatty 

acids that have importance in industrial applications (Napier 2007). 

 Oilseed crops that synthesize epoxidized oils already exist but these crops have not been 

successfully brought to market. For this reason, there has been a growing interest in potential 

oilseed crops in recent years that might replace existing oilseed crops. Several plants produce the 
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unusual C18 epoxy fatty acid (12,13 epoxy-cis-9-octadecenoic acid), known simply as vernolic 

acid, within their seeds (Kleiman et al. 1965). However, of these plants, Euphorbia lagascae 

Spreng. and Centrapalus pauciflorus (Willd.) H. Rob. are annuals that are relatively drought 

tolerant, making them suitable for cultivation (Roseberg and Shuck 2008; Kleiman et al. 1965; 

Perdue et al. 1986). Vernolic oil has a lower melting point and lower viscosity than its fully 

epoxidized soybean and linseed oil counterparts. The oil’s low content of volatile organics and 

its ability to reduce drying time is useful when used as an additive in alkyd-based paints. 

Moreover, vernolic oil is naturally epoxidized and hence, does not require further chemical 

treatment (Muturi et al. 1994). Fostering industrial interest in vernolic oil is obstructed by a lack 

of research into oilseeds crops, like Euphorbia lagascae and Centrapalus pauciflorus that 

naturally produce vernolic oil. Euphorbia lagascae contains 45 to 50% oil in its seeds, 60 to 65% 

of which is vernolic acid (Kleiman et al. 1965; Vogel et al. 1993). The oil content of Centrapalus 

pauciflorus is between 35 and 42%, 72 to 80% of which is vernolic acid (Baye et al. 2001; 

Thompson et al. 1994). 

 The agronomic requirements of Euphorbia lagascae have been established in trials 

conducted in the United States, Spain and Italy, while those for Centrapalus pauciflorus have 

been determined in the United States, South Africa, Eritrea and Ethiopia (Roseberg and Shuck 

2008; Roseberg and Bentley 2011; Pascual-Villalobos et al. 1993; Angelini et al. 1997;  

Bharadwaj et al. 2000; Mebrahtu et al. 2009; Shimelis & Hugo 2011; Shimelis et al. 2011; Baye 

2002; Baye et al. 2001; Baye and Becker 2005). No such trials have been conducted in Canada 

yet. Related to this, when new species are introduced to a region for cultivation there are 

typically concerns about the potential for these species to become weeds (Maillet and Lopez-

Garcia 2000). If these species are capable of leaving a viable seedbank, establishing themselves 
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at high densities, and competing with neighbouring crops, then they may threaten farms as weeds 

(Van Acker 2009). The purpose of this study is to investigate the agronomic practices required to 

grow high oil yielding varieties of Euphorbia lagascae and Centrapalus pauciflorus in Southern 

Ontario, while also gaining some insight into their weediness potential. 
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CHAPTER 2 – LITERATURE REVIEW 

2.1 Euphorbia lagascae 

2.1.1 BIOLOGY 

 

A. Name 

 Euphorbia lagascae Spreng. has been less commonly referred to as ‘caper spurge’ in the 

literature (Christou et al. 2012). 

B. Description and Account of Variation 

a) Description. 

 Euphorbia lagascae of the Euphorbia genus and Euphorbiaeae family is an annual 

herbaceous wild spurge (Krewson and Scott 1966; Smith et al. 1997; Turley et al. 2000; Christou 

et al. 2012). E. lagascae produces simple, light or dark green leaves that can be as long as 15 cm, 

display opposite phylotaxy and are narrowly lanceolate above and ovate-linear below (Christou 

et al. 2012). Leaves usually cluster in umbels or are subtending flowers, where they are generally 

wider. The surface of leaves exhibit a wide range of textures; glossy, with a glaucous layer, or 

lacking trichomes (Christou et al. 2012). Its lighter green 0.3-0.5 m long stems may produce 

many branches when apical dominance is repressed and upon exposure to disturbance (Smith et 

al. 1997; Pascual-Villalobos et al. 1993; Christou et al. 2012). Flowers are greenish, usually lack 

petals, subcordate ‘heart-shaped’ and ovate-lanceolate like the leaves (Christou et al. 2012; 

Pascual-Villalobos et al. 1993). The fruit produces three seeds that are contained within a 

dehiscent capsule (Breemhaar & Bouman 1995). The seeds themselves are truncated, black, and 

ovate in structure and less than 1 cm in length (Krewson and Scott 1996; Christou et al. 2012). 

b) Morphological characteristics. 

 Upon adequate maturation, flowers of E. lagascae disperse three seeds that are contained 

within a 1 cm long dehiscent-prone tripartite seed capsule, the oil content of which varies 
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between 46 to 52% (Smith et al. 1997; Breemhaar and Bouman 1995; Christou et al. 2012). 

“Good seeds” or GS seeds of E. lagascae plants have completely detached from the pod.  Seeds 

in a “whole pod” or WP and “partial pods” or PP, are retained within a capsule or separated from 

other seeds of its capsule, but are still retained within their tripartite chamber respectively 

(Roseberg and Bentley et al. 2011). The plant may reach a height of 75 cm, or grow even taller to 

1 m (Smith et al. 1997; Christou et al. 2012). 

 

Figure 2.1 A) Branch of a E. lagascae and its seeds B) Good seeds, partial pods and whole pods 
with an American quarter for scale, as modified from Roseberg & Shuck (2008) C) Flowers of E. 

lagascae lack petals, Chakraborty (2014) D) Morphology of a E. lagascae plant, as modified 
from Krewson & Scott (1996) 
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C. Economic Importance 

a) Detrimental. 

 Besides producing a thick white skin-irritating latex (Ibáñez -Torres 2004), there are no 

known detrimental effects from using E. lagascae.  

b) Beneficial. 

 No crops that produce epoxidized oils have been successfully brought to market. For this 

reason, there has been a growing interest in potential oilseed crops in recent years that might 

replace existing oilseed crops. Besides being important sources of vernolic acid, E. lagascae has 

additional uses. Plant extracts derived from Euphorbia have been used since ancient times as a 

medicinal aid to treat maladies. Due to its mole repelling properties, E. lagascae has been 

previously dubbed ‘moleplant’ (Christou et al. 2012). More recently, cancer cells subject to an 

array of drug treatments often develop multidrug resistance (MDR). E. lagascae has been shown 

to naturally produce multidrug resistance-associated protein 1 (MRP1) inhibitors (Wesolowska et 

al. 2007; Duarte et al. 2006). Seeds of E. lagascae also contain a protein kinase inhibitor, 

piceatannol, which has antileishmal properties (Duarte et al. 2008).  

Table 2.1 List of useful applications derived from the plant parts of E. lagascae adapted 
from Christou et al. 2012 

Plant Structure Compound Use 

Seed Vernolic acid Biofuels, paints, varnishes, adhesives, industrial 

coatings  Oleic acid 

Leaves Quercetin Medicinal and pharmaceutical 

 p-coumaric acid 

 Ferulic acid 

Latex L-dopa Medicinal and pharmaceutical 

 Β-sitosterol 
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D. Geographical Distribution 

 
 

Figure 2.2 Geographical distribution of domesticated (in yellow) and wild varieties (in red) of E. 

lagascae in Europe adapted from Christou et al. 2012 

 E. lagascae is an annual spurge found throughout Spain and Italy (Smith et al. 1997). 

Wild varieties of the species are prevalent in the Mediterranean region including the island of 

Sardinia and seaside parts of Cadiz. However, the varieties found throughout northern Europe 

were introduced more recently (Christou et al. 2012). 

E. Habitat 

a) Climatic requirements  

 Many plants of the Euphorbia genus show a preference for well-lit bright places (The 

International Euphorbia Society 2013). Temperatures for optimum growth, base germination and 

vegetative growth for E. lagascae have been reported to be 10°C, 6°C and 18-22°C respectively 

(Angelini et al. 1997; Roseberg and Shuck 2008; Vogel et al. 1993; Zanetti et al. 2013). 

b) Substratum 

 There is no information available on the soil type, pH and organic matter requirements of 

E. lagascae. 
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c) Conditions in which the species occurs 

 Roadsides with soils rich in nitrogen have been reported to be ideal growing 

environments for E. lagascae (Pascual-Villalobos et al. 1993). 

F. Growth and Development 

 Through field studies, Breemhaar & Bouman (1995) have estimated the time for E. 

lagascae to flower (between 63 to 84 days after emergence) and set seed (116 days after 

emergence) near Lelystad, Neatherlands. In its native country of Spain, E. lagascae seeds 

germinate in the autumn, and flower between March and April, producing fruits in April and 

May (Pascual-Villalobos et al. 1993). 

 
 

Figure 2.3 Photographs of various developmental stages of E. lagascae, from seedling to seed 
production, adapted from Chakraborty 2014.  
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G. Reproduction 

a) Floral biology 

 E. lagascae is a self-fertile plant that rarely outcrosses (Vogel et al. 1993) 

b) Vegetative reproduction 

 Ibáñez-Torres (2004) has devised a method of vegetatively propagating E. lagascae from 

its vegetative parts, thus avoiding interaction with any skin-irritating latex. All cuttings derived 

from axillary and apical shoots of an E. lagascae plant during the spring and summer time 

survived upon immersion in 50mg/l of auxinic indolebutyric acid (IBA), compared to half the 

cuttings that survived upon immersion in distilled water. Cuttings taken from certain species 

from the Euphorbia genus during the spring and summer months have the most time to grow 

(International Euphorbia Society 2013). 

H. Hybrid 

 Indeterminate growth and seed shattering are known obstacles to the commercial 

cultivation of many oilseed crops and the same is true for E. lagascae. Varying proportions of 

the chemical mutagen ethyl methanesulfonate (EMS) have been used to produce non-seed 

shattering mutants since naturally occurring non-seed shattering lines do not exist (Pascual-

Villalobos et al. 1994). The low incidence (0.006%) of non-seed shattering biotypes indicated 

that recessive gene(s) were the mode of inheritance. One of the recessive genes is also associated 

with causing sterility. Dehiscence in mutants produced from the mutation of the other recessive 

gene depends on environmental factors (Pascual-Villalobos et al. 1994). 
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I. Response to Herbivory, Disease and Higher Plant Parasites 

a) Herbivory 

 The root-knot nematode Meloidogyne hapla Chitwood has been known to damage E. 

lagascae in the United States (Waterworth et al. 1967). 

b) Diseases 

 The fungi Melampsora euphorbiae (Ficinus & C. Schub.) Castagne causes Spanish rust 

in E. lagascae plants in Spain. Yellow and orange fructifications appear on the adaxial or upper 

surface of the leaf, from where the symptoms aggravate to chlorosis on the abaxial or lower 

surface. Other fungi that attack E. lagascae in Spain include Oidium sp. (Pascual-Villalobos and 

Jellis 1992). 

c) Higher Plant Parasites 

 Euphorbia moths [Celerio euphorbiae L.] were also found in Spain (Pascual Villalobos & 

Jellis 1992). 

2.1.2 AGRONOMY 

 

A. Phenology and cultivation 

 Agronomic trials on E. lagascae have been conducted in Pisa, Italy; Murcia, Spain; and 

Oregon, USA (Tables 2.2, 2.3 and 2.4). From the two year study on E. lagascae conducted in 

Italy, it is evident that time of first flowering and seed production did not vary between the two 

years. However, the lower thousand seed weight from 1994 was attributed to drier weather 

(Table 2.2). 
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Table 2.2 Range of various agronomic traits of Euphorbia lagascae accessions obtained from a 
three year study in central Italy conducted by Angelini et al. (1997) 

 1994 1995 

 Mean ± S.E. Rangez Mean ± S.E. Rangez 

Days to flowering 70 ± 2 64 – 84 69 ± 4 63 – 76 

Days to harvest 114 ± 2 107 – 121 118 ± 4 110 – 125 

Plant height (cm) 78.9 ± 1.2 69 – 89 80.2 ± 1.1 76 – 84 

1000 seed weight (g) 9.6 ± 0.2 8.0 – 10.3 11.4 ± 0.2 9.9 – 12.8 

Seed yield (g plant -1) 4.7 ± 0.8 1.0 – 13.4 5.2 ± 0.3 1.1 – 14.1 
Oil (%) 39.2 ± 0.9 35.9 – 43.4 41.4 ± 1.1 38.9 – 44.8 

Vernolic acid (% of total) 58.7 ± 0.5 56.8 – 60.9 60.1 ± 0.3 59.1 – 61.4 
z Minimum and maximum values for the corresponding agronomic traits 
S.E. Standard Error 
 

 For the agronomic trials conducted in Murcia, southeastern Spain, E. lagascae seeds were 

sown in the spring and autumn at two sites: Torreblanca (TB) for its proximity to the coast, hot 

summers and mild winters and low annual rainfall of less than 250 mm, and Moratalla (MT) for 

its higher altitude, inland location, cold winters and higher annual rainfall of 400 mm (Pascual-

Villalobos et al. 1993). E. lagascae plants in MT performed better when sown in the autumn than 

in spring, though plants in MT outperformed plants in TB irrespective of time of sowing (Table 

2.3). The authors concluded that optimum growth was experienced in the warmer coastal regions 

of TB when seeds were irrigated and sown in the spring (Pascual-Villalobos et al. 1993). 
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Table 2.3 Summary of agronomic traits of Euphorbia lagascae obtained from trials conducted in 
Murcia, Spain by Pascual-Villalobos et al. (1993) 

Torreblanca (TB) 

 Mean Rangez S.E.D. d.f. 

 Spring Autumn Spring Autumn Spring Autumn Spring Autumn 

Seed oil 
content 
(%) 

41.25 44.53 23.2-
47.0 

41.2-
47.1 

2.24 1.06 57 34 

Vernolic 
acid 
content 
(%) 

62.98 63.67 55.4-
68.8 

58.2-
66.9 

1.30 1.13 57 34 

Seed yield 
(kg/ha) 

979.8 763.8 432-
1619 

401-
1413 

333.6 266.9 12 15 

Moratalla (MT) 

 Mean Rangez S.E.D d.f. 

 Spring Autumn Spring Autumn Spring Autumn Spring Autumn 

Seed oil 
content 
(%) 

44.19 44.78 41-48 43.0-
47.1 

1.46 0.36 10 33 

Vernolic 
acid 
content 
(%) 

62.67 64.98 61-64 62-69 0.86 0.84 10 33 

Seed 
yield 
(kg/ha) 

24.8 208.5 13-50 68-497 9.4 103.6 10 15 

TB Torreblanca;   MT Moratalla     
z Minimum and maximum values for the corresponding agronomic traits 
S.E.D. Standard Error of the Difference;    d.f. Degrees of freedom 
 

 

Table 2.4 Summary of mean agronomic traits of Euphorbia lagascae obtained from trials 
conducted in Oregon, USA, by Roseberg and Shuck (2008) and Roseberg and Bentley (2011) 

Southern Oregon Research & Extension Center (SOREC) 

 2008 2011 

Seed oil content (%) 49.9 53.2 
Oil yield (kg/ha) 31.48 95.2 
Seed yield (kg/ha) 64.96 178.08 

Klamath Basin Research & Extension Center (KBREC) 

 2008 2011 

Seed oil content (%) 47.2  52.5 
Oil yield (kg/ha) 80.64 489.44 
Seed yield (kg/ha) 170.24 934.08 
KBREC Klamath Basin Research & Extension Center, OR 
SOREC Southern Oregon Research & Extension Center, OR 



 

15 

 

 

 Roseberg and Bentley (2011) have conducted various trials at two sites: Southern Oregon 

Research & Extension Center (SOREC) and the Klamath Basin Research & Extension Center 

(KBREC), in the semi-arid Kalmath Basin of Oregon, USA (Table 2.4 and 2.5). Overall, 2011 

was a more productive year in terms of oil content, oil yield and seed yield than 2008 in both 

SOREC and KBREC. Oil yield and seed yield was also higher in KBREC than SOREC, with oil 

content being less variable between the two locations (Table 2.4). Neither cultivar nor seeding 

date had a significant effect on either seed yield or oil yield (Table 2.5a). However, seeding date 

had a significant effect on oil content in KBREC (Roseberg and Shuck 2008). Plants sown on a 

later seeding date of June 2 produced seeds with higher oil content than seeds sown earlier (May 

9). Plants sown at a later seeding date at SOREC also produced seeds with higher oil content, 

however, this result was not significant. Irrigation rate, seeding rate and an irrigation rate × 

seeding rate interaction had significant effects on seed yield, oil content and oil yield in SOREC. 

In KBREC, only seeding rate had a significant effect on seed yield and oil yield (Table 2.5b). In 

KBREC, a lower seeding rate produced significantly higher seed yield and oil yield (Table 2.5c). 

This was especially true for cultivars EU006 and EU008 (Roseberg and Shuck 2008). In general, 

seed oil content was consistently higher in Oregon for both 2008 and 2011 trials than in Spain. 

However, seed yield was less variable between the two locations. This difference in seed oil 

content but not seed yield may be attributed to the lower amounts of rainfall received in Oregon, 

which is ideal for a drought tolerant plant like E. lagascae. 
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Table 2.5 Summary of agronomic trials of Euphorbia lagascae conducted in Oregon state, 
USA by Roseberg and Shuck (2008) and Roseberg and Bentley (2011) 

a) Effect of seeding date, cultivar and seeding date × cultivar interaction on seed yield, 
oil content and oil yield in SOREC and KBREC in 2008 

P-values Seed Yield (lb/ac) Oil content (%) Oil yield (lb/ac) 
SOREC KBREC SOREC KBREC SOREC KBREC 

Seeding Date 0.090 0.430 0.088 0.009 0.091 0.283 
Cultivar 0.754 0.651 0.065 0.079 0.564 0.572 
Seeding Date × Cultivar 0.307 0.814 0.422 0.302 0.302 0.787 

b) Effect of irrigation rate, seeding date, seeding rate and their interaction on seed yield, 
oil content and oil yield in SOREC and KBREC in 2011 

P-values Seed Yield (lb/ac) Oil content (%) Oil yield (lb/ac) 
 SOREC KBREC SOREC KBREC SOREC KBREC 

Irrigation Rate <0.001 0.079 0.002 0.224 <0.001 0.075 
Seeding Rate <0.001 <0.001 0.033 0.684 <0.001 <0.001 
Irrigation Rate × Seeding 
Rate 

0.040 0.845 0.035 0.785 0.044 0.882 

c) Effect of cultivar, seeding rate and their interaction in SOREC and KBREC in 2008 

P-values Seed Yield (lb/ac) Oil content (%) Oil yield (lb/ac) 
 SOREC KBREC SOREC KBREC SOREC KBREC 

Seeding Rate 0.288 0.049 0.916 0.156 0.254 0.024 
Cultivar 0.591 0.492 0.691 0.996 0.519 0.446 
Seeding Rate × Cultivar 0.244 0.103 0.944 0.348 0.247 0.109 
KBREC Klamath Basin Research & Extension Center, OR 
SOREC Southern Oregon Research & Extension Center, OR 
 

B. Harvest and yield 

 Harvesting E. lagascae has proved to be challenging in the past, in part due to the thick 

white latex produced in the branches and the long maturation periods and the heterogeneity in 

the crop stands in terms of maturity (Ibáñez -Torres 2004). Combining after chemical 

desiccation, combining after windrowing and stripping with a stripper head, have been identified 

as unsuitable methods of harvesting E. lagascae seeds. A modified pea harvester prevented the 

accumulation of latex in the machinery and while harvesting. Moreover, when using a pea 

harvester 55% (by dry weight) of the plant matter retrieved after cleaning was seed mass, 

proving its efficiency (Breemhaar and Bouman 1995). In Oregon, plots that were combined 
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directly produced higher seed yields and seeds with higher oil content, versus plots that were 

swathed, dried and then combined (Roseberg and Bentley 2011). 

2.2 Centrapalus pauciflorus 

2.2.1 BIOLOGY 

 

 Botanist R. E. Perdue Jr. first discovered Centrapalus pauciflorus subsp. galamensis var. 

ethiopica (then identified as Vernonia pauciflora) in 1964, just 7 km from Harar, eastern 

Ethiopia (9° 14'N and 42° 35'E at 1700 m) at an altitude of 1,740 m above sea level, while on a 

search for stengelioid vernonias (Perdue et al. 1986; Gilbert 1986). Since then, Smith (1971) has 

collected seeds of Centrapalus pauciflorus subsp. afromontana from the highlands of Kenya. 

Due to its high vernolic oil content, recent agronomic field studies of C. pauciflorus have been 

conducted in South Africa, Eritrea, and as far from its origins as the United States (Shimelis et al. 

2011; Mebrahtu et al. 2009; Bharadwaj et al. 2000). 

A. Name 

 Historically, Vernonia galamensis, of the asteraceae family, has been known as Conyza 

pauciflor (Willd). As a member of the Vernonia genus, this species has also been frequently 

mislabelled as Vernonia pauciflora in the past (Gilbert 1986). Robinson (1999) has since 

renamed the species as Centrapalus pauciflorus (Willd.) H. Rob. (syn. Centrapalus galamensis 

Cass.). In current literature, Vernonia galamensis and Centrapalus pauciflorus are used 

synonymously. While formal names of this species are generally lacking, C. pauciflorus is most 

commonly known by various vernacular names throughout Africa (Gilbert 1986). The subspecies 

V. galamensis var. ethiopica is commonly known as ‘Ferenkundela’, ‘Dunfare’, ‘Kefathebogie’, 

and ‘Noya’ to the farmers of Harar, Ethiopia (Baye 1996). V. galamensis is also known as 

‘Fechatu’, for its seed shattering ability, ‘Metaboko’ for its enlarged heads and ‘Bucha’, for its 
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germination without sowing, as well as ‘Oromo’, ‘Gelile’ and ‘Sumku’ in Ethiopia (Baye 1996; 

Baye and Becker 2005). 

B. Description and account of variation 

a) Description. 

 Centrapalus pauciflorus is an herbaceous annual plant (Gilbert 1986). In its natural 

habitats of Ethiopia, the plant ranges in height from 50 cm to 350 cm (Baye and Becker 2005). 

The short seasonal adaptation of the plant is best suited for equatorial habitats. However, a day 

neutral germplasm has also been selected for, that flowers during longer days and thus, is better 

suited for growing in the temperate regions of the United States (Bharadwaj et al. 2000). The 

stems of C. pauciflorus branch after flowering. The florets are tubular in shape at the base and 

may be 14 mm long. The corolla, stamen and stigma are blue, purple mauve or white with the 

reproductive structures slightly protruding (Gilbert 1986; Bharadwaj et al. 2000). Involucres are 

usually ‘lax’ with the penduncles that support it varying in length.  Its membranous leaves 

display alternate phyllotaxy with a length:breadth (L:B) ratio as low at 2.3:1 or as high at 20:1. 

C. pauciflorus pollen is tricolporate (Gilbert 1986). The head which contains seeds is usually 

present in clusters called ‘capitula’, which may either be of open or closed orientation and 

encased within a phyllary (Gilbert 1986; Baye and Becker 2005; Sieberg et al. 2003). C. 

pauciflorus produces obovoid shaped ‘achenes’ or ‘cypsella’ fruits that are dark brown or black 

and up to 8 mm long, with hairy pappi attached up on its outer surface that are up to 1.5 mm long 

(Naranjo and Stefanek 2012; Gilbert 1986; Churchill et al. 1991). All subspecies of C. 

pauciflorus are haploid with a chromosome number of n = 9 (Thompson et al. 1994). 
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b) Morphological characteristics. 

 C. pauciflorus shares similarities with members of the Vernonia genus. While C. 

pauciflorus and V. glabra are similar in terms of their narrow phyllaries and hairy cypsela, V. 

glabra are perennials with chartaceous and papery leaves. The phyllaries of V. filisquama are 

acicular and much less shorter towards the base of its involucre than the phyllaries of C. 

pauciflorus which are flat. Additionally, the corolla of V. filisquama contains trichomes instead 

of being hairless. In spite of Stengelia of the Asteraceae family sharing even fewer similarities 

with C. pauciflorus, owing to differences in corolla and pappus morphology, they may seem 

similar on the surface (Gilbert 1986). 

c) Intra-specific variation. 

 Gilbert (1986) has further divided C. pauciflorus into six subspecies, based on 

taxonomic, morphological and ecological differences (subsp. galamensis, subsp. nairobensis, 

subsp. lushotoensis, subsp. mutomoensis, subsp. afromontana and subsp. gibbosa). C. 

pauciflorus subsp. lushotoensis, which grows between 300-1,900 m above sea level in wet 

forests, contains easily recognizable white teeth at its inner phyllaries, a feature that is absent 

among the other subspecies. The outer phyllary tips of subsp. afromontana and subsp. gibbosa 

are less than 3 mm in width, and both subspecies produce blue flowers and broad leaves. 

However, subsp. afromontana is found at higher altitudes of 1,900-2,400 m of central and 

western Kenya, and contains regular outer phyllaries. In contrast, subsp. gibbosa is restricted to 

Kenyan roadsides situated at 1,700-1,850 m altitude, with less regular outer subglabrous 

phyllaries. The florets of subsp. mutomoensis, natives to the disturbed locales of the Kenyan 

Commiphora woods, are white to yellow at the base and green to blue at the tip. Both subsp. 

galamensis and subsp. nairobensis grow florets that are paler in colour. However, the former 



 

20 

 

occurs at drier disturbed bushlands of Sudan, Ethiopia, Eritrea, Uganda, Tanzania and Somalia, 

and the latter at the edge of Tanzanian and Kenyan forests and roadsides (Gilbert 1986). 

 Var. galamensis, var. petitiana, var. ethiopica and var. australis are four varieties of C. 

pauciflorus subsp. galamensis. The distinction between the varieties lies in the morphology of 

their phyllaries, involucres and leaves, as well as their ecological habitats. Var. galamensis and 

var. petitiana are characterised by involucres that are less than 16 mm long, with the former 

variety occurring as a ruderal species in disturbed habitats and the latter around dry bushland 

areas. The leaves of var. galamensis are wider than 11.5 mm while the leaves of var. petitiana 

are generally less than 11.5 mm wide. Both var. ethiopica and var. australis have involucres that 

are more than 17 mm long. However, the inner phyllaries of var. ethiopica are less coloured, 

with the variety occurring in open Commiphora and Acacia woodlands of Ethiopia. The 

phyllaries of var. australis, also found in woodlands, are a darker shade of green (Gilbert 1986).  
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Figure 2.4 Morphology of the 1. capitulum, 2. inner phyllary, 3. outer phyllary and 4. floret of 
various subspecies of Centrapalus pauciflorus. (A) subsp. nairobensis; (B) subsp. lushotoensis; 
(C) subsp. mutomoensis; (D) subsp. gibbosa; (E) subsp. afromonta, adapted from Gilbert (1986) 

C. Economic Importance 

(a) Detrimental. 

 The propensity of bare agricultural areas and roadsides to colonization by C. pauciflorus 

poses potential problems in the form of crop yield and economic losses. Fadayomi and 

Olofintoye (2005) have identified C. pauciflorus as one of the most abundant and dominant 

weeds among five species of weeds in experimental field plots of cowpea [Vigna unguiculata 

(L.) Walp] in Ilori, Nigeria. The species has also been problematic in fields of corn (Zea mays 

L.), also in Nigeria (Chikoye et al. 2004). 
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 (b) Beneficial. 

 With the exception of a single farmer who believed that C. pauciflorus had medicinal use, 

other farmers in an Ethiopian study believe that the plant is a weed with no inherent value (Baye 

and Becker 2005). C. pauciflorus is a valuable source of naturally epoxy fatty acids present in its 

vernolic oil. Epoxy fatty acids may be used to manufacture cosmetics, polyvinyl chlorides 

(PVCs), pharmaceuticals and other plasticizers (Bharadwaj et al. 2000). Since vernolic oil is less 

viscous and volatile than oil derived from its current oilseed counterparts, linseed and soybean, it 

may be stored at sub-zero temperatures (less than 0°C) and is less likely to release volatiles into 

the atmosphere that contribute to smog and air pollution when in paints (Baye et al. 2001). 

Remnants of linoleic acid (12–14%), oleic acid (4–6%), stearic acid (2–3%) and palmitic acid 

(2–3%) are also present in the vernolic oil derived from C. pauciflorus (Thompson et al. 1994). 

Another advantage that C. pauciflorus poses is that its seeds may contain up to 80% oil, a much 

higher percentage of oil than the mere 55% and 57% oil content of soybean and linseed seeds 

respectively (Baye and Becker 2005). The average vernolic acid content of C. pauciflorus seeds 

derived from Ethiopia was found to be 74.3% (Baye and Becker 2005). Besides its prospective 

importance as a source of vernolic oil for industrial use, C. pauciflorus also served other minor 

uses. “Meal” derived from the plant matter of C. pauciflorus, left over after the extraction of oil, 

is also a rich source of protein, fibre, carbohydrates (sucrose, glucose and fructose), minerals 

(magnesium, calcium and potassium), and amino acids, thus, might serve as animal feed (Baye et 

al., 2001; Ologunde et al. 1990). 
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D. Geographical Distribution 

 

Figure 2.5 Geographic distribution of the four varieties of Centrapalus pauciflorus with varying 
lengths of involucre, found throughout Africa, as adapted from Gilbert (1986) 

 As a native to the African continent, C. pauciflorus is found throughout the East African 

countries of Eritrea, Ethiopia, Sudan and Kenya. The species also occurs in the southern African 

countries of Tanzania and Malawi (Mebrahtu et al. 2009; Gilbert 1986; Figure 2.5). 

E. Habitat 

a) Climatic requirements. 

 In Ethiopia, C. pauciflorus is found in a broad range of altitudes, ranging between 1,250 

m and 2,050 m, with the species occurring most commonly below 1,600 m above sea level (Baye 

and Becker 2005). C. pauciflorus thrives under conditions of relatively low annual rainfall (only 

50 cm) in bushlands, as well as in forested areas receiving a very high annual rainfall of 185 cm 

(Perdue et al. 1986). C. pauciflorus can grow under marginal conditions with very limited 

rainfall (Bayer and Beck 2005). In Eritrea, the plant was even able to grow in areas receiving less 

than 60 mm of annual rainfall (Mebrahtu et al. 2009). More specifically, subsp. mutomoensis and 
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subsp. galamensis occur in drier regions. In contrast, subsp. nairobensis and subsp. gibbosa are 

found to grow in evergreen forested regions and subsp. afromontana and subsp. lushotoensis in 

forested areas with high rainfall (Perdue et al. 1986). C. pauciflorus grew in field sites at 28-

30°C in South Africa (Shimelis et al. 2011). 

b) Substratum. 

 In Ethiopia, C. pauciflorus was found to grow best in well-drained, sandy soils with a pH 

between 5.1-8.5 and relatively low organic matter levels (between 0.2-12.9%) (Bayer and Beck 

2005). 

c) Communities in which the species occurs. 

 C. pauciflorus is found in a diverse range of habitats, ranging from disturbed habitats of 

plains, slopes, fallow agricultural and grazing fields, roadside, eroded lands, ditches, riverbanks, 

parks to disturbed habitats of forests (Baye and Becker 2005). In Ethiopia, C. pauciflorus was 

found to grow in association with other plant species in the region that also prefer warm 

temperatures and well drained soils, such as (Tagetes minuta L.) and wild sage (Lantana camara 

L.), arabica coffee (Coffea Arabica L.), Umbrella Thorn [Acacia tortilis (Forssk.) Galasso & 

Banfi)], jaragua grass [Hyparrhenia rufa (Nees) Stapf], [Leucas martinicensis (Jacq.) W.T. 

Aiton], khat [Catha edulis (Vahl) Forssk. ex Endl.], Lotus spp., Abyssinian rose [Rosa 

abyssinica R. Br. ex Lindl.], cobbler's pegs (Bidens pilosa L.), (Rumex nervosus Vahl), thorn 

apple (Solanum incanum L.), Santa Maria Feverfew (Parthenium hysterophorus L.), (Xantium 

spp. L.), (Ficus spp. L.), (Opuntia spp. Mill) and (Agave spp. L.) were also found to grow 

alongside C. pauciflorus, but to a lesser extent (Baye and Becker 2005). 



 

25 

 

 

 

Figure 2.6 The various developmental stages of C. pauciflorus, from seedling to seed production 
(photos from Chakraborty) 

F. Growth and Development 

 Morphology – Fine hairs called pappi (singular pappus) are thought to be responsible for 

aerial seed dispersal. Additionally, dense stands limit long distance wind dispersal compared to 

more open stands (Sheldon and Burrows 1973). Generally, C. pauciflorus is an annual plant and 

a perennial under rarer conditions (Gilbert 1986). 
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G. Reproduction 

a) Floral biology 

 C. pauciflorus is self-fertile and self-pollinating. They do not exhibit self-incompatibility 

since bagging pink and white flowering C. pauciflorus to prevent cross pollination did not 

inhibit the production of fertile seeds (Baye and Becker 2004). However, outcrossing can occur 

in this species at fairly low rates (8%), with higher rates of outcrossing occurring at higher 

altitudes in Alemaya, Ethiopia (3.5 to 16.0%) than at lower altitudes in Babile, Ethiopia (2.5 to 

12.0%) (Baye and Becker 2004). 

b) Seed production and dispersal 

 The presence of pappi on the seed surface of this species facilitates aerodynamic friction 

between the air and the fruit, thus helping with fruit dispersal. When pappi are heavier than the 

achene that it is attached to, the terminal velocity that allows long distance dispersal will be 

reduced. Environmental conditions (like humidity) often affect the dispersal ability of fruits 

with pappus attached. At high levels of humidity, the pappus usually closes and has reduced 

dispersal abilities due to experiencing less aerodynamic resistance with the wind. When, for 

example, seeds of [Senecio vulgaris L.] containing pappi were subjected to 0% and 75% 

humidity levels, the seeds experiencing no humidity travelled more than twice the distance 

covered by the seeds experiencing 75% humidity (Sheldon and Burrows 1973). 

c) Seed banks, seed viability and germination 

 The ecological origin and subspecies dictate the level and extent of dormancy in C. 

pauciflorus, with dormancy being higher in seeds occurring in colder regions. However, 

exposure to alternating temperatures, light, cold-stratification, GA3 and KNO3 have been found 

to enhance germination (Nyamongo et al. 2010). 
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H. Hybrid 

 Day neutral germplasms of C. pauciflorus have been developed that are suitable for 

growing in regions that experience longer days. In order to produce these day-neutral 

phenotypes, day-neutral biotypes of V. galamensis subsp. galamensis var. petitiana (A. Rich.) 

were fertilized by pollen from one of two varieties of short-day V. galamensis subsp. galamensis: 

var. ethiopica and two accessions of var. galamensis (Dierig et al. 2006). 

I. Response to Other Human Manipulations 

 To assess the amount of nitrogen fertilizer required for optimal C. pauciflorus growth, 

Bharadwaj et al. (2000) applied various rates of nitrogen fertilizers to fields of C. pauciflorus. 

Applications of 50 kg/ha, 100 kg/ha, and 150 kg/ha of nitrogen fertilizers yielded 946 kg/ha, 

1,298 kg/ha, and 1,300 kg/ha of seeds, respectively. However, since the field plots contained 14 

kg/ha of inherent nitrogen, these authors concluded that approximately 114 kg/ha of nitrogen 

fertilizer would be required for optimal growth of C. pauciflorus (Bharadwaj et al. 2000). 

Furthermore, when Mills (1999) fertilized greenhouse grown C. pauciflorus subsp. galamensis 

var. ethiopica, and var. petitiana with bimonthly and daily applications of 0.5, 1.0, and 2.0 L/m3 

of 7:3:7 Shefer fertilizer containing 83 g/L, 36 g/L, and 83 g/L of N, P, and K respectively, the 

C. pauciflorus receiving bi-monthly applications experienced growth stress versus those 

receiving daily applications. C. pauciflorus subsp. galamensis var. ethiopica produced the most 

number of primary branches, flower heads and vernolic oil and vernolic acid at daily applications 

of 1.0 L/m3 of Shefer fertilizer. C. pauciflorus subsp. galamensis var. ethiopica also produced 

fewer heads under low N or P conditions. On the other hand, high N levels lead to a reduction in 

vernolic oil and vernolic acid, as well as biomass. Vernolic oil and vernolic acid appeared to be 

less sensitive to decreased amounts of P (Mills 1999). Mills (1999) hypothesized that the higher 
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salinity levels in more concentrated liquid fertilizers (2.0 L/m3) produced less than optimal 

growth of C. pauciflorus. 

 Integrated weed management (IWM) strategies have been used in Nigerian corn (Zea 

Mays L.) fields to eliminate weeds like C. pauciflorus. Farmers achieved best control when 

vernonia was one of the dominant weed species. The lack of C. pauciflorus in fields subjected to 

the herbicide Primextra® 500 FW (a tankmix of metolachlor and atrazine at 5 L/ha), high density 

corn (60,000 plants/ha) and cover crop velvet bean (Mucuna cochinchinensis Lour.) compared to 

fields with low density corn (25,000 plants/ha) and only a single weeding at four weeks after 

planting demonstrated the need for integrated weed management systems to remove C. 

pauciflorus from field crops (Chikoye et al. 2004). 

J. Response to Herbivory, Disease and Higher Plant Parasites 

(a) Herbivory. 

 The bitter leaves of C. pauciflorus make the plant unappetizing to livestock (Baye and 

Gudeta 2002).  

(b) Diseases. 

 Baye and Gudeta (2002) have identified six fungal pathogens and one bacterial pathogen 

as probable causes of diseases in the Vernonia species C. pauciflorus (see Table 2.6). Up to 10% 

Vernonia seedlings are lost to ‘damping off’, induced by moisture and caused by fungi 

[Rhizoctonia solani Kuhn] and Fusarium sp. Powdery mildew a disease caused by the fungal 

pathogen Erysiphe sp. is often responsible for leaf desiccation and detachment once C. 

pauciflorus has started to flower (Baye and Gudeta 2002). Tefera and Baye (2003) assessed 

fungal presence on C. pauciflorus obtained from eastern Ethiopia by growing tissue on potato 

dextrose agar (PDA). Rhizoctonia solani, Cladosporium sp. infected stored seeds more than 
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[Aspergillus niger Tiegh.], Penicillium sp., Cladosporium sp. and Pythium sp. Powdery mildew 

Erysiphe sp. and rust (caused by Puccinia spp.) affected plants grown in the field. Both stored 

seeds as well as field plants were affected by wilt (caused by Fusarium sp.), damping off (caused 

by Rhizoctonia solani), leaf spot (caused by Alternaria sp.) and Phoma sp. (Tefera and Baye 

2003). 

 Two strains of bacteria Acinetobacter lwoffii (HU 3955) and Pseudomonas sp. (HU 4020) 

biodegrade epoxidized and non-epoxidized acids of vernolic oil present in the seeds of C. 

pauciflorus. At the end of an 8 day period, these strains of bacteria used 60% of the vernolic acid 

in the seed as a source of carbon to grow. Furthermore, Acinetobacter lwoffii (HU 3955) and 

Pseudomonas sp. (HU 4020) accumulated up to 62% and 82% of free fatty acids over 7 and 6 

days, respectively. These bacterial growth results were confirmed by comparison to the deficient 

growth of bacteria in Petri dishes containing only media but lacking vernolic acid (Yalley et al. 

1992). 

 

 

(c) Higher plant parasites. 

 Baye and Gudeta (2002) have identified thirteen species of insects as probable reasons 

for concern in C. pauciflorus. Different accessions of the species exhibit different susceptibilities 

and resistances to various insect pests. 

 The western tarnished plant bug (Lygus hesperus), which is abundant in southwestern 

USA, tends to feed on the reproductive plant tissues of C. pauciflorus. When Lygus hesperus 

Table 2.6 Bacteria and fungi that commonly attack Vernonia in Ethiopia, 
as adapted from Baye and Gudeta (2002) 
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plant bugs were observed on a branch of C. pauciflorus for 30 minutes, adults of the species 

seemed more likely to spend more time probing vegetative plant tissues (more specifically 

stems) than the younger nymphs, which are five times more likely to probe reproductive buds. 

Insects feeding on reproductive structures showed a preference for flowers and achenes (dry 

fruit). Attack of reproductive parts of C. pauciflorus is likely to affect the plants’ seed 

production, which is the source of vernolic oil for industrial use (Naranjo and Stefanek 2012). 

 In Ethiopia, the Helmet bug (Captosoma spp.) feeds on the mature heads of C. 

pauciflorus, but not much else is known about the insects’ feeding behaviour on this species 

(Baye and Becker 2005). Up to 80% of damage to Vernonia in southern Ethiopia is caused by the 

Helmet bug. Vernonia worm and Helmet bug may pose as major pests that may cause injury to 

the plant during the early and late stages of development. They also feed on younger Vernonia 

leaves and shoots. Damage to growing points on plants may cause C. pauciflorus to produce 

more branches. The harlequin bug (Bagrada sp.) may also cause vernonia to wilt (Baye and 

Gudeta 2002). 

 

 

 

Table 2.7 Insects commonly attacking Vernonia in Ethiopia, as modified from 
Baye and Gudeta (2002) 
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2.2.2. AGRONOMY 

 

A. Phenology and Cultivation 

 

 Agronomic trials on C. pauciflorus have been conducted in central Italy, Ethiopia, South 

Africa, Eritrea and the USA, the results of which are summarized in tables 2.8, 2.9 and 2.10. 

Table 2.8 Range of various agronomic traits for Centrapalus pauciflorus, from trials conducted 
in Pisa, Italy by Angelini et al. (1997) 

Parameters 
tested 

1994 1995 

 Mean ± S.E. Variation Mean ± S.E. Variation 

Days to 
flowering 

- - 99 ± 9 90 – 107 

Days to harvest - - 195 ± 16 179 – 210 
Plant height (cm) - - 135 ± 8.2 107 – 170 
Seed yield (g 
plant-1) 

- - 3.8 ± 0.6 1.3 – 6.1 

1000-seed 
weight (g) 

- - 3.2 ± 0.2 2.7 – 3.8 

Oil (%) 26.7 ± 4.6 22.1 – 31.2 13.0 ± 3.2 11.1 – 15.8 

Vernolic acid (% 
of total) 

70.3 ± 0.2 70.1 – 70.4 68.7 ± 0.9 65.2 – 71.4 

- Data not available 

S.E. Standard Error 
 

 C. pauciflorus flowered between 90-107 days and was ready for harvest within 179-210 

in a trial conducted in 1995 in central Italy. In spite of the lower oil content (%) in 1995 than 

1994, the vernolic acid content (%) did not vary substantially across the two years (Table 2.8). 

In a study in Ethiopia, Baye (2002) reported variation in traits across all regions, with the 

exception of 'days to emergence' and 'days to maturity', which did not experience much regional 

variation (Table 2.9). Even though oil content (%) and seed yield (kg/ha) were highest in the 

study conducted in Ethiopia, the plants look longer to mature than they did in Eritrea or Italy.      
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Table 2.9 Summary of agronomic characters for trials conducted on Centrapalus pauciflorus in 
Alemaya, Harar and Babile, Ethiopia by Baye (2002) 

Traits Location Mean Range s.e. F-value 

Days to emergence A 9.38 9-10 0.41 5.47NS 
H 9.88 9-10 0.31 3.47NS 
B 10.13 9-11 0.53 16.72NS 

Days to heading A 1.60 1.45-1.69 0.04 0.20** 
H 1.61 1.54-1.72 0.04 0.07NS 
B 1.54 1.46-1.72 0.06 0.21NS 

Days to flowering A 130 126-131 1.40 137.5* 
H 115 112-118 1.09 117.1* 
B 104 101-105 0.84 64.6* 

Days to maturity A 254 246-261 4.62 794NS 
H 225 229-257 5.91 2322NS 
B 166 161-171 3.20 443NS 

Plant height (cm) A 164.23 148.4-182.1 2.98 3790** 
H 209.59 223.4-187.6 5.23 3257** 
B 141.56 131.0-150.1 3.05 1070** 

Branch height (cm) A 165.1 145.6-174.5 4.23 2192** 
H 228.73 217.4-245.6 2.58 2244** 
B 153.62 146.6-162.1 2.42 718** 

Seed yield (kg/ha) A 3598.8 2893-4086 238.94 5418454* 
H 2733.8 2470-3010 94.2 1130350** 
B 638.8 510-810 54.1 227550* 

1000 seed weight (g) A 4.3 4-4.58 0.08 1.04** 
H 3.9 3.76-4.2 0.09 0.79** 
B 3.3 3.14-3.52 0.12 1.21* 

Oil content (g/100g) A 38.7 37.43-39.54 0.3 21.6** 
H 39.5 38.08-40.50 0.26 15.4** 
B 34.7 33.36-35.41 0.32 10.8** 

A Alemaya, Ethiopia; H Harar, Ethiopia; B Babile, Ethiopia 
s.e. Standard Error 
NS non-significant; *significant (0.05 significance level); ** highly significant (0.01 significance 
level) 
 

 
Table 2.10 Summary of agronomic characters for trials conducted on Centrapalus pauciflorus at 
the Halhale Research Station in Halhale, Eritrea by Mebrahtu et al. (2008). 

Traits Mean  Range 

Reproductive period 56 33-94 
Days to maturity 171 120-217 
Seed yield (kg/ha) 873 64-2848 
Seed size (g/1000 seeds) 3.41 2.56- 4.35 
Oil content (%) 24.0 14.9-29.5 
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Table 2.11 Genetic co-relatedness of seed yield and oil content to various agronomic traits studied across South Africa, Eritrea and 
the Unites States 

Primary trait Secondary trait Correlation Correlation coefficient Citation 

Seed yield (kg/ha) Oil content  0.10, -.0441, 0.07NS Bharadwaj et al. (2000); Mebrahtu et 
al. (2009); Shimelis & Hugo (2011) 

Seed size + 0.533* Mebrahtu et al. (2009) 
Days to harvest - -0.381 Mebrahtu et al. (2009) 
Reproductive period + 0.412 Mebrahtu et al. (2009) 
Days to emergence - -0.269 Mebrahtu et al. (2009) 
Days to flowering - -0.69 Shimelis & Hugo (2011) 
Days to half bloom - -0.483 Mebrahtu et al. (2009) 
Days to full bloom - -0.372 Mebrahtu et al. (2009) 
Plant height - -0.237; -0.69 Mebrahtu et al. (2009); Shimelis & 

Hugo (2011) 
Number of primary heads + 0.81 Shimelis & Hugo (2011) 
Number of secondary heads + 0.47 Shimelis & Hugo (2011) 
1000 seed weight (g) - -0.34 Shimelis & Hugo (2011) 
Vernolic acid content  0.03 Bharadwaj et al. (2000) 

Oil content Seed size - -0.574* Mebrahtu et al. (2009) 
Days to harvest - -0.025 Mebrahtu et al. (2009) 
Reproductive period - -0.807* Mebrahtu et al. (2009) 
Days to emergence - -0.175 Mebrahtu et al. (2009) 
Days to flowering  0.01NS Shimelis & Hugo (2011) 
Days to half bloom + 0.778* Mebrahtu et al. (2009) 
Days to full bloom + 0.765* Mebrahtu et al. (2009) 
Plant height + 0.739*, 0.02NS Mebrahtu et al. (2009); Shimelis & 

Hugo (2011) 
Number of primary heads  -0.14 Shimelis & Hugo (2011) 
Number of secondary hears  -0.27 Shimelis & Hugo (2011) 
1000 seed weight (g)  0.40 Shimelis & Hugo (2011) 
Vernolic acid content + 0.34 Bharadwaj et al. (2000) 

*Significant at 5% probability level 
NS Not significant    +/- Positive/Negative Correlatedness 
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 Agronomic studies conducted in the USA, Eretria and South Africa have tried to establish 

the genetic correlatedness between various agronomic characteristics (Table 2.11). A positive 

correlation was established between oil content and vernolic acid content. However, the 

relationship between seed yield and oil content and vernolic acid was harder to define 

(Bharadwaj et al. 2000). Flowering was also correlated to seed yield in a different study 

conducted in Syferkuil, Limpopo Province of South Africa over three years by Shimelis and 

Hugo (2011). In this study, taller plants took longer to flower. However, plants that were taller 

and took longer to flower, produced a lower seed yield and fewer heads. The number of days it 

took to flower was positively correlated to plant height, but negatively correlated to seed yield. 

Given that heavier seeds have a higher oil content, Shimelis and Hugo (2011) suggested 

selecting for traits that maximize oil content, such as number of primary heads, seed yield and 

seed weight. In an Eritrean study, seeds that were small, emerged early, and could be harvested 

early with a short reproductive period had the highest oil content and seed yield was highest in 

short plants that emerged and bloomed early (Mebrahtu et al. 2009). 

B. Fertilizer and Herbicide Use 

 Agronomic trials conducted in the sandy loams of Virginia State University, Virginia, 

using early germinating hybrids (day neutral var. petitiana × other desirable characteristics) 

yielded more seeds than non-hybrid control lines (Bharadwaj et al. 2000). However, shattering 

was not reduced. In the same study, greenhouse transplants produced the highest yields at a 

fertilizer application rate of 100 kg/ha of actual N compared to 50 kg/ha. 150 kg/ha of actual N 

only lead to marginal increases in yield. Since 14 kg/ha of residual nitrogen already existed in 

the field, researchers concluded that 114 kg/ha of nitrogen is optimal for C. pauciflorus growth 

in the field. Since increasing potassium and phosophorus applications rates above 50 kg/ha did 
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not lead to a considerable increases in seed yield, 50 kg/ha of both phosphorus and potassium 

was considered optimum (Bharadwaj et al. 2000).  

 In a 1993 study, 0.5 kg ai/ha of preplant incorporated (PPI) trifluralin was unable to elicit 

noticeable foliar damage in C. pauciflorus, suggesting that this species is tolerant of trifluralin. 

However, in a subsequent study in 1995, the application of 0.2 kg ai/ha of sethoxydim (Poast) 

and 0.3 kg ai/ha of fomesafen (Reflex) on C. pauciflorus caused foliar damage (Bharadwaj et al. 

2000). There have been no other published studies on herbicide use with this species. 

2.3 THE CHALLENGE OF NEW CROPS 

 

 Intensive agriculture has been leading to the overexploitation of various agricultural 

plants for their economically viable products. This exploitation often creates a need to find 

alternatives to current sources of agricultural commodities that produce a lesser impact on the 

environment. For instance, the labour intensive nature of harvesting rubber, susceptibility of 

rubber plants to South American Leaf Blight (SALB) and allergenic properties of rubber latex 

has led to a search for alternatives sources of the product. An annual plant that can be easily 

cultivated and produce large amounts of rubber without the allergens is considered to be a 

perfect source (van Beilen & Poirier 2007). However, establishing a new crop has its challenges. 

Guayule (Parthenium argentatum Gray), a potential rubber alternative, cannot grow in the cold 

temperatures of temperate regions. While Russian dandelion (Taraxacum koksaghyz Rod.) is 

more cold tolerant, its roots are not as easy to harvest as its common dandelion (Taraxacum 

officinale Weber in Wiggers) counterpart (van Beilen & Poirier 2007). 

  It has been suggested that domestication in the form of better breeding programs might 

lead to the successful establishment of Russian dandelion as a source of rubber (van Beilen & 

Poirier 2007). Domestication requires the artificial selection of wild populations and when 
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certain phenotypes are selected for, certain alleles of genes may be eliminated and lost entirely 

(Figure 2.7). Regaining these lost alleles would require repeated backcrossing with a member of 

the wild population. However, the progeny of backcrossing may likely exhibit undesirable 

characteristics of the wild species – crossing common dandelion with Russian dandelion might 

lead to a new weed (van Beilen & Poirier 2007). 

 

Figure 2.7 Domestication eliminates alleles present in wild populations, as modified from 
Tanksley & McCouch (1997) 

 Climate also poses constraints on agricultural production in Canada (Blade and Slinkard 

2002). While canola, flax (Linum usitatissimum L.) and sunflower (Helianthus annuus L.) are 

grown in Canada on a commercial scale, the winter temperatures do not permit the cultivation of 

many edible oilseed crops (Small 1999). Given that the growing need to switch from fossil fuels 

to renewable alternative sources of fuel is also being realized, crop development opportunities in 

non-edible industrial oils derived from oilseed crops exist. Until all aspects of plant biology 

(phenology, physiology, and genetics), adaptability and invasiveness, breeding potential, 

processing and harvesting capabilities of a crop are properly understood, and the research and 

development can be successfully applied towards its commercialization, bringing a new crop to 

market will remain a challenge (Princen 1979). 
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Figure 2.8 Diminishing returns experienced by the addition of a new crop, as adopted from 
Small (1999) 

 It has been suggested that the inability to foresee the cost-effectiveness and long term 

adaptability of a crop may lead to diminishing returns from the addition of another crop (Figure 

2.8) (Small 1999). Nevertheless, Canada recognizes the need to produce a wide diversity of 

crops, owing to its vast expanse of arable land and ambition to be competitive in the global 

agricultural market (Blade and Slinkard 2002). Previously, Princen (1982) had anticipated that 

68 million kg of epoxy oils extracted from C. pauciflorus growing on 250,000 acres of land 

would be worth approximately $100 million USD. Based on discussions with relevant industry 

stakeholders, Roseberg and Shuck (2008) have suggested that being a natural source of 

epoxidized fatty acids, the value of a plant like E. lagascae would likely be at least double that of 

soybean given that the latter needs to be epoxidized before its value increases further in the 

market. This could be extrapolated to a value of 0.60 to 0.90 USD/lb for crushed E. lagascae 

seeds (with soybean price assumed to be 0.30 USD/lb). Even if the seeds of E. lagascae had an 

oil content of only 50%, farmers can expect 150-275 USD/acre if seed yield is closer to 1000 

lb/acre (Roseberg and Shuck 2008). 
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2.4 THE ECONOMICS OF OIL AND PLASTICS 

 

 Approximately 93 million barrels of oil are produced around the world on a daily basis 

(International Energy Agency 2015), 92 million barrels of which is consumed every day 

(International Energy Agency 2015). 299 million tonnes of plastic were produced in 2013 

(World Watch Institute 2015) and 412 billion liters of oil (about 8%) went into making plastics 

in 2010 (International Energy Agency 2015). In comparison, 175.65 million tonnes of vegetable 

oil was produced in 2014-2015 (Statistica 2015). 173.27 million tonnes of vegetable oil was 

consumed in 2014-2015 (Statistica 2015). While only 173.27 million oils of vegetable oil is 

consumed annually, 330 billion tons of petroleum oil is used to produce plastics alone 

(International Energy Agency 2015). These figures draw attention to the disproportional 

potential impact that plastics made from fossil fuels and vegetable oils have on the environment; 

plastics produced from petroleum utilize far greater amounts of a non-renewable resource than 

plastics based on vegetable oils. 

2.5 PERSISTENCE AND DORMANCY 

 

 Crops can be weeds and weedy characteristics of new crops need to be investigated to 

help prevent new crops from becoming major weed problems. Adequate weed management 

requires prior knowledge on the ability of seeds to persist and leave seed banks in the soil. While 

the terms ‘dormancy’ and ‘persistence’ are often used interchangeably, seed banks form out of 

seed dormancy (Thompson et al. 2003; Zorner et al. 1984). Many studies have been conducted to 

elucidate the relationship between the persistence of seeds in the soil, and seed dormancy, size 

and shape, and burial depth. Studies in England and Spain have shown that smaller seeds are 

more likely to be persistent in the soil (Thompson et al. 1993; Peco et al. 2003). However, the 

results of these studies have not been extrapolated to other parts of the world. The persistence of 
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larger seeds in the soils of Israel was attributed to the arid conditions and harder seed coat of 

seeds found in the region (Yu et al. 2007). In Australia, Leishman and Westoby (1998) have 

noted no correlation between seed size or shape and persistence in the soil. With regards to 

seeding depth, higher seedling persistence and reduced emergence was noticed when kochia 

[Kochia scoparia (L.) Schrad.] seeds were buried deeper in the soil (Zorner et al. 1984). Seeds 

buried closer to the surface are more likely to dry out or be predated upon. The weather-

protected water-laden environment deeper in the soil prevents desiccation while preserving seed 

viability (Bullied et al. 2012). 

 Presently, the extent and nature of dormancy in E. lagascae seeds are unknown. As noted 

previously, dormancy in C. pauciflorus is affected by the ecological origin of the seeds as well as 

the subspecies. C. pauciflorus seeds originating from warmer temperature regions generally have 

lower dormancy than seeds originating from cooler temperature regions. C. pauciflorus subsp. 

nairobiensis exhibited higher dormancy than subsp. afromontana (Nyamongo et al. 2010). To 

break dormancy of C. pauciflorus seeds obtained from central and western Kenya, Nyamongo et 

al. (N. D.) subjected the seeds to various conditions. Seeds of C. pauciflorus subsp. nairobiensis 

and subsp. afromontana took 40 days to germinate when incubated at 25°C. Alternating 

incubation temperatures between 30° and 25°C, and 25°C and 17°C lead to higher levels of 

germination than constant temperatures of 25°C (Nyamongo et al. N. D.). It has been suggested 

that the alternating temperatures serves as a cue that the seeds have matured and dispersed to 

disturbed conditions or closer to the soil surface; sites that are favourable for successful seed 

germination and seedling emergence (Daws et al. 2002; Nyamongo et al. N. D.). Higher levels of 

germination were also noticed when seeds experiencing constant and alternating temperatures 

were subjected to higher levels of light. Subsp. afromontana var. Gibbosa produced 85% 
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germination levels under 12 hours of light compared to only 28% germination under dark 

conditions. Germination was also increased when seeds were exposed to 0.7 mM GA3 or 1 mM 

KNO3, both of which can serve as environmental cues of a disturbed habitat (Nyamongo et al. 

2009; Daws et al. 2002; Kępczyński et al. 2006). Nyamongo et al. (N. D.) have suggested cold 

stratification of imbibed seeds of C. pauciflorus at 5°C for two weeks prior to subjecting them to 

alternating temperatures to overcome secondary dormancy and allow maximal levels of 

germination. The secondary dormancy experienced by C. pauciflorus seeds coupled with the 

tolerance of this species to some preplant incorporated (PPI) herbicides makes it important to 

understand the persistence of C. pauciflorus seeds in the soil. 

2.6 ESTABLISHMENT AND FECUNDITY 

 

 Another weedy characteristic is the ability of a species to invade and establish in a range 

of conditions. However, the interplay of factors such as weather conditions, soil profile, agrarian 

practices and inherent plant biology make the understanding and prediction of weed recruitment 

challenging (Bullied et al. 2012). A seedling is said to have recruited successfully if it has 

germinated and emerged from a seedbank or seed source (Bagavathiannan et al. 2011). 

Previously, Bagavathiannan et al. (2011) tried to assess the establishment capability, growth and 

fecundity of alfalfa (Medicago sativa L.) under different disturbance environments in the spring 

and fall months. In their study, Bagavathiannan et al. (2011) noted that alfalfa established at 

higher densities in seedbeds than in undisturbed grass swards in the spring months. The opposite 

was true in the fall, with the undisturbed grass swards providing shelter to alfalfa seedlings from 

falling snow. Overall, alfalfa was able to establish in different disturbance conditions but it 

established better when seeds were dispersed in the fall than in the spring (Bagavathiannan et al. 

2011). 
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 Dispersal environment has been previously linked to affecting fecundity (Schurr et al. 

2008). In their study, Bagavathiannan et al. (2011) also found that the time of dispersal can affect 

flower and seed production. Alfalfa plants were generally taller and had more shoots when 

seedlings established in the fall versus the spring. Like alfalfa, the seeds of E. lagascae and C. 

pauciflorus are capable of dispersing over long distances, primarily during harvest due to their 

seed scattering abilities (Breemhaar & Bouman 1995; Sheldon and Burrows 1973). The ability of 

E. lagascae and C. pauciflorus to establish under different environmental conditions and the 

effect of time of dispersal on this establishment ability is not well understood (Vogel et al. 1993; 

Baye and Becker 2004).  

2.7 CHEMICAL CONTROL 

 

 The control of new crops if they do prove weedy is an important part of developing new 

crops for commercial cultivation. C. pauciflorus is widely considered to be a weed among the 

farmers of the African nations of Ethiopia and Nigeria (Baye and Becker 2005; Fadayomi and 

Olofintoye 2005). In Ilori, Nigeria, C. pauciflorus present in fields of cowpea [Vigna unguiculata 

(L.) Walp] did not respond to various rates of application (ranging from 0.76 kg a.i./ha to 3 kg 

a.i./ha) of imazethapyr, pendimethalin, imazaquin, metolachlor or metrobromuron. On the 

contrary, C. pauciflorus thrived in many herbicide treated plots, most likely due to reduced 

competition from other weeds in the vicinity that had been effectively controlled through 

herbicide application. Pre-emergence herbicides such as metobromuron + metolachlor, 

imazaquin and imazethapyr + pendimethalin, were also found to be ineffective for controlling C. 

pauciflorus, probably due in part to their loss of efficaciousness (effective persistence in the soil) 

before late emerging C. pauciflorus would start to establish (Fadayomi and Olofintoye 2005). 

Roseberg (1997) has identified that this species of Vernonia is tolerant to various pre-plant 
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incorporated (PPI), pre emergence (PRE), post emergence (POST), and layby (LAY) herbicides, 

when grown in temperate regions of Oregon in the United States. C. pauciflorus was tolerant to 

trifluralin, benefin, ethalfluralin, pendimethalin when PPI; pendimethalin, DCPA, metolachlor, 

napropamide applied PRE; fluazifop, pronamide, sethoxydim applied POST; and LAY 

applications of pendimethalin and DCPA. 

 Newly planted C. pauciflorus is susceptible, however, to competition from weeds. The 

application of PRE and PPI herbicides helps C. pauciflorus to thrive by removing competing 

weeds. C. pauciflorus is able to better compete a few weeks after it has established itself and 

under moist and dry conditions (Roseberg 1997). However, application of 0.2 kg a.i./ha  of 

sethoxydim and 0.3 kg a.i./ha of fomesafen brought about visual foliar damage to C. pauciflorus 

(Bharadwaj et al. 2000). There is substantively less information on the response of E. lagascae to 

herbicides versus C. pauciflorus. Previous field trials have demonstrated that E. lagascae is 

tolerant to pre-plant incorporated (PPI) applications of pendimethalin and ethalfluralin (Roseberg 

and Bentley 2011). Roseberg (1998) has also found E. lagascae to be susceptible to various 

broadleaf herbicides. 

2.8 COMPETITION AND INTERFERENCE 

 

 If new crops are weedy it is important to understand how competitive they are and how 

much of a threat they pose to the production of other crops. Plants require water, sunlight and 

nutrients for adequate growth and to ensure propagation. However, close physical proximity to 

neighbouring plants might elicit competition for these vital resources. In agricultural fields, 

weeds try to compete against crops for resources. Soybean is a major agricultural crop that 

experiences competition from a variety of sources. It competes well above ground against 

common cocklebur (Xanthium strumarium L.), which devotes more resources to belowground 
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structures upon competition from soybean (Bozsa and Oliver 1990). Under field conditions, 

interference from an assortment of weeds resulted in lower soybean biomass (Van Acker et al. 

1993). Soybean also outcompetes the weeds (Alternanthera tenella Colla), Tridax procumbensor 

and crabgrass Digitaria ciliaris (Retz.) Koeler in replacement series studies (Vivian et al. 2013). 

If seeds of E. lagascae and C. pauciflorus are in fact able to persist below ground through the 

winter and establish, competition could arise if dehiscent seeds of E. lagascae and C. pauciflorus 

were to disperse away from field sites and establish themselves in neighbouring fields of crops 

such as soybean. Little is known about the inter-species and intra-species competitive ability of 

either E. lagascae or C. pauciflorus. 

2.9 THESIS OBJECTIVES 

 

 As natural sources of the plasticiser starting material vernolic acid, E. lagascae and C. 

pauciflorus would provide an eco-friendly and more sustainable source of this epoxy fatty acid. 

Agronomic trials on the two species conducted in Oregon and Virginia, USA to-date show 

potential for farming these species. It is hypothesized that day neutral and non-shattering mutants 

of  E. lagascae and C. pauciflorus used in the USA trials will be able to successfully propagate 

in Canada. It is also hypothesized that both species will exhibit weedy characteristics. 

Information obtained from these trials would help determine whether there is long term potential 

for growing these crops in Canada and give farmers an understanding of the potential weediness 

of E. lagascae and C. pauciflorus if they are to be grown as crops. More specifically, this project 

aims to provide initial information on: 

1) The farming practices and conditions (such as seeding date and location), that are suitable for 

growing select breeding lines of E. lagascae or C. pauciflorus in southwestern Ontario. This 

will include data on emergence potential, time to flowering, and seed yield (kg/ha). It is 
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hypothesized that certain breeding lines were outperform others and that well-drained sandy 

soil and an early seeding will lead to higher plant productivity and yield. 

2) The factors responsible for breaking the dormancy of seeds of these two species, in the form 

of various chemical agents, seed maturity level, cold stratification, presence or absence of 

pappus under indoor conditions so that they may be applied in the field to enhance field 

recruitment levels. Disturbance cues that mimic conditions found closer to the soil surface, 

such as alternating temperatures, cold-stratification, longer exposure to light, and exposure to 

chemicals like gibberellic acid (GA3) and potassium nitrate (KNO3), may break secondary 

dormancy in C. pauciflorus (Nyamongo et al. 2010). Differences in field and indoor 

germination rates will be explored to understand issues surrounding dormancy and the 

constraints on establishing these plants from seed in the field. It is hypothesized that removal 

of the pappus, application of plant hormones, cold treatment or different imbibition regimes 

will enhance germination. It is also hypothesized that seeds that are rated to be mature based 

on morphology will have higher germination rates than seeds that are rated intermediate and 

immature. 

3) The potential weediness of C. pauciflorus and E. lagascae. Both of these species have been 

known to grow under roadside conditions (Baye and Becker 2005; Pascual-Villalobos et al. 

1993) and seeds of C. pauciflorus acquired from colder regions tend to be more dormant than 

seeds acquired from warmer regions (Nyamongo et al. 2010). In addition, there is evidence 

of C. pauciflorus appearing as a weed in fields of cowpea [Vigna unguiculata (L.) Walp.] 

(Fadayomi and Olofintoye 2005) and corn (Zea mays L.) (Chikoye et al. 2004) in Nigeria. 

There is a need to investigate the ability of these species to overwinter and leave a persisting 

seed bank in the soil, recruit in less than desirable conditions, and interfere with other crops. 
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These experiments will help assess if these plants pose a threat to agriculture in Ontario in 

the form of volunteer and invasive weeds. It is hypothesized that plants of C. pauciflorus and 

E. lagascae will be able to establish themselves under different environmental conditions but 

that they will not persist through the winter and leave a viable seedbank. It is also 

hypothesized that they will not be able to compete with a crop to the same extent that a 

common weed can. 
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CHAPTER 3 – ADAPTATION OF EUPHORBIA LAGASCAE AND CENTRAPALUS 

PAUCIFLORUS TO SOUTHWESTERN ONTARIO GROWING CONDITIONS 

 

3.0 INTRODUCTION 

 Up until recently, fossil fuels were regarded as an infinite source of energy. Fossil fuel 

derivatives such as coal, petroleum, and natural gas have been used to warm our houses, fuel our 

cars and even produce plastics (Pfeiffer 2006). Similarly, phthalates derived from fossil fuels 

have been used by plasticiser industries to modify the properties of plastics to make them more 

marketable (Rahman and Brazel 2004). Oilseed crops like soybean and linseed have also been 

used for the same purposes (Tran et al. 2006). However, more recent evidence of the inevitable 

decline of fossil fuels reserves coupled with the cost intensive process of chemically modifying 

unreactive vegetable oils is causing the producers of plastics and plasticisers to look for 

alternative sources of plasticiser elsewhere (Ing 2009). Vernolic oil, a natural epoxy oil, being a 

source of the common industrial plasticiser, vernolic acid, has been gaining intermittent 

popularity as a source of plasticiser that is derived from a renewable source (Muturi et al. 1994). 

Trials conducted in Spain, Italy, South Africa, Nigeria, Eritrea, Ethiopia and the United States to 

evaluate the agronomic conditions required to grow E. lagascae or C. pauciflorus, important 

natural sources of vernolic oil, show much promise. 

 In North America, agronomic trials on E. lagascae or C. pauciflorus have been conducted 

in Oregon, USA, but none have been carried out in Canada. The primary objective of this study 

was to test early germinating and early flowering breeding lines of E. lagascae or C. pauciflorus 

for cultivation in southwestern Ontario. The effect of various agronomic conditions (such as 

seeding date, experimental site and the use of transplants) on germination and flowering rates 

will be examined. The oil content of seeds and seed yield of various breeding lines of both 
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species will also be determined. Differences in field and indoor germination and recruitment 

rates will also be investigated to better understand issues surrounding potential seed dormancy 

and the constraints on growing these plants from seed as crops. Results from this study will help 

determine the extent to which there is potential for growing these crops in southwestern Ontario 

and what further work may be required to facilitate farming these species. 

3.1 MATERIALS AND METHODS 

3.1.1 Study Site. 

3.1.1.1 Summer 2014 field trials. 

 Field experiments were established at the Simcoe Horticultural Research Station (SHRS), 

located in Simcoe, Canada (42° 51'N; 80° 16'W) and the Guelph Centre for Urban Organic 

Farming (GCUOF) situated at the University of Guelph, Guelph, Canada (43° 32’ 19.575” N, 

80° 13’ 21.165”). Both sites were selected for their differences in soil composition. Soil samples 

were taken at both locations in May 2014 using a metal soil corer at 8 cm. Soil samples were 

analyzed by A&L Canada Laboratories Inc. (A&L) (Appendix 6.3). At the SHRS, the soil is 

characterized as fine sandy loam in the middle of block 7a (site 104) and as loam in the west end 

of block 7a,b (site 94), with a pH of 5.7 and organic matter content of 1.2% (Hohner and Presant 

1988; Appendix 6.3). The loam soil (40% sand, 40% silt, 20% clay) at the GCUOF (site 6) was 

classified as a Luvisol, with a Canadian Land Index of 3, pH of 7.4 and an organic matter content 

of 4.3% (Appendix 6.3). 
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3.1.1.2 In-door germination and recruitment trials. 

 A set of indoor germination trials were conducted at the Simcoe Horticultural Research 

Station (SHRS) and at the University of Guelph to investigate the issue of low seed recruitment 

rates for these species: 

a. Effect of cold trial. 

 This experiment was conducted in a small growth chamber at the Crop Science building, 

the University of Guelph, at 65% relative humidity, a photoperiod of 12 hours (12 hours of light, 

12 hours of darkness) and at alternating temperatures of 25°C/17°C, in order to ensure uniform 

conditions for germination.  

b. Effect of pappus trial. 

 Four runs of this experiment were conducted in a greenhouse at the Simcoe Horticultural 

Research Station (SHRS) at 22°C temperatures and 16 hour photoperiod (16 hours of light, 8 

hours of darkness). Pots were watered every couple of days or as required. 

c. In vitro seed test trial. 

 Two runs of a trial were conducted consecutively in a greenhouse with a 16 hour 

photoperiod (16 hours of light, 8 hours of darkness) at the University of Guelph, Guelph, 

Canada. The first run was conducted at 23°C day/20°C night temperatures, while the second run 

was conducted at 22°C day/17°C night temperatures. Each subplot consisted of a half-gallon pot 

containing 25 seeds suspended in potting mix. Pots were watered every couple of days or as 

required. 
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3.1.2 Experimental Design. 

3.1.2.1. Summer 2014 field trials. 

 Field experiments were established in the summer of 2014 in a randomized complete 

block design with breeding line as the treatments with three replicates per treatment. Seeds of 

each of the two species were sown to a depth of 2.5 cm at an inter-row (between rows) spacing 

of 1m and intra-row (within rows) spacing of 0.5 m (Figure 3.1). Sowing occurred at the Simcoe 

and Guelph sites on May 24, 2014 and June 4, 2014, respectively for the first seeding date and 

on June 16, 2014 and June 18, 2014, at the Simcoe and Guelph sites, respectively for the second 

seeding date. Rows contained 7 plants and 1 row constituted one experimental unit. For a given 

block (9 rows) a guard row was planted on each end of the block to help prevent edge effects. 

The three breeding lines for each of the two species were; for E. lagascae; E005, E006 and E008 

and for C. pauciflorus; WCL-VP1 (Reg. no. GP-9, PI 642418), WCL-VP2 (Reg. no. GP-10, PI 

642419) and WCL-VP3 (Reg. no. GP-11, PI 642420). The maternity of all the C. pauciflorus 

lines could be traced to V. galamensis subsp. galamensis var. petitiana (A0399), a day-neutral 

line. V. galamensis subsp. galamensis var. petitiana (A0399) was crossed with V. galamensis 

subsp. galamensis var. ethiopica (A0382), V. galamensis subsp. galamensis var. galamensis 

(A0388 and A0389) and V. galamensis subsp. galamensis var. unknown (A0437) to produce the 

lines WCL-VP1, WCL-VP2 and WCL-VP3, respectively (Dierig et al. 2006). 
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Figure 3.1 Photographs of plot areas at the (A) Simcoe Horticultural Research Station (SHRS), 
Simcoe ON and the (B) Guelph Centre for Urban Organic Farming (GCUOF), Guelph ON soon 
after the first planting on May 24, 2014 and June 4, 2014 respectively 

3.1.2.2. In-door germination and recruitment trials. 

a. Effect of cold trial. 

 The experiments were arranged as a randomized complete block design. Seeds of E. 

lagascae and C. pauciflorus, collected from a 2010 trial in Oregon, USA and the USDA 

germplasm bank (2013 trial) respectively, were used in germination trials. All seeds were surface 

sterilized with a 5% sodium hypochlorite (NaOCl) wash and five deionized water rinses (ISTA 

1985). Seeds of E. lagascae were either cold stratified by placing the seeds in moist sand at 4°C 

for two weeks, or they were allowed to age at room temperature. After two weeks of cold-

stratification or aging, seeds were washed in deionised water and transferred to Petri dishes lined 

with filter paper where they received 5 mL of deionized water and thiram at a final concentration 

of 0.5g/1000mL. Seeds of C. pauciflorus were subject to treatments of cold stratification and 

presence of pappus. Each of these two factors were further divided into two levels – presence or 

A B 
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absence of a pappus, and stratification at 4°C for two weeks or aging at room temperature for 

two weeks. Seeds containing or lacking their pappus were either cold-stratified in moist sand at 

4°C for two weeks or allowed to age at room temperature for two weeks. After two weeks of 

cold-stratification or aging, seeds were washed in deionised water and transferred to Petri dishes 

where they received 5 mL of deionized water and thiram at a final concentration of 

0.5g/1000mL. Petri dishes were randomized within blocks, and blocks were in turn randomized 

within the growth chamber every third day (Figure 3.2).  

 

Figure 3.2 A) Photographs of Petri dishes containing seeds of E. lagascae and C. pauciflorus in 
a growth chamber at the Crop Science building, the University of Guelph. B) Close up of C. 

pauciflorus germinating in a Petri dish containing deionized water and thiram C) Close up of E. 
lagascae contaminated in a Petri dish containing deionized water and thiram 

b. Effect of pappus trial. 

 Four runs of this experiment were performed using randomized complete block designs. 

Seeds of C. pauciflorus, collected from the 2014 trial at Simcoe were used for this experiment. 
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Half the seeds from each flower head had their pappus left intact, and the other half had their 

pappus removed by hand. Each run had three replicates. C. pauciflorus breeding lines WCL-VP1 

(Reg. no. GP-9, PI 642418) and WCL-VP2 (Reg. no. GP-10, PI 642419) were used. 

c. In vitro seed test trial. 

 This experiment was set up as a randomized complete block design (Figure 3.3). Seeds of 

E. lagascae and C. pauciflorus, collected from a 2010 trial in Oregon, USA and a 2014 field trial 

at Simcoe, ON, Canada, respectively, were used for the first run of the recruitment trials. Seeds 

of E. lagascae and C. pauciflorus underwent one of three treatments: ‘priming’, ‘gibberellic 

acid’ and ‘hydrogen peroxide’. Imbibition or priming of seeds with water enhances germination 

by either altering cell structure (Khan 1992), or by prompting protein repair (Rao et al. 1987). 

The plant hormone gibberllic acid is known to break dormancy and enhance germination by 

acting antagonistically with the dormancy inducing plant hormone, abscisic acid (Karssen and 

Laçka 1986). Hydrogen peroxide also enhances germination either by releasing oxygen required 

for cellular respiration (Katzman et al. 2001) or rendering the seed coat to be more permeable to 

water (Chen et al. 1993). Seeds that underwent ‘priming’ were soaked in water for 0 hours, 12 

hours, 24 hours or 48 hours prior to recruitment (germination and emergence) testing in potting 

soil. Seeds that were exposed to ‘gibberellic acid’ were soaked in 500 ppm gibberellic acid for 

12 hours, 500 ppm gibberellic acid for 24 hours, 1000 ppm gibberellic acid for 12 hours or 1000 

ppm gibberellic acid for 24 hours, before being rinsed and dried at room temperature for 24 

hours prior to recruitment testing. As controls, seeds were also soaked in deionized water for 12 

hours and 24 hours prior to being dried at room temperature for 24 hours before recruitment 

testing. Recruitment tests were conducted in pots containing Pro-Mix® BX. Seeds were also 

soaked in ‘hydrogen peroxide’ (35%) for 10 minutes and then rinsed and dried for 24 hours at 
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room temperature prior to planting. This treatment was compared to seeds that were soaked in 

deionised water for 10 minutes before being dried for 24 hours at room temperature prior to 

planting. Three levels of ‘seed maturity’ in C. pauciflorus were also tested: immature (small, thin 

and white), intermediate (greyish and almost full size), and mature (plump and black). E. 

lagascae seeds were also divided by maturity: mature (black), intermediate (grey, brown), 

immature (white, yellow). For the second run, the recruitment of mature, intermediate and 

immature E. lagascae seeds obtained from the summer 2014 trials at Simcoe were tested against 

older seeds obtained from 2010 trial in Oregon, USA. Seeds of C. pauciflorus, collected from a 

the 2014 field trial at Simcoe, ON, Canada, were used for the second run of the recruitment trials 

as well. All treatments were replicated four times with each replicate containing twenty five 

seeds. 

 

Figure 3.3 Photographs of the experimental layout of the in vitro recruitment study that was 
conducted in the greenhouse at the University of Guelph, Guelph in 2015. 
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3.1.3 Data Collection. 

3.1.3.1. Summer 2014 field trial. 

 Data on the number of days taken to seedling recruitment from sowing, days to first 

flowering from sowing, days to half bloom (50%) from sowing, germination (recruitment) 

percentage and lodging were collected weekly. Time of early emerging seedlings was recorded 

and seedlings were monitored. Plants that flattened to the ground were counted as 'lodged'. 

Observations of plants lodging within each row were recorded. C. pauciflorus plants were topped 

at 25 cm to allow additional branching. Throughout the trials, emerging weeds were removed 

either by hand or with a hoe. Plant height was measured in the late summer by measuring the 

height of every plant in each row and taking a mean for height in each row (experimental unit). 

All C. pauciflorus plants were harvested for seed yield on October 23, 2014 at Simcoe, ON and 

on November 1, 2014 at Guelph, ON. All E. lagascae plants were harvested for seed yield on 

November 3, 2014 at Simcoe, ON and on November 2, 2014 at Guelph, ON. Harvesting C. 

pauciflorus was more time sensitive as most of the seeds had matured and a delayed harvest 

would likely lead to seed loss. Seeds were collected from a representative plant from each row. 

Seeds were allowed to air dry for a week in paper bags and seed weight per plant was then 

measured. Seeds were then classified according to perceived maturity as per the description 

above and 100 mature seed weight (in g/100 seeds) and 100 random seed weight (in g/100 seeds) 

was measured and we calculated the ratio of mature to immature seeds. From this data, yield (in 

kg/ha) and 1000 seed weight was extrapolated using the following equations: 
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3.1.3.1. In-door germination and recruitment trials. 

a. Effect of cold. 

 The cumulative number of germinating seedlings was recorded every other day from all 

Petri dishes over a period of three weeks. Petri dishes that were drying out received additional 

deionised water. Blocks and Petri dishes within blocks were randomized every week. 

b. Effect of pappus. 

 The cumulative number of germinating seedlings was recorded weekly from the time of 

planting up to three weeks. Pots were watered when the soil was drying out. 

c. In vitro seed test trial. 

 The cumulative number of germinating seedlings of C. pauciflorus and E. lagascae seeds 

receiving the treatments of hydrogen peroxide, gibberellic acid, priming and seed developmental 

stage were recorded twice a week for a period of three weeks. Pots within each block and blocks 

themselves were randomized every week. 

3.1.4 Data Analysis. 

 Statistical analysis software (SAS) version 9.3 (SAS Institute, Cary, NC) was used to 

analyze the data and perform all statistical computations unless specified. All statistical tests and 

analyses were conducted at a Type I error rate of 0.05 (or 5%). Residuals were analyzed (PROC 

SGSCATTER) to determine if they adhered to the assumptions of ANOVA, by plotting residuals 

against predicted values, blocks and treatments. Lund’s (1975) test for outliers helped determine 

whether outliers fell within an acceptable range of residuals. The data was tested for normality 

according to the Shapiro-Wilk test (PROC UNIVARIATE). Log or square root transformations 

corrected for most non-normal or heterogeneous distributions of residuals. To see if and how the 

response variable varied across the independent variable, the least square means (LSMEANS) 
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were generated and F-tests of the fixed effects were reported. Tukey's test was performed to 

evaluate multiple pair wise means comparisons. The PDMIX800 macro on SAS was used to 

convert Fisher's LSD means separation into a relatable letter grouping format (Saxton 1998). 

Any transformed data was back transformed prior to being reported in tables or graphs. 

3.1.4.1. Summer 2014 field trial. 

 An analysis of variance (ANOVA) for mixed models (PROC GLIMMIX) was conducted 

to analyze the dependent variables. ‘Block’ was treated as a random effect and the fixed effects 

had several factors embedded within them: 'seeding date' (2 levels), 'breeding line' (3 levels), and 

'experimental site' (2 levels). A heterogeneous error model was used for certain variables due to 

the heterogeneous variance within the variable itself. The data was either log transformed and fit 

against a Poisson distribution if it lacked normality. For all the analyses, contrasts for significant 

interactions were requested. Contrasts were also made between breeding lines for a given site 

and seeding date for reporting purposes. 

3.1.4.2. In-door germination and recruitment trials. 

a. Effect of cold. 

 A mixed-model analysis of variance (PROC GLIMMIX) for the response variable 'total 

emergence percentage' was conducted against the treatments presence or absence of 'pappus', and 

presence or absence of 'cold-stratification' and their interaction. Random effects of 'block' were 

also integrated into the ANOVA. The data was fit to a normal distribution. Residuals of 'block', 

'pappus', 'cold-stratification' and 'predicted residuals' were plotted to check for homogeneity of 

error. 
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b. Effect of pappus. 

 Variance of total emergence percentage was partitioned into random effects ('block' 

embedded within 'run') and fixed effects ('breeding line' and presence of 'pappus'), using PROC 

GLIMMIX. The data was fit to a normal distribution. Residuals of 'block', 'pappus', ' line' and 

'predicted residuals' were plotted to check for homogeneity of error. 

c. In vitro seed test trial. 

 For the main experiment, an analysis of variance (ANOVA) was conducted for mixed 

models (PROC MIXED) with ‘block’ and 'run' as the random effects and ‘treatment' and species' 

as the fixed effects. The variable 'block' was embedded within 'run' and a total of twelve 

treatments were established for the first part of the experiment. Seeds subject to 'priming' for 0 

hours, 12 hours, 24 hours and 48 hours were treatments 1 to 4; 'gibberellic acid' application at 

500 parts per million (ppm) for 12 hours and 24 hours were treatments 5 and 6; and at 1000 ppm 

for 12 hours and 24 hours were treatments 7 and 8. 12 hour and 24 hour water soaks were used 

as controls for the gibberellic acid treatments and these were treatments 9 and 10. A 10 minute 

'hydrogen peroxide' soak compared to a 10 minute 'water soak' control were treatments 11 and 

12. For the second part of the experiment testing the effect of seed maturity on recruitment, 

treatments were divided into 'mature', 'intermediate' and 'immature' sets. PROC MIXED was run 

with 'block(run)' as the random variable and 'seed maturity' as the fixed effect. For the third part 

of the experiment comparing the effect of E. lagascae seed source and maturity on recruitment, 

treatments included 'mature' and 'immature' seeds of the 'old' seed source as well as of the 'new' 

seed source. PROC MIXED was run with 'block(run)' as the random variable and 'seed source' 

and 'seed maturity' as the fixed effects. In all cases, data were tested for homogeneity of error by 

plotting the residuals of 'block', 'treatment' and 'predicted residuals' using PROC SGSCATTER. 
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3.2 RESULTS AND DISCUSSION 

 

3.2.1. Summer 2014 field trials. 

 Fewer seeds were produced by C. pauciflorus plants that were sown during the second 

seeding date at Simcoe. No yield was obtained from C. pauciflorus plants at the Guelph site as 

many of the plants did not even finish flowering before the first killing frost in the fall (Table 

3.1). 

Table 3.1 Data collected for C. pauciflorus from 2014 field trials at the Simcoe Horticultural 
Research Station (SHRS*), Simcoe ON and Guelph Centre for Urban Organic Farming 
(GCUOF**), Guelph ON 

 SHRS* GCUOF** 

 Seeding date 1 Seeding date 2 Seeding date 1 Seeding date2 

Days to recruitment ✓ ✓ ✓ ✓ 

Germination % ✓ ✓ ✗ ✗ 

Days to flowering ✓ ✓ ✓ ✓/✗ 

Days to 50% flowering ✓ ✓ ✓/✗ ✓/✗ 

Yield (seed yield) ✓ ✓ ✗ ✗ 

✓ Data was available for collection 

✗ Data was not available for collection 
 

 E. lagascae plants at Simcoe did not flower when they were sown at the later date and the 

E. lagascae plants that did flower at Guelph after being sown at the later seeding date did not go 

on to produce any seed. The few seeds produced by E. lagascae at Guelph from the first seeding 

date were mostly immature with negligible weight. Data on emergence percentage was only 

recorded for E. lagascae at Guelph (Table 3.2). 
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Table 3.2 Data collected for E. lagascae from 2014 field trials at the Simcoe Horticultural 
Research Station (SHRS*), Simcoe ON and Guelph Centre for Urban Organic Farming 
(GCUOF**) , Guelph ON 

 SHRS* GCUOF** 

 Seeding date 1 Seeding date 2 Seeding date 1 Seeding date 2 

Days to recruitment ✗ ✗ ✗ ✗ 

Germination % ✓ ✓ ✓ ✓ 

Days to flowering ✓ ✗ ✓ ✓ 

Days to 50% flowering ✓ ✗ ✓ ✓ 

Yield (seed yield) ✓ ✗ ✓ ✗ 

✓ Data was available for collection 

✗ Data was not available for collection 
 

 The number of days that C. pauciflorus took to emerge was recorded along with the 

number of days to flowering since the species is known to mature and emerge unevenly 

(Mebrahtu et al. 2009). C. pauciflorus took fewer days to recruit when sown at a later seeding 

date than at an earlier seeding date (p = 0.0042), with the exception of breeding line 20 in Guelph 

(Appendix 6.12). Site was also a significant factor (p = 0.0082) with seedling recruitment taking 

less time in Guelph than in Simcoe (Appendix 6.12). A site × seeding date interaction was 

significant (p = 0.0135) (Appendix 6.12). At Simcoe, C. pauciflorus took significantly fewer 

days to recruit when sown at the second seeding date than at the first seeding date. At Guelph, 

the time of seeding had no effect on the number of days C. pauciflorus took to recruit in the 

field. Overall, breeding line was a significant factor for this variable (p < 0.0001) as breeding 

line 20 took more days to recruitment than breeding line 18, which again took more days to 

recruit than breeding line 19 (Appendix 6.12). The breeding line × site interaction was also 

significant for this variable (p = 0.0005) (Appendix 6.12). More specifically, the number of days 

that breeding lines 19 took to recruit was significantly lower than for breeding lines 18 and 20 at 

both Simcoe and Guelph for the later seeding date. In Simcoe, breeding line 20 took the most 

time to recruit and there were no significant differences in time to recruit for breeding lines 18 
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and 19, regardless of seeding date. In contrast, at the Guelph site breeding line 18 took the most 

time to recruit across both seeding dates (Table 3.3). The anomaly in the data can be attributed to 

the smaller sample size and lower emergence percentage of breeding line 20, at the Guelph site. 

Table 3.3 Total number of days to recruitment for several breeding lines of C. pauciflorus under 
field conditions at the Simcoe Horticultural Research Station (SHRS*), Simcoe ON and Guelph 
Centre for Urban Organic Farming (GCUOF**), Guelph ON at trials in the summer of 2014 

 SHRS* GCUOF** 

 Seeding date 
1† 

Seeding date 
2† 

Seeding date 
1† 

Seeding date 
2† 

C. pauciflorus breeding line 18 27.8 a 28.2 a 28.2 a 19.4 ab 
C. pauciflorus breeding line 19 28.8 a 17.1 b 17.1 b 16.8 b 
C. pauciflorus breeding line 20 37.1 a 11.6 b 11.6 b 25.2 a 

† Means within a column with the same letter are not significantly different at p = 0.05 
 

 Results on days to recruitment and emergence percentage, plant height and range, time to 

flowering and seed yield from the 2014 field trials for C. pauciflorus and E. lagascae are 

summarised in Table 3.4 and Table 3.5, respectively. Emergence percentage varied significantly 

between breeding lines (p < 0.0001) (Appendix 6.13) with C. pauciflorus breeding line 20 

emerging at significantly lower rates than breeding lines 18 and 19 irrespective of seeding date at 

Simcoe (Table 3.4). We did not record emergence percentage at the Guelph site. A breeding line 

× site × seeding date interaction was significant (p < 0.0001) for plant height (Appendix 6.14). C. 

pauciflorus plants were significantly taller at the Simcoe site and if they were planted earlier. 

Breeding line 19 was often the tallest regardless of site and seeding date. At Simcoe, breeding 

line 20 was always shortest (Table 3.4). C. pauciflorus plants took longer to flower at Guelph 

than at Simcoe (p = 0.0284) (Appendix 6.15). 1000 random seed weight (Appendix 6.16) did not 

vary significantly between sites, seeding dates or breeding lines. Site × seeding date was 

significant (p = 0.0039) for the number of mature seeds in 1000 random seeds, but neither of the 

main effects of site or seeding date were significant (Appendix 6.18). This may have been due to 

the method used to harvest C. pauciflorus, wherein only mature plants were harvested on a 
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regular basis as the seeds matured. For 1000 mature seed weight, seeding date was significant (p 

= 0.0443) as earlier seeded plants produced higher 1000 mature seed weights (g) than later 

seeded plants (Appendix 6.17). Seed yield per plant (g) was consistently higher in plants that 

were seeded at an earlier date than at a later date (p = 0.0042) (Appendix 6.19). Breeding line 18 

produced the highest seed yield per plant (g), followed by breeding lines 19 and 20 (p = 0.0004) 

(Appendix 6.19). More specifically, the yield produced by breeding line 18 was always 

significantly higher than the yield produced by breeding line 20 (Table 3.4). The lack of yield at 

the Guelph site was likely due to the higher clay content in the soils at this site which retained 

too much moisture. The Guelph site received much higher than average amounts of rain in the 

months of August and September (Appendix 6.2), a period that is critical for seed maturity. The 

waterlogged soil was not ideal for a drought tolerant plant like C. pauciflorus to thrive and 

produce viable seeds.  

 When comparing the above data to published data on agronomic trials conducted in Italy, 

Eretria and Ethiopia, there are some notable differences. C. pauciflorus plants in Italy were very 

tall (135 ± 8.2 cm) compared to, for example, our trials at Simcoe where plants reached a 

maximum height of only 79 cm for the tallest breeding line 18 (Angelini et al. 1997) (Table 2.8 

and Table 3.4). This may be due to the fact that we measured height two months before harvest 

and time of measurement was not listed for the study conducted in Italy. 1000 seed weight was 

comparable between the Canadian and Italian studies. In Italy, 1000 mature seed weight ranged 

between 2.7 and 3.8 g, with an average weight of 3.2 ± 0.2 g (Angelini et al. 1997). The range of 

1000 mature seed weight at Simcoe was between 0.53 to 3.00 g, with the most productive 

breeding line producing 2.33 g. However, C. pauciflorus plants in Simcoe fared better in terms 

of seed yield and time taken to flower. The highest seed yield per plant in Simcoe (13.70 g) was 
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substantially higher than the yield reported in the Pisa, Italy study (3.8 ± 0.6 g) (Angelini et al. 

1997). The plants in Italy took longer to flower (99 ± 9 days) compared to Simcoe where 

flowering occurred within 90 days (Angelini et al. 1997), however, time to flowering  at Guelph 

was comparable to that of Italy, ranging from 76 to 105.33. In the Eritrean trials there were much 

higher seed yields (873 kg/ha) than in our study (319.21 kg/ha for breeding line 18 at Simcoe) 

(Mebrahtu et al. 2008) (Table 2.10 and Table 3.4). Trials in Ethiopia also outperformed our trials 

in every aspect except for the number of days to flowering (Table 2.9 and Table 3.4). The time 

taken by plants in Ethiopia to flower (104-130 days) was comparable to our Guelph site (76-

105.33 days) (Baye 2002). However, plants at Simcoe flowered from between 68-90 days. Plants 

grown in Alemaya, Harar and Babile, Ethiopia were substantively taller than in our study (mean 

heights of 164.23 cm, 209.59 cm, and 141.56 cm respectively) and recruited to seedlings in the 

field within only 10 days (Baye 2002). In contrast, in our study seedling recruitment took a 

minimum of 16 days. Average seed yield much higher for two of the sites in the Ethiopia study 

(3598.8 kg/ha and 2733.8 kg/ha at Alemaya and Harar respectively) (Baye 2002), but the yields 

at one site, Babile, Ethiopia (638.8 kg/ha) was comparable to the highest yield at Simcoe 

produced by breeding line 18 (319.21 kg/ha). 1000 mature seed weight was also higher in the 

Ethiopia study as well (4.3, 3.9, 3.3 g) for Alemaya, Harar and Babile, Ethiopia respectively 

(Baye 2002). In comparison, 1000 mature seed weight never exceeded 3.0 g in our study. 
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Table 3.4 Summary of agronomic performance of C. pauciflorus grown at the Simcoe Horticultural Research Station (SHRS*), 
Simcoe ON and the Guelph Centre for Urban Organic Farming (GCUOF**), Guelph ON in the summer of 2014 at two seeding dates: 
May 24, 2014 and June 16, 2014 at SHRS*, and June 4, 2014 and June 18, 2014 at GCUOF** 
 SHRS* GCUOF** 

 Seeding date 1 Seeding date 2 Seeding date 1 Seeding date 2 

Breeding line 18 19 20 18 19 20 18 19 20 18 19 20 

Emergence 
(%) 

19.33a† 25.00a† 7.67b† 22.00a† 21.67a† 5.00b† N/A N/A N/A N/A N/A N/A 

Days to 
recruitment 

27.81a† 28.76a† 37.06a† 19.39ab† 16.81b† 25.20a† 28.24a† 17.14b† 11.63b† 20.86a† 12.48b† 19.31a† 

Mean plant 
height (cm) 
†† 

45.24a† 42.14a† 20.60b† 22.35ab† 31.87a† 14.71bc† 4.46b† 7.32ab† 8.13a† 3.96b† 8.22a† 3.32b† 

Plant height 
range (cm) 

7-79 13-69 5-48 12-42 17-69 9-28 2-12 3.5-18 3-11 2-7 4-14 2-6.5 

Days to 
flower 

69.33 70.67 90.85 × 68.00 × 105.33 94.67 88.85 N/A 76.00 N/A 

Days to 50% 
flowering 

78.67a† 85.67a† × × 71.98 × N/A N/A N/A N/A N/A N/A 

1000 random 
seed weight 
(g) 

1.00a† 1.67ab† 0.67b† 1.33a† 1.00a† 1.41a† N/A N/A N/A N/A N/A N/A 

1000 mature 
seed weight 
(g) 

2.33a† 3.00a† 1.67a† 2.00a† 0.53a† 1.53a† N/A N/A N/A N/A N/A N/A 

Seed yield 
per plant (g) 

13.70a† 11.70a† 2.57b† 8.56a† 2.85ab† 0.66b† N/A N/A N/A N/A N/A N/A 

Seed yield/ha 
(kg) 

319.21 272.61 59.82 199.45 66.41 15.38 N/A N/A N/A N/A N/A N/A 

† Means followed by letter groupings within site and seeding date but across lines are significantly different at p = 0.05 
†† Data on height was recorded on July 24, 2014 in Guelph ON and August 5, 2014 in Simcoe ON 
N/A No available data      × Data missing 
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 Emergence percentage of E. lagascae plants was significantly higher in Simcoe than at 

Guelph (p = 0.0158) (Appendix 6.20; Table 3.5), but there was no difference in emergence 

percentage between breeding lines for a given site or seeding date. For plant height, the site × 

seeding date interaction was significant (p < 0.001) (Appendix 6.21), with plants being tallest at 

Simcoe for the first seeding date, and shortest at Guelph for the later seeding date (Table 3.5). 

Height did not vary between breeding lines in Guelph at a given seeding date. However in 

Simcoe, breeding line 5 produced the tallest plants at seeding date 1. Though the height of plants 

of breeding line 5 and 8 and of 8 and 6 did not differ significantly for the first seeding date at 

Simcoe, plants of breeding line 5 were significantly taller than plants of breeding line 6. Height 

did not differ across breeding lines for the second seeding date at Simcoe either. 

 There was no difference in days to flowering for E. lagascae between sites over the first 

seeding date (Appendix 6.22). However, seeding date was significant (p = 0.0274) with plants 

taking longer to flower at a later seeding date than an earlier date in Guelph (Appendix 6.24). 

Plants at Simcoe took longer to reach 50% flowering than at Guelph over the first seeding date, 

with site being significant (p = 0.0248). Breeding line was also significant (p = 0.0274), and 

breeding line 5 took the least days to reach 50% flowering over the first seeding date at both sites 

(Appendix 6.23). There was no difference in the time taken by breeding lines 6 and 8 to reach 

50% flowering over the first seeding date at both sites. At the Guelph site, there was a significant 

breeding line × seeding date interaction (p = 0.0405) and the main effects of breeding line (p = 

0.0248) and seeding date (p = 0.0001) were also significant for days to 50% flowering 

(Appendix 6.25). The later seeded plants took longer to reach 50% flowering. Site was 

significant (p < 0.0001, 0.0001, 0.0001 and 0.0018 respectively) for 1000 random seed weight, 

1000 mature seed weight, number of mature seeds in 1000 random seeds and seed yield per plant 
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(g), with yield being consistently and significantly higher at Simcoe than at Guelph (Appendix 

6.26-6.29; Table 3.5).  

 E. lagascae did not produce any viable seeds when planted at a later seeding date in our 

study at both sites. More specifically, the plants at the Simcoe site did not produce any flowers 

and the ones at the Guelph sites did not finish flowering or died before the flowers could develop 

into seeds. However, there was some yield for the early seeding date at both sites. No studies to-

date have noted a lack of yield due to later seeding. In fact, later seeded plots at a study in 

Oregon, USA produced more yield (Roseberg and Bentley 2011). Our results may be due to a 

shorter growing season versus other study sites reported in the literature. Although both Simcoe 

and Guelph experienced eight months of above 0°C temperatures (April - November 2014), the 

temperatures were consistently lower at Guelph (Appendix 6.1). The lower temperatures  at the 

Guelph would help to explain why E. lagascae performed better at the Simcoe site. However, 

this does not explain why plants flowered at Guelph but not at Simcoe when seeded later in the 

season. The lack of flowering for late seeded E. lagascae at the Simcoe site may be due in part to 

the predation of emerging buds by insects (personal observation) which was not observed at the 

Guelph site. 

 When comparing the results of our study to those from others studies around the world 

we note that E. lagascae plants in an Italian study outperformed ours in many ways. They took 

fewer days to flower (70 ± 2 and 69 ± 4 days in 1994 and 1995 respectively) and produced taller 

stands (78.9 cm and 80.2 cm in 1994 and 1995 respectively) (Angelini et al. 1997) (Table 2.2). In 

contrast, the average high performing breeding line 5 of E. lagascae in our study achieved a 

mean height of only 44.81 cm and took at least 79 days to flower (Table 3.5). Surprisingly, seed 

yield was substantially lower in the Italian study (4.7 ± 0.8 g plant-1 and 5.2 ± 0.3 g plant-1 in 
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1994 and 1995 respectively) versus our study where in Simcoe the minimum yield was 50.67 g 

plant-1 (Angelini et al. 1997). 1000 mature seed weight was similar between the two sites: 9.6 ± 

0.2 and 11.4 ± 0.2 g in 1994 and 1995 respectively, versus 9.67-10.33 g in Simcoe (Angelini et 

al. 1997) (Table 2.2 and Table 3.5). In comparison to a study conducted in Spain, the results vary 

a great deal. Emergence percentage of E. lagascae was lower in the Spanish study (52% in 

Moratalla and 36% in Torreblanca) versus ours (53% to 65%) (Pascual-Villalobos et al. 1993). 

However, plants at one of the Spanish sites (Torreblanca) were much taller (70 cm) than even the 

tallest early sown plants at Simcoe (37.54-44.81 cm) (Pascual-Villalobos et al. 1993). 1000 seed 

weight did not differ between the two locations: it was approximately in the 8-11 g and 9.5-12.5 

g range in Torreblanca and Moratalla, Spain respectively, and around 10 g in Simcoe (Pascual-

Villalobos et al. 1993). Yield estimates were lower in Oregon, USA (highest being 282.24 kg/ha) 

than in our study. However, this difference could be merely due to differences in planting 

density. 
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Table 3.5 Summary of agronomic performance of E. lagascae that were grown at the Simcoe Horticultural Research Station 
(SHRS*), Simcoe ON and the Guelph Centre for Urban Organic Farming (GCUOF**), Guelph ON in the summer of 2014 at two 
seeding dates: May 24, 2014 and June 16, 2014 at SHRS*, and June 4, 2014 and June 18, 2014 at GCUOF** 

 SHRS* GCUOF** 

 Seeding date 1 Seeding date 2 Seeding date 1 Seeding date 2 

Breeding line 5 6 8 5 6 8 5 6 8 5 6 8 

Emergence 
(%) 

52.71
a† 

63.77a† 62.61a† 53.59a† 54.64a† 64.68a† 13.89a† 31.22a† 13.04a† 48.91a† 23.89a† 45.22a† 

Days to 
recruitment 

N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

Mean plant 
height (cm) †† 

44.81
ac† 

37.54b† 41.93bc† 14.64a† 15.34a† 13.51a† 18.06a† 17.09a† 16.24a† 8.47a† 7.83a† 8.83a† 

Plant height 
range (cm) 

21-58 10-59 19-59 8-22 12-30 8-21 9-37 7-30 6.5-39 5-12 3-13 6-14.5 

Days to flower 79.00
a† 

83.33a† 87.00a† N/A N/A N/A 84.33a† 86.67a† 89.00a† 93.00ab† 88.33b† 104.45a
† 

Days to 50% 
flowering 

87.00
b† 

91.67a† 89.00a† N/A N/A N/A 91.33a† 97.00a† 98.00a† 103.00a† 102.88a† N/A 

1000 random 
seed weight 
(g) 

11.00
a† 

10.67a† 10.67a† N/A N/A N/A 4.67a† 4.33a† 2.33a† N/A N/A N/A 

1000 mature 
seed weight 
(g) 

9.67a
† 

10.33a† 10.00a† N/A N/A N/A 0.00a† 0.00a† 0.00a† N/A N/A N/A 

Seed yield per 
plant (g) 

120.0
0a† 

50.67a† 63.67a† N/A N/A N/A 0.33ac† 0.23b† 0.07bc† N/A N/A N/A 

Seed yield/ha 
(kg) 

2796.
00 

1180.61 1483.51 N/A N/A N/A 7.69 5.36 1.63 N/A N/A N/A 

† Means followed by default letters within site and seeding date but across lines are significantly different at p = 0.05 
†† Data on height was recorded on July 24, 2014 in Guelph ON and August 5, 2014 in Simcoe ON                      N/A No available data 
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3.2.1. In-door germination and recruitment trials. 

 Due to the fungal contamination experienced by seedlings of E. lagascae in spite of 

treatment with the ectoparasiticide thiram, germination levels for this species in these trials was 

very low and  data on cumulative emergence could not be compiled  (Figure 3.3C). Even most of 

the E. lagascae seed that did not appear to be contaminated did not germinate. For C. 

pauciflorus, recruitment levels did not differ significantly regardless of whether seeds had their 

pappus removed or left intact, or whether they were cold stratified or aged at room temperature 

(Appendix 6.31). Similarly, there were no significant differences in recruitment between C. 

pauciflorus breeding lines 18 and 19 that had their pappus hand removed or left intact in a 

subsequent trial (Appendix 6.30).  

 For the in vitro trial where we tested the effects of different germination inducing agents 

on recruitment, a priori observations showed that E. lagascae experienced very low emergence 

rates with the exception of a few treatments, which made data analysis challenging given a 

highly unbalanced dataset. Even though C. pauciflorus germinated and emerged at much higher 

rates, the ANOVA (Appendix 6.32) revealed that the various chemical agents applied at different 

concentrations over different periods of exposure did not significantly impact recruitment levels 

(Table 3.6). 
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Table 3.6 Total recruitment percentage of C. pauciflorus breeding line 19 
after seeds were subjected to different chemical agents in two runs of an 
experiment conducted in the greenhouse at the University of Guelph, 
Guelph in 2015. 

Treatments Factors Least Square Means 

Priming 0 hours priming 14.5 † 
12 hours priming 17.0 † 
24 hours priming 13.5 † 
48 hours priming 23.0 † 

12 hour GA soak GA 1000ppm  22.5 † 
GA 500ppm  18.5 † 
Water soak 18.5 † 

24 hour GA soak GA 1000ppm  26.5 † 
GA 500ppm  22.5 † 
Water soak 13.5 † 

Hydrogen peroxide soak 10 min H2O2soak 26.5 † 
10 min water soak 18.0 † 

† Means within the column did not differ significantly from each other at p 
= 0.05 

 

 When testing the effects of seed maturity on total recruitment levels, a priori 

observations made on C. pauciflorus seeds showed that immature seeds did not germinate. 

Mature C. pauciflorus seeds had better germination rates than intermediate maturity C. 

pauciflorus seeds, the difference was not statistically significant at p = 0.05, but it was significant 

at p = 0.10 (Appendix 6.33; Table 3.7). This result is what we would have expected and is 

important for practical reasons. 

Table 3.7 Total recruitment levels (percentage) for C. 

pauciflorus seeds at different levels of maturity, from a study 
conducted in the greenhouse at the University of Guelph, 
Guelph in 2015. 

Seed maturity Total recruitment percentage 

Mature 11.5 a† 
Intermediate maturity 3.5 b† 

† Means within a column with the same letter are not 
significantly different at p = 0.10 

 

 Similarly for E. lagascae, no seedlings emerged from the immature seeds. Unexpectedly, 

a higher percentage of E. lagascae seeds of apparently intermediate maturity recruited than 
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apparently mature seeds, and the difference of which was statistically significant (p = 0.10) 

(Appendix 6.34; Table 3.8). 

Table 3.8 Total recruitment levels (percentage) of E. 

lagascae seeds at different levels of maturity, from a study 
conducted in the greenhouse at the University of Guelph, 
Guelph in 2015. 

Seed maturity Total recruitment percentage 

Mature 1.5 b† 
Intermediate maturity 13.5 a† 

† Means within a column with the same letter are not 
significantly different at p = 0.10 

 

 As mentioned previously, E. lagascae recruited at very low rates over the three week trial 

under most seed treatment conditions. The five year age of the E. lagascae seeds collected from 

2010 harvest at Oregon, USA, might have contributed to this result. To investigate if the low 

emergence rates was a problem associated with the age of the seeds being used, an additional 

treatment of new E. lagascae seeds (of different maturity levels) derived from the 2014 summer 

trials at Simcoe, ON was added to the second run of the experiment (Table 3.9). 

Table 3.9 Total recruitment level (percentage) of a E. lagascae 
general breeding line obtained from a 2010 harvest in Oregon, 
USA, and newer E. lagascae breeding line 6 obtained from a 
2014 harvest at the SHRS, ON, from a study conducted in the 
greenhouse at the University of Guelph, Guelph in 2015. 

 Older seeds† Newer seeds† 

Mature 2.0 a 35.0 b 
Intermediate 18.0 a 71.0 a 

† Means within a column with the same letter are not 
significantly different at p = 0.05 

 

 As expected, the newer E. lagascae seeds recruited at significantly higher rates than the 

older seed lot (p = 0.0033), pointing to the importance of seed age and the diminishing 

germination ability of E. lagascae seeds as they age. The recruitment of intermediate maturity E. 

lagascae seeds was also significantly higher than mature seeds across both seed sources 

(Appendix 6.35; Table 3.9). This result is consistent with the statistically higher recruitment of 
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intermediate maturity E. lagascae seeds in the trial comparing seed maturity of the older E. 

lagascae seeds by themselves (Table 3.8), and indicates that seed colour might not necessarily be 

a good indicator of seed maturity when it comes to seeds of E. lagascae. 

 Our study helped reveal to some extent which agronomic practices are likely to enhance 

the productivity of E. lagascae and C. pauciflorus when they are grown in southwestern Ontario. 

Both seeding date and site had significant effects on performance in terms of plant morphology 

and seed yield. Plants of both species were taller and produced more yield when they were 

seeded early (in late spring) versus when they were seeded later (in the early summer). 

Additionally, plant performance was better at the Simcoe site than at the Guelph site perhaps due 

to differences in soil type and climate where both of these species prefer well-drained soils and 

warmer and longer growing seasons. There were definite performance differences amongst 

breeding lines although the differences were less apparent for E. lagascae. Some breeding lines 

showed more promise than others. For C. pauciflorus breeding line 19 produced taller plants and 

showed early recruitment potential, and line 18 had higher seed yield while line 20 produced 

short plants, had low recruitment and low flowering potential. 

 In general, recruitment in the field was very low for these two species. The highest 

recruitment levels for E. lagascae were 64.6% and 25% for C. pauciflorus. In these trials we 

over-seeded at very high rates (up to 80 seeds per row) in order to ensure a stand of at least 7 

plants in a row (as recruitment was anticipated to be around 10% at the low end). Our studies 

showed that various chemical agents and seed pre-treatment regimes did not enhance 

recruitment. Although, preliminary trials at Simcoe suggested that priming seed enhanced 

recruitment levels (Appendix 6.9 and 6.11). In addition, we need to gain a better understanding 

of how to identify seed maturity for these species. In our study we assumed darker seeds were 
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more mature but we found that greyish E. lagascae seeds (assumed to be of intermediate 

maturity) recruited at higher rates than darker seeds.  

 In general, the higher recruitment rates of E. lagascae as well as its higher yield per unit 

area make it a potentially more promising species for commercial production versus C. 

pauciflorus. Not only does C. pauciflorus not recruit well in the field, it is also more challenging 

to harvest and its productivity seemed to be more affected by site conditions, specifically soil 

permeability and water logging. The performance of these species in our study differed from 

results of studies elsewhere in the world. E. lagascae plants recruited earlier in an Italian study 

(Angelini et al. 1997), but produced higher yields in our study here in Canada. C. pauciflorus 

plants produced the highest yields in studies in Africa (Ethiopia and Eretria) (Baye 2002; 

Mebrahtu et al. 2008), followed by our study, and then the study conducted in Italy (Angelini et 

al. 1997). These differences in performance of these species were likely due to the different 

climatic conditions experienced at different sites. In addition, however, comparisons between 

studies were challenging because the germplasm accessions used in the other studies were either 

unknown or not the same as the ones used in our study and we know from the results of our 

study that breeding line has a substantive impact on performance.  
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CHAPTER 4 – ASSESSING THE POTENTIAL ABILITY OF EUPHORBIA LAGASCAE 
AND CENTRAPALUS PAUCIFLORUS TO PERSIST, ESTABLISH AND COMPETE AS 

WEEDS. 

4.0 INTRODUCTION 

 The fate of a population of a species is ultimately dependant on its ability to grow, thrive 

and go on to reproduce in a given environment (Shipley 2006). While animals have evolved 

appendages to escape from the tyrannies of nature, plants have had to adapt to their immediate 

environment to ensure future propagation. In order to create domesticated varieties of food crops 

from wild populations, human beings have artificially selected for various advantageous 

adaptations of plants to the environment. For instance, today’s modern rice (Oryza sativa L.) is a 

product of more than 10,000 years of artificial selection from its wild ancestors (Oryza rufipogon 

Griff.) (Kovach et al. 2007). However, the evolutionary processes that have allowed these 

domestications have also supported the evolution of weedy plants that have plagued farmers for 

centuries. Hybridization with domesticated varieties and the pressures of evolutionary selection 

have allowed certain plants to thrive under anthropogenic conditions (De Wet and Harlen 1975). 

Besides being early germinating, fast growing, early sexually maturing (Baker 1974; Baker and 

Stebbins 1965), many weeds may also rapidly evolve mechanisms of resistance against 

otherwise efficacious herbicides. At an estimated 10% global annual rate, weeds account for the 

highest loss to agricultural productivity among all agricultural pests (Oerke 2006). What 

distinguishes weeds from domesticated plants is their ability to thrive in agricultural fields 

without external help (De Wet and Harlen 1975). 

 For species that are being considered as potentially new crops for a given region it is 

important to consider whether these species have weediness potential and what the risk might be 

of unconfined release and cultivation of these species. There is an interest in growing C. 

pauciflorus and E. lagascae as oilseed crops in Ontario but there have been no specific studies of 
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their weediness potential. C. pauciflorus and E. lagascae have been known to grow under 

roadside conditions (Baye and Becker 2005; Pascual-Villalobos et al. 1993). Furthermore, seeds 

of C. pauciflorus acquired from colder regions tend to be more dormant than seeds acquired from 

warmer regions (Nyamongo et al. 2010). Disturbance cues that mimic conditions found closer to 

the soil surface, such as alternating temperatures, cold-stratification, longer exposure to light, and 

exposure to chemicals like gibberellic acid (GA3) and potassium nitrate (KNO3), may break 

secondary dormancy in C. pauciflorus. There is very little knowledge on the potential weed 

biology of E. lagascae and C. pauciflorus. The purpose of the following set of experiments is to 

explore the seedling recruitment, overwintering ability and seed bank potential of E. lagascae 

and C. pauciflorus. The interspecific competition of E. lagascae and C. pauciflorus with soybean 

will also be examined and compared to the competition of soybean with a common weed, 

pigweed (Amaranthus retroflexus L.). Information obtained from these trials will provide the 

initial understanding of the potential weediness of E. lagascae and C. pauciflorus. 

4.1 METHODS AND MATERIALS 

4.1.1 Study Site. 

4.1.1.1 Persistence trials. 

 Sites at the Simcoe Horticultural Research Station (SHRS), located in Simcoe, Canada 

(42° 51'N; 80° 16'W) and the Guelph Centre for Urban Organic Farming (GCUOF) in Guelph, 

Canada (43° 32’ 19.575” N, 80° 13’ 21.165”) were chosen for their differences in soil type, 

precipitation, temperatures and for the purposes of replication. Soil samples were taken at both 

locations in May 2014 using a metal soil corer to a depth of 8cm. Soil samples were analyzed by 

A&L Canada Laboratories Inc. (A&L) (Appendix 6.3). The experimental site of SHRS was 

characterized by loam in the west end of block 7a,b (site 94) with an organic matter content of 
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1.2% and a pH of 5.7 (Hohner and Presant 1988; Appendix 6.3 and 6.4). The Luvisols soil at the 

GCUOF (site 6) was a loam (40% sand, 40% silt, 20% clay) with an organic matter of 4.3 and a 

pH of 7.4, and a Canadian Land Index of 3 (Appendix 6.3 and 6.5). 3 m × 3 m plots were 

established at each of the two locations to examine how persistence is affected by seed burial in 

early and late fall of 2014. 

4.1.1.2 Establishment trials. 

 The experiment was conducted in spring 2014 and fall 2014, in a perennial rye grass 

(Lolium perenne L.) stand at the Simcoe Horticultural Research Station (SHRS), located in 

Simcoe, Canada (42° 51'N; 80° 16'W ) and in heterogeneous swards of quackgrass (Elymus 

repens L. Gould), sheep fescue (Festuca rubra L.), orchard grass (Dactylis glomerata L.) and 

broadleaves including dandelion (Taraxacum officinale Weber in Wiggers), smooth bromegrass 

(Bromus inermis Leyss.), fringed brome (Bromus ciliatus L.), Canada thistle [Cirsium arvense 

(L.) Scop.], late goldenrod (Solidago altissima L.), Canada goldenrod (Solidago canadensis L.) 

and panicaled aster [Symphyotrichum lanceolatum (Willd.) G. L. Nesom.] at the Guelph Centre 

for Urban Organic Farming (GCUOF) in Guelph, Canada (43° 32’ 19.575” N, 80° 13’ 21.165”). 

The grass swards at both locations were chosen for their likeness to roadside conditions and the 

ease with which they could be mowed and manipulated into seedbeds. 

4.1.1.3 Interference trials. 

 Replacement series is a recognized method of exploring competition between two 

species. It has been widely used as a method of initial evaluation of relative competitiveness of 

species when no prior information is available (Jolliffe 2000). In this method, yield per unit is 

used as a measure of competitive ability. A minimum of two different species are grown in pure 

stands (species in question is grown with members of its own species) and mixed stands (species 
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in question is grown with a different species) at fixed combined densities (Jolliffe 2000). Two 

runs of this experiment were conducted consecutively in a growth room at the University of 

Guelph at photoperiod of 16 hours (16 hours of light, 8 hours of darkness), 70% relative 

humidity, light levels of 350 µE m-2 s-1) and day temperatures of 25°C and night temperatures of 

20°C . In the first run, 3 gallon pots were used for each subplot while 1 gallon pots were used in 

the second run. Plants were grown in pots containing Sun Gro Sunshine Mix 4, which were 

watered every two days or as needed. 

4.1.2 Experimental Design. 

4.1.2.1 Persistence trials. 

 A randomized complete block design was used for this experiment. Seeds of E. lagascae 

and C. pauciflorus, collected from a 2010 Oregon trial and the USDA germplasm bank in 2013 

respectively, were enclosed in small 8 cm × 5 cm handmade packets made of insect mesh 

material, such that twenty five seeds were enclosed in a single packet (Figure 4.1 A-B). A 

preliminary experiment was conducted at the Guelph Centre for Urban Organic Farming 

(GCUOF) on October 8, 2013 to examine the effect of seeding depth (surface vs 2.5 cm below 

the surface) on overwintering ability. The experiment was repeated the following year at the 

Simcoe Horticultural Research Station (SHRS), Simcoe, and at the Guelph Centre for Urban 

Organic Farming (GCUOF), Guelph early in the fall (September 29, 2014) and late in the fall 

(October 23, 2014). Packets containing seeds were placed at a depth of either 2.5 cm below the 

surface or just at the surface in 2 m × 2 m plots (blocks) at Simcoe and Guelph. Treatments were 

randomized within each block during the experimental set up. 
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Figure 4.1 (A) Seed packets containing twenty five seeds of E. lagascae and (B) C. pauciflorus 

each. (C & D) E. lagascae seedlings that had germinated within their respective packets while 
overwintering in 2014-2015. (E) C. pauciflorus seedlings that had emerged in the field while 
overwintering in 2014-2015 (F) Pictures of persistence trial plot at the Simcoe Horticultural 
Research Station (SHRS), taken during seed retrieval in April 2015. 

4.1.2.2 Establishment trials. 

 The experiment was a randomized complete block design. The experiment was conducted 

over two seasons (spring 2014 and fall 2014) over two sites: Simcoe Horticultural Research 

Station (SHRS) and Guelph Centre for Urban Organic Farming (GCUOF) for both E. lagascae 

and C. pauciflorus. In Simcoe, establishment trials commenced on June 12, 2014 and September 

29, 2014. In Guelph, establishment trials commenced on June 18, 2014 and October 2, 2014. 

Disturbance treatments included an undisturbed grassy sward environment (control), mowed 
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sward (disturbance) and a well-tilled seed bed. Each treatment was replicated four times. Seeds 

of E. lagascae and C. pauciflorus were dispersed by hand at a seeding rate of 300 seeds per half 

meter square over treatment plots (0.5 m × 0.5 m subplots) within the entire experiment area (3 

m × 11.5 m) (Figure 4.2). For the tilled plots, the grass sward was dug up using spades to a depth 

of approximately 10 cm and this material was then raked using a hand rake to create a smooth 

seed bed. This was done prior to sowing. Mowed plots were mowed to a sward height of 

approximately 3-5 cm every 7 days using a weed wacker and large scissors. The first mowing 

was done just prior to sowing. 

 

Figure 4.2 Freshly tilled establishment plots at Simcoe Horticultural Research Station (SHRS) 
(Top left) and Guelph Centre for Urban Organic Farming (GCUOF) (Top right) from the spring 
2014 trial. C. pauciflorus establishments in seedbed (tilled), mowed and undisturbed treatments 
(From left to right, middle row). E. lagascae establishments in seedbed (tilled), mowed and 
undisturbed treatments (From left to right, bottom row). 
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4.1.2.3 Interference trial. 

 The experiment was set up as a replacement series in which each of E. lagascae, C. 

pauciflorus and common pigweed were grown in pots with soybeans at five different ratios: 4:0, 

3:1, 2:2, 1:3 and 0:4 (Figure 4.3) and a total density in each pot of 4 plants per pot. Seeds of E. 

lagascae, C. pauciflorus, common pigweed and soybean were germinated in trays. Seedlings of 

E. lagascae, C. pauciflorus and common pigweed with similar emergence timings were 

transplanted into pots with members of their own species or soybean according to the various 

competition ratios. To minimize edge effects in the experiment, border rows were set up at the 

periphery of the experiment as well as pots within each block and whole blocks were randomized 

every other week in the growth room. 

 

 

 

 

 

 



 

 

Figure 4.3 (A) Experimental set up and photographs of the replacement series used to assess the 
interference effect of E. lagascae

Pictures of C. pauciflorus, E. lagascae

ranging from 4:0 to 0:4 as shown in the graphic in the last row.

A 

B 

C 

D 

80 

Experimental set up and photographs of the replacement series used to assess the 
lagascae, C. pauciflorus and pigweed on soybean growth.

lagascae, and pigweed respectively growing with soybean at ratios 
ranging from 4:0 to 0:4 as shown in the graphic in the last row. 

 

 

 

 

 

Experimental set up and photographs of the replacement series used to assess the 
on soybean growth. (B-D) 

respectively growing with soybean at ratios 
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4.1.3 Data Collection. 

4.1.3.1 Persistence trial. 

 In the spring, packets containing seeds were retrieved from the ground (on May 12, 2014 

for the first trial and on April 21, 2015 for the subsequent trial) and tested for viability (Table 

4.4). First, freshly dug seeds were tested for their firmness by touch with forceps and sorted from 

seeds that had either germinated already in the field or were soft to the touch. Firm seeds were 

washed in a 5% sodium hypochlorite (NaOCl) solution for ten minutes prior to five rinses in 

deionized water (ISTA 1985). Surface sterilized seeds were germinated in a growth chamber at 

12 hour photoperiod, 80% humidity, and 25°C day and 17°C night temperatures, to examine 

their viability and possible dormancy. The number of germinating seeds was recorded twice a 

week for a period of three weeks. Seeds that had not germinated in Petri dishes but were still 

firm were bisected longitudinally while carefully avoiding the embryonic axis, and exposed to 

tetrazolium chloride (TTC) and wrapped in aluminium foil to limit exposure to light for a period 

of 48 hours. In the absence of light, TTC acts as an indicator of cellular respiration. If at the end 

of 48 hours the bisected embryo turned red, the TTC has been reduced from the enzymatic 

activity of active dehydrogenases within the embryo of the dormant seed (Vankus 1997). The 

retention of a white colour by TTC indicated that the embryo is not actively metabolising and 

hence, dead. The number of red embryos was counted relative to deceased embryos.  
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Figure 4.4 Schematic of how viability of potentially overwintering seeds from the persistence 
trials was evaluated 

4.1.3.2 Establishment trial. 

 Weekly observations of the number of germinating seedlings at Simcoe Horticultural 

Research Station (SHRS) and Guelph Centre for Urban Organic Farming (GCUOF) were taken 

over a period of twelve weeks in the spring and fall of 2014. Emerged plants were tagged weekly 

using different coloured paper clips to distinguish them from seedlings that had emerged 

previously. At the end of the study, a final count on the number of plants per half meter square 

subplot was recorded as a measure of establishment potential. Plots were monitored past the 

twelve weeks of data collection for observations on flowering and seed production of the 

recruited plants. 

4.1.3.3 Interference trial. 

 Half way through the experiment, at three weeks after germination, data on plant height 

(cm), leaf number, number of nodes, and growth stage were recorded per plant per pot. At the 
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end of the six week study, final plant height (cm), final leaf number, final number of nodes, and 

final growth stage were recorded again prior to harvesting above ground plant material per plant 

per pot. Aboveground plant dry mass (per plant per pot) was weighed and recorded after plant 

matter was dried in an oven at 80°C for 48 hours. 

4.1.4 Data Analysis.  

4.1.4.1 Persistence trial. 

 The percentage of nonviable, viable and dormant seeds at different stages of the 

experiment were calculated according to the equations given below: 

Seed$%$&'()*+	% = 	 �A. + A� Seed0%0(*⁄  	× 	100	 
Seed&'()*+	% = 	 �B. + B� Seed0%0(*⁄  	× 	100	 
Seed2%34($0	% = 	 �C. 	Seed0%0(*⁄ 	× 	100	 

where A1 is the number of soft dead seeds that did not survive the winter in the field, A2 is the 

number of seeds that tested negative for the TTC test, B1 is the number of seeds that germinated 

in the field at some point during the overwintering process, B2 is the number of seeds that 

germinated in Petri dishes, and C1 is the number of seeds that tested positive for the TTC test 

(Figure 4.4). An analysis of variance (ANOVA) was conducted using Statistical Analysis 

Software (SAS) version 9.3 (SAS Institute, Cary, NC), with all statistical tests and analyses 

being conducted at a Type I error rate of 0.05 (or 5%). For the 2013-14 experiment, block was 

set as a random effect and seeding depth was set at the fixed effect. For the 2014-15 experiment, 

time of the season (early vs late) was also included as a fixed effect. Residuals were analyzed 

(PROC SGSCATTER) to determine if they adhered to the assumptions of ANOVA, by plotting 

residuals against predicted values, blocks and treatments. The data was tested for normality 

according to the Shapiro-Wilk test (PROC UNIVARIATE) and Lund’s (1975) test for outliers 
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helped determine whether outliers fell within an acceptable range of residuals. Tukey's test was 

performed to evaluate multiple pairwise means comparisons. The PDMIX800 macro on SAS 

was used to convert Fisher's LSD means separation into a relatable letter grouping format 

(Saxton 1998). The LSMEANS of all interactions by treatment generated from F-tests were 

represented in table formats. 

4.1.4.2 Establishment trial. 

 Data was analysed using a mixed-model analysis of variance (PROC GLIMMIX) on 

Statistical Analysis Software (SAS) version 9.3 (SAS Institute, Cary, NC), with all statistical 

tests and analyses being conducted at a Type I error rate of 0.05 (or 5%). For the analysis of 

variance (ANOVA), Block (site) was set as a random effect, and ‘disturbance’ treatment, 

‘season’ and ‘site’ were set as fixed effects. Each species was analyzed separately and each 

factor had at least two levels embedded within it: season (3 levels), site (2 levels), and 

disturbance treatment (3 levels). Residuals were analyzed (PROC SGSCATTER) to determine if 

they adhered to the assumptions of ANOVA, by plotting residuals against predicted values, 

blocks and treatments. The data was tested for normality according to the Shapiro-Wilk test 

(PROC UNIVARIATE) and Lund’s (1975) test for outliers helped determine whether outliers 

fell within an acceptable range of residuals. Covariance parameters were varied by 'treatment'. 

Tukey's test was performed to evaluate multiple pairwise means comparisons. The PDMIX800 

macro on SAS was used to convert Fisher's LSD means separation into a relatable letter grouping 

format (Saxton 1998). The LSMEANS of all interactions by treatment generated from F-tests 

were represented in table formats. 
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4.1.4.3 Interference trial. 

 Relative aboveground dry biomass (RB) was used as a relative measure of competitive 

ability and was calculated using the following equation: 

RB = 	 Dry	biomass	of	species	A	in	a	treatmentDry	biomass	of	species	A	in	a	monoculture	 

 Total relative biomass (TRB), the sum of the total RB of all plants in a given pot, was 

used to assess how plants were behaving within pots. If TRB equals 1, then both plant species 

are using the same resources optimally. A TRB value of greater than 1 would signify synergy as 

the two plant species are not competing for resources and instead were tapping into resources 

differentially. Likewise, a TRB value of less than 1 would signify competition for resources or 

antagonism between the two species in the pot (Harper 1977). 

TRB = RBHI+J'+K	L 	+ RBHI+J'+K	M 

 RB and TRB were graphed using a scatter plot to visualise how the different species were 

competing for resources. The two runs of the experiment were plotted separately but compared 

against each other to examine if pot size (3 gallon pots in the first run and 1 gallon pots in the 

second run) had an effect on competition for resources. 

4.2 RESULTS AND DISCUSSION 

4.2.1 Persistence trial. 

 As expected an overwhelming percentage of C. pauciflorus that were placed at or just 

below the surface did not overwinter as most (the great majority) were not viable when they were 

retrieved in the spring of 2014. From the 2013-14 trial at Guelph, the percentage of nonviable C. 

pauciflorus seeds was significantly higher when seeds were placed just at the surface versus 
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when they were placed deeper in the soil (p = 0.0209) (Table 4.1; Appendix 6.36). Seeds at the 

surface are more likely to desiccate due to the ephemeral moisture conditions at the soil surface 

(Harper 1977) and these seeds would be exposed to much more extreme winter temperatures. 

Deeper sown seeds were also more likely to be viable than their surface sown counterparts (p = 

0.0209) (Table 4.1; Appendix 6.37). Regardless of seeding depth, C. pauciflorus were either 

viable or non-viable and never found to be dormant in this experiment (Table 4.1).  

Table 4.1 Total percentage and estimated parameters (± S.E.) of C. pauciflorus seeds that were 
nonviable, viable or dormant after overwintering in 2013-14 at the Guelph Centre for Urban 
Organic Farming (GCUOF), Guelph ON 

Seeding depth Nonviable† Viable† Dormant† 

Surface 98.5 a (2.05) 1.5 b (2.05) 0.0 a (0.00) 
Deep 89.6 b (2.59) 10.4 a (2.59) 0.0 a (0.00) 

† Means within a column with the same letter are not significantly different at p = 0.05 
 

 Most E. lagascae seeds did not survive the winter of 2013-14 in the Guelph Centre for 

Urban Organic Farming, Guelph ON. A very small percentage of seeds germinated in the field or 

in Petri dishes. Seeding depth had no effect on the percentage of nonviable (p = 0.0608) and 

viable seeds (p = 0.8154) (Table 4.2; Appendix 6.38 and 6.39). The number of seeds that were 

dormant were significantly higher if they were sown at the surface than if they were sown 2.5 cm 

below the surface (p = 0.0172) (Table 4.2; Appendix 6.40). A small percentage of E. lagascae 

seeds that were firm and had not germinated in the Petri dishes did stain red when exposed to 

TTC (Table 4.2). This observation indicates that E. lagascae seed is capable of overwintering 

and potentially forming a modest seed bank. These results support the anecdotal observation that 

E. lagascae seeds that were sown in summer of 2014 were emerging in late winter/early spring 

2015 at Woodstock, ON (personal communications from Dr. Jim Todd). E. lagascae seedlings 

was also seen emerging in June 2015 at the Guelph Centre for Urban Organic Farming, Guelph 
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ON in simulated seedbeds upon which E. lagascae seeds had been dispersed in October 2014 for 

a different experiment (personal observation). 

Table 4.2 Total percentage and estimated parameters (± S.E.) of E. lagascae seeds that were 
nonviable, viable or dormant after overwintering in 2013-14 at the Guelph Centre for Urban 
Organic Farming, Guelph ON 

Seeding depth Nonviable† Viable† Dormant† 

Surface 94.3 a (1.26) 0.6 a (0.61) 5.1 a (0.98) 
Deep 98.4 a (1.49) 0.8 a (0.73) 0.8 b (1.16) 

† Means within a column with the same letter are not significantly different at p = 0.05 
 

 For C. pauciflorus, results from the experiments in the 2014-2015 experiment were very 

similar to those from the 2013-2014 season. All seeds at Simcoe were nonviable regardless of the 

time they were sown and the depth they were sown at. A very small percentage of the seeds 

sown at Guelph did prove to be viable as they emerged either in the field or in Petri dishes. The 

percentage of nonviable seeds was significantly higher when seeds were placed at the surface 

versus when they were placed deeper in the soil (p = 0.0011) (Table 4.3; Appendix 6.41). Seeds 

sown later in the fall were also more likely to be nonviable than when they were sown earlier in 

the season (p = 0.0140) (Table 4.3; Appendix 6.41). Similar to results from the 2013-14 

experiment, none of the seeds were TTC test positive or dormant (Table 4.3). 
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Table 4.3 Total percentage and estimated variables (± S.E.) of C. pauciflorus seeds that were 
nonviable, viable or dormant after overwintering in 2014-15 at the Simcoe Horticultural Research 
Station (SHRS*), Simcoe ON and at the Guelph Centre for Urban Organic Farming (GCUOF**), 
Guelph ON 

  SHRS* GCUOF** 

Fall 
2014 

Seeding 
depth 

Nonviable† Viable† Dormant† Nonviable† Viable† Dormant† 

Early Surface 100.0 a 
(0.00) 

0.0 a 
(0.00) 

0.0 a 
(0.00) 

98.5 a 
(0.64) 

1.5 b (0.64) 
 

0.0 (0.00)  
 

 Deep 100.0 a 
(0.00) 

0.0 a  
(0.00) 

0.0 a 
(0.00) 

92.0 b 
(1.80) 

8.0 a (1.80) 
 

0.0 (0.00)  
 

Late Surface 100.0 a 
(0.00) 

0.0 a 
(0.00) 

0.0 a 
(0.00) 

100.0 a 
(0.90) 

0.0 b (0.90) 
 

0.0 (0.00) 
 

 Deep 100.0 a 
(0.00) 

0.0 a 
(0.00) 

0.0 a 
(0.00) 

97.0 ab 
(0.90) 

3.0 ab (0.90) 
 

0.0 (0.00) 
 

† Means within a column with the same letter are not significantly different at p = 0.05 
 
 For E. lagascae, the effect of seeding depth or time of seeding was harder to decipher for 

the 2014-15 trial (Appendix 6.43-48). Furthermore, predation of E. lagascae seed that was in 

packets at the surface of the soil at the Guelph site resulted in missing data. Deeper sown E. 

lagascae seeds at the Guelph site were mostly nonviable, with a small percent viable and a very 

small percent dormant.  

Table 4.4 Total percentage and estimated variables (± S.E.) of E. lagascae seeds that were 
nonviable, viable or dormant after overwintering in 2014-15 at the Simcoe Horticultural 
Research Station (SHRS*), Simcoe ON and at the Guelph Centre for Urban Organic Farming 
(GCUOF**), Guelph ON 

  SHRS* GCUOF** 

Fall 
2014 

Seeding 
depth 

Nonviable
† 

Viable† Dormant† Nonviable
† 

Viable† Dormant† 

Early Surface 96.7 a 
(1.82) 

3.3 a 
(1.78) 

0.0 a 
(0.50) 

N/A 
 

N/A 
 

N/A 
 

 Deep 96.6 a 
(1.68) 

2.9 a 
(1.65) 

0.6 a 
(0.46) 

93.3 a 
(2.31) 

6.0 a 
(2.41) 

0.7 a (0.73) 
 

Late Surface 97.5 a 
(1.57) 

1.5 a 
(1.54) 

1.0 a 
(0.43) 

N/A 
 

N/A 
 

N/A 
 

 Deep 93.0 a 
(1.57) 

7.0 a 
(1.54) 

0.0 a 
(0.43) 

99.0 a 
(2.84) 

0.0 a 
(2.96) 

1.0 a (0.89) 
 

† Means within a column with the same letter are not significantly different at p = 0.05 
N/A Missing data due to predation of seed packets 
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 The results from these experiments give no indication that C. pauciflorus seed exhibits 

dormancy after overwintering. Dormancy in C. pauciflorus has been discussed in the literature 

and one study stated that seeds of this species were more likely to exhibit dormancy if they 

originated from cooler regions (Nyamongo et al. 2010). As an annual, it would make sense for C. 

pauciflorus to leave a seedbank and there is evidence from the literature that farmers in Nigeria 

find volunteers of this species to be a problem in fields of cowpea (Fadayomi and Olofintoye 

2005) and maize (Chikoye et al. 2004). The lack of dormancy being reported for C. pauciflorus 

in our experiments might be due to the fact that the seed embryos are small and thin, making 

longitudinal dissections of the embryo challenging and observing colour change to the TTC test 

very tricky. This could result in us under reporting the proportion of dormant seeds. The results 

of these experiments suggest that E. lagascae seeds could exhibit dormancy. Given that there is 

no information about the dormancy of E. lagascae in current scientific literature, the findings of 

this experiment provides some insights that this species shows extremely low levels of potential 

dormancy and suggests that this species is unlikely to leave a viable seedbank. 

4.2.2. Establishment trial. 

 Both C. pauciflorus and E. lagascae were able to establish at either site and under all 

treatments, demonstrating the ability of both species to recruit into seedling stage from seed 

without any anthropogenic manipulation. C. pauciflorus recruited at significantly higher levels at 

Simcoe than at Guelph (p = 0.0203), with much more recruitment for spring versus fall sowing 

(p < 0.0001) (Table 4.5; Appendix 6.49). No C. pauciflorus recruited at the Guelph site in the fall 

of 2014 and at the Simcoe site too, C. pauciflorus recruitment levels were nominal (if not 

negligible) for the fall 2014 sowing. For the spring sowing, C. pauciflorus recruitment was 



 

90 

 

significantly affected by treatment where at both sites recruitment was highest for the seedbed 

(tilled) treatments followed by the mowed and then the undisturbed treatment (Table 4.5). 

Table 4.5 Percentage level of seedling recruitment from seed of C. pauciflorus in swards 
of grass either mowed, or tilled (seedbed) or undisturbed from seeds sown in either spring 
and fall 2014 at sites at the Simcoe Horticultural Research Station (SHRS*), Simcoe ON 
and Guelph Centre for Urban Organic Farming (GCUOF**), Guelph ON 

 SHRS*  GCUOF** 

 Spring 2014† Fall 2014† Spring 2014† Fall 2014† 

Mowed 1.00 b 0.00 a 2.00 b 0.00  a 
Seedbed 12.25 a 0.75 a 5.50 a 0.00  a 
Undisturbed 0.25 c 0.00 a 0.25 c 0.00  a 

† Means within a column with the same letter are not significantly different at p = 0.05 
 

 For E. lagascae recruitment there was a season × site interaction (p < 0.0001) (Appendix 

6.50). Establishment was greater for the spring versus the fall sowing at the Guelph site (Table 

4.6). No recruitment was observed for E. lagascae at the Guelph site for the fall sowing. 

However, at the Simcoe site, there was significantly more recruitment for the fall versus the 

spring sowing. Furthermore, treatment × season was also significant (p = 0.0028) (Appendix 

6.50). For the fall sowing E. lagascae recruitment was significantly higher in the mowed 

treatment than in the seedbed (tilled) treatment which in turn, was comparable to the recruitment 

level in the undisturbed treatment. This was somewhat surprising, especially given that for the 

spring sowing at both sites, the highest recruitment levels were for the seedbed (tilled) treatment 

as one might expect. 

Table 4.6 Percentage level of seedling recruitment from seed of E. lagascae in swards of 
grass either mowed, or tilled (seedbed) or undisturbed from seeds sown in either spring 
and fall 2014 at sites at the Simcoe Horticultural Research Station (SHRS*), Simcoe ON 
and Guelph Centre for Urban Organic Farming (GCUOF**), Guelph ON 

 SHRS*  GCUOF** 

 Spring 2014† Fall 2014† Spring 2014† Fall 2014† 

Mowed 1.00 b 6.25 a 2.00 b 0.00  a 
Seedbed 3.50 a 4.00 b 5.00 a 0.00  a 
Undisturbed 0.25 b 4.25 b 1.00 b 0.00  a 

† Means within a column with the same letter are not significantly different at p = 0.05 
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 Overall, the results from these experiments suggest that C. pauciflorus establishes better 

from seed dispersed in the spring versus the fall. This makes sense given that C. pauciflorus is a 

summer annual and emergence may be driven by accumulated growing degree days and perhaps 

to some extent by a cue of rising temperatures which is common for summer annuals (Van Acker 

et al. 2000). The ideal soil temperatures for germinating C. pauciflorus is not known. However, 

this finding would also relate to the warm climate experienced by this species at time of dispersal 

in its native Africa. In contrast, the results of this study suggest that E. lagascae may recruit well 

either from spring or fall sown seed, in spite of its 6°C base germination temperature (Zanetti et 

al. 2013). The highest recruitment level achieved by C. pauciflorus in our study was 12.25% and 

a mere 6.25% for E. lagascae. Some of the C. pauciflorus and E. lagascae plants that were sown 

in the spring did go on to flower. However, frost killed these plants before they could produce 

mature seeds. The fall-sown C. pauciflorus plants were killed by frost before they could even 

finish flowering and they did not regrow the following spring. A very small number of E. 

lagascae seeds recruited in the spring from seeds that had not emerged in the previous fall. 

4.2.3 Interference trial. 

 The critical period of weed control in soybean has been identified to be the first flowering 

stage (R1). Weeds need to be controlled before the R1 stage to prevent permanent yield loss to 

soybean (Van Acker et al. 1993). These experiments were run till soybeans reached this 

development stage. In the first run of this experiment we witnessed mutual synergy with total 

relative biomass (TRB's) of greater than 1 for many of the ratio treatments for all three weed 

species (Figure 4.5 I A-C). This form of non-competitive commensalism is not uncommon as a 

form of interaction between weeds and crops (Radosevich 1987) if resources (especially space) 

are not limiting.  
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 However, when the same species (C. pauciflorus, E. lagascae and pigweed) were grown 

with soybean at the same five ratios (0:4, 1:3, 2:2, 3:1 & 4:0) in pots of smaller size and volume, 

the results were quite different (Figure 4.5 II A-C). Pots including C. pauciflorus and E. lagascae 

in the second run showed signs of resource competition, as evidenced by the dip in TRB below a 

value of one. A TRB of less than one is indicative of antagonistic competition. Additionally, the 

concave shape of the C. pauciflorus and E. lagascae RB curves is reminiscent of Model IIa 

proposed by Radosevich (1987), in which the more competitive species (soybean in this case) 

"contributes more than expected to the total yield, while the other contributes less than  expected. 

This is the model for competition. In each combination, one curve is always concave while the 

other is always convex, indicating that the interaction between species is for a common 

resource(s) and that one species gains more than the other" (Radosevich 1987). According to this 

model, the two species are competing for resources where soybean is acquiring more of the 

shared resources than the other species. TRB in the pigweed-soybean treatments dipped only 

very slightly below 1 (Figure 4.5 II C), indicating that both species are optimally sharing their 

resources. Soybean and pigweed RBs in the second run also appeared as convex and concave 

curves respectively. These are characteristic of Model IIa proposed by Radosevich (1987). The 

similar performance of C. pauciflorus and E. lagascae to pigweed when faced with a competitor 

shows that C. pauciflorus and E. lagascae perform similarly to pigweed in terms of relative 

competitiveness with soybean on a per plant basis. However, at low densities, neither C. 

pauciflorus, E. lagascae nor pigweed may be competitive with soybean. However, pigweed is 

known to be a competitive weed (Cowen et al. 1998). Density plays an important role in any 

weed-crop competition scenario. Pigweed can cause up to 45% yield loss when present at high 

densities in soybean (Dieleman et al. 1995). Furthermore, competition with soybean is more 
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fierce (12.3% soybean yield loss) when the time of pigweed emergence coincides with the time 

of emergence of soybean (Dieleman et al. 1995). Evidently, pot size had an impact on 

competition in these experiments as has been shown to be the case in other indoor weed 

competition experiments (Poorter et al. 2012). 

 A weed escape is likely to cause farmers problems if it produces a large number of seeds 

that are persistent and live long in the field (Van Acker 2009). A single pigweed can produce 

between 5,000 to 100,000 seeds, which is considered to be very high even among weeds. These 

seeds in turn are also highly dormant, being able to persist in the soil for 10 to 40 years (Van 

Acker 2009). Even if E. lagascae or C. pauciflorus were to escape as new weed species into the 

field, neither species satisfies the criteria of a problematic weed. It is quite unlikely that either E. 

lagascae or C. pauciflorus could produce massive amounts of seeds in order to achieve the high 

densities that pigweed can. Although the competitive ability of E. lagascae and C. pauciflorus is 

possibly comparable to that of pigweed on a per plant basis, the inability of the two species to 

produce high density pigweed-like infestations reduces their threat as weeds. While C. 

pauciflorus seeds were overwhelmingly nonviable, the small portion that was viable were 

apparently not dormant. Although E. lagascae produced some apparently dormant seeds, the 

percentage was so small that is it highly unlikely that the seeds of this species will produce a 

large persistent seedbank in the field. The ability of E. lagascae and C. pauciflorus to establish in 

competitive environments and produce very small stands also limits the threat posed by either 

species as weeds, especially if they cannot produce mature seeds before they are killed off by 

frost. The results from this study suggest that the potential weediness of E. lagascae and C. 

pauciflorus is low due to their low seed production capability, low potential for producing a 

persistent seedbank, and poor overwintering ability. 
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Figure 4.5 Relative aboveground dry biomass of soybean and C. pauciflorus at six weeks after 
emergence, at 0:4, 1:3, 2:2, 3:1, and 4:0 soybean:C. pauciflorus proportions in the (I) first run 
and (II) second run of a replacement series experiment conducted in a growth room at the 
University of Guelph, Guelph ON. 
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CHAPTER 5 – GENERAL DISCUSSION 

5.1 APPRECIATING THE AGRONOMIC SCIENCE OF A NEW SPECIES 

 

 Developing the ability to farm a new species is a challenging enterprise that requires a 

substantial monetary investment and a deep understanding of the species, from domestication 

and breeding to harvesting and financing. Many scientific inquires must be carried out and cross-

referenced to specify how these factors shape a species' agronomic potential. First, a new species 

of interest must be identified and researched for necessary growing conditions, yield, profit 

margins and even areas of improvement (White et al. 1971). The new crop's ability to withstand 

and adapt to the biotic and abiotic stresses in its new environment year after year while also 

maximizing yield of the desired end product should be evaluated (Blade and Slinkard 2002). 

This is usually accomplished by field testing the germplasm developed in a breeding program, 

and returning it to the program for further selection. If, in spite of repeated testing and replicated 

trials, a species shows no signs of suitability or practical potential as a farmed crop, it may be 

more profitable to abandon the pursuit of farming that species (White et al. 1971). 

5.2 SUMMARY OF FINDINGS IN THE FIELD 

 

 Through the course of running the field trials for this project, some interesting trends 

became very obvious. It was hypothesized that certain breeding lines would outperform others 

and that well-drained sandy soil and an early seeding would lead to higher yields. Both species 

performed better in Simcoe than in Guelph. This is probably because the well-drained sandy of 

Simcoe is more suited to growing these plants and is perhaps more similar to the soils found in 

the places of origin for these species, in certain regions of eastern Africa in the case of C. 

pauciflorus for example. The wet conditions of 2014 combined with higher clay content in the 

soils at Guelph likely retained too much moisture and inhibited these species from reaching their 
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full potential. An earlier seeding date almost always lead to a more productive plant, suggesting 

that getting seeds planted as early as possible is important to maximize the period of growth. 

Breeding lines performed differently in the field, with some performing better than others under 

certain conditions but not under other conditions. For, example, for C. pauciflorus, breeding line 

18 had a higher emergence rate and yielded more than any of the other breeding lines but 

breeding line 19 took the fewer days to emerge, a trait we are most interested. For E. lagascae, 

breeding line 5 seemed like the best performer in Simcoe where it took the fewest days to flower 

and produced high yields, but it was outperformed by breeding line 6 in Guelph. Results like this 

make it challenging to form a hierarchy of breeding lines based on their performance, but of 

course this is also a function of a very limited number of site years of data (only 2) in this study 

and of course for typical breeding programs many more site years of data are used to help 

produce a more robust and reliable determination of breeding line performance. 

5.3 CHALLENGES AND OBSTACLES 

 

 Based on the data presented in preceding chapters, the potential of growing C. 

pauciflorus and E. lagascae as commercial oilseed crops is perhaps inconclusive at this point. 

Many biological obstacles prevent the easy cultivation of these species. It was hypothesized that 

seeds that are rated to be mature based on morphology will have higher germination rates than 

seeds that are rated intermediate and immature. It was difficult to evaluate the seed quality of 

these seeds due to the large differences in germination. There was also difficulty in judging the 

maturity of seeds through visual morphological assessment as seeds that were predicted to be 

mature were outperformed by those thought to be less than ripe. This is certainly an important 

observation from this study and something that future researchers should note. Since these 

species are new, there is no wide consensus on the density at which they should be grown to 
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optimize yield. The rather wet field season of 2014 does not provide us with robust assessment 

of the performance of these species. Trials need to be repeated in field conditions that are closer 

to the average field conditions faced in Ontario. Harvesting these plants poses many practical 

issues related to farming. Of note, the uneven time that C. pauciflorus seeds take to fully mature 

requires frequent harvests which can be time consuming and laborious for any farmer. Roseberg 

and Bentley (2011) have tried swathing E. lagascae and letting the seeds dry in the field before 

harvesting them. This technique allows the seeds to mature post-swathing while reducing the 

chances of losing ripe pods during harvest. However, they found that the direct harvested plants 

produced higher seeds yields and seed oil percentages than swathed plants (Roseberg and 

Bentley 2011). Swathing would not be a recommended technique for C. pauciflorus as the wind 

borne nature of light mature C. pauciflorus seeds containing pappus already has potential to 

cause substantive yield losses before and during harvest. An easy method of harvesting C. 

pauciflorus while minimizing yield loss is important for farmers. The non-dehiscent nature of E. 

lagascae tripartite outer capsules induced by mutagenesis need to be manually shattered to reveal 

the seeds inside, as mechanised seed shattering is likely to exert sufficient pressure to break the 

seeds along with the pods. C. pauciflorus mutants also need to be created that lack the lipase 

enzyme that is responsible for the degradation of glycerol and hence oil quality when the seeds 

are damaged and crushed (Röbbelen 1982). Canadian researchers need to collaborate with 

researchers in Africa who have been identifying germplasm of C. pauciflorus var. galamensis 

with high vernolic acid content (Perdue et al. 1986). Undoubtedly, we are far from optimizing 

the agricultural production of these species. 
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5.3 PRELIMINARY WEEDINESS ASSESSMENT 

 

 Pascual-Villalobos et al. (1993) has noted that it is not uncommon to find E. lagascae 

growing on the sides of roads where soil nitrogen levels are high. C. pauciflorus also appears as 

a weed in fields of cowpea [Vigna unguiculata (L.) Walp.] (Fadayomi and Olofintoye 2005) and 

corn (Zea mays L.) (Chikoye et al. 2004) in Nigeria. These prior reports of  C. pauciflorus as a 

weed and the tendency of E. lagascae to grow in uncultivated conditions is supported by 

evidence from the results of our study which suggests that both species are capable of recruiting 

even in less than favourable environments. It was hypothesized that seedlings of C. pauciflorus 

and E. lagascae would be able to establish themselves under different environmental conditions 

but that they will not persist through the winter and leave a viable seedbank. As more robust 

germplasm of these species continues to be developed, it will become less challenging to 

understand the nature and extent of dormancy of these species. C. pauciflorus did not show any 

indications of overwintering and the percentage of apparently dormant E. lagascae seeds was 

very low. Based on the experiments in our study, there is some small potential of these species 

(more specifically E. lagascae) to produce volunteers at low densities in southwestern Ontario. 

Further field trials need to be conducted to confirm whether these species would in fact appear as 

volunteers the year after planting and if they do, do they do so consistently. 

5.4 THE CHALLENGES OF STUDYING NEW CROPS 

 

 This research study was guided by a rather limited literature. Due to large gaps in our 

understanding of these species, smaller experiments were designed in an ad-hoc manner to deal 

with problems as they arose. For instance, the lack of emergence of the old sourced E. lagascae 

seeds lead to the immediate construction of a subsequent experiment comparing seed sources 

using new seeds. It is through trial and error that we gain understanding. For example, our 
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assumption that dark E. lagascae seeds were the most mature and thus, would recruit at the 

highest rates was proven wrong when lighter coloured seeds, thought to be of intermediate 

maturity, recruited at significantly higher rates. Though narrower row spacing lead to higher 

yield for E. lagascae in Oregon (Roseberg and Bentley 2011), there is no consensus in the 

literature on the prescribed density and seeding rate for these species in the field due to the 

relative lack of research studies. It would be worthwhile to explore the effect of seeding rate and 

row spacing on yield and oil content for these two species under southern Ontario conditions. 

Effective and optimized harvesting approaches also need to be further investigated remains a 

challenge for these indeterminate species. 

5.5 RECOMMENDATIONS FOR THE FUTURE 

 

 Rigorous breeding programs have allowed oilseed crops like soybean, linseed and canola 

to flourish in the context of Canadian agriculture (Small 1999) and there is no reason why this 

cannot extend to other oilseeds. Further breeding efforts to produce hardy and early germinating 

germplasm for these two species is essential to the eventual wide spread farming of both species 

in Canada. Through the process of elimination, certain breeding lines (such as line 20 of C. 

pauciflorus) need to be discarded for their low germination rates, longer days to recruitment and 

flowering and diminished yield output, and efforts should be focused on more promising lines. 

Understanding the degree of heritability of different traits is also important as this information 

dictates if and how traits may be selected for and is largely responsible for how well a species is 

adapted for cropping (Baye 2002). Pascual-Villalobos et al. (1994) have previously advocated 

further research into indehiscent E. lagascae mutants and breeding programs that support the 

production of such mutants while also trying to maximize vernolic oil content. Continued 

domestication of these species in the field and in the lab, while choosing traits that increases seed 
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yield and oil content is a step in the right direction. Some researchers are of the opinion that 

mimicking environmental conditions found in the native habitats of targeted species is important 

for these species to perform - such as the well-drained soil and a short window of rainfall found 

in Africa, the native home for C. pauciflorus (Perdue et al. 1986). Perdue et al. (1986) go on to 

suggest that more than optimal rainfall may be responsible for rampant unnecessary growth of 

reproductive plant parts, which can detract from uniform growth and lead to seed loss.  

5.6 CLOSING REMARKS 

 

 These two species are far from ready for the prospective farmer who is interested in 

growing these species for economic profit. It is quite possible that after more rigorous breeding 

through repeated selections in the field, and some searching for more hearty high-vernolic acid 

producing germplasm found in nature and backcrossed to locally adapted lines, that these species 

will be farm ready. To sum up my experience in working with these potential new crops, I can 

say now with some authority that the issues of poor seed quality, low recruitment potential, 

inconsistency of performance and difficulty of harvest need to be addressed before any farmer 

can hope to profit from growing C. pauciflorus or E. lagascae. 
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6.0 APPENDIX 

 

Appendix 6.1 Data on monthly average (for 2013 and 2014) and 30 year average temperatures 
(°C) for Delhi, ON and Waterloo, ON 

Temp  Delhia Waterloob 

Month 2013 2014 30 year average 2013 2014 30 year averaged 

Jan -2.3 -8.1 -5.4 -c -9.6 -6.5 
Feb -4.5 -8.0 -4.7 - -9.1 -5.5 
Mar -0.4 -4.0 0.0 - -5.3 -1 
Apr 6.0 6.4 6.9 - 5.2 6.2 
May 15.1 13.9 13.2 18.3 13.2 12.5 
Jun 18.3 19.9 18.5 18.6 18.8 17.6 
Jul 21.4 19.4 21.1 20.5 18.5 20 
Aug 19.8 19.1 20.0 18.9 18.2 18.9 
Sep 15.8 16.0 15.5 14.7 14.9 14.5 
Oct 11.0 10.6 9.4 9.6 9.3 8.2 
Nov 2.45 2.0 3.5 1.2 0.7 2.5 
Dec -3.1 0.0 -2.2 -4.9 -1.1 -3.3 
aDelhi, Ontario was used as a proxy for Simcoe, ON 
bWaterloo, Ontario was used as a proxy for Guelph, ON 

cData not available 
 

Appendix 6.2 Data on monthly average (for 2013 and 2014) and 30 year average precipitation 
(mm) for Delhi, ON and Waterloo, ON 

Temp  Delhia Waterloob 

Month 2013 2014 30 year average 2013 2014 30 year averaged 

Jan 96.6 37.4 69.7 - c 16.0 65.2 
Feb 66.2 50.0 62.7 - 15.0 54.9 
Mar 32.2 18.6 69.3 - 6.0 61.0 
Apr 120.2 126.4 86.6 - 85.0 74.5 
May 99 95.4 88.9 0 57.0 82.3 
Jun 188.8 55.0 88.8 83.0 59.0 82.4 
Jul 52.6 160.2 96.6 177.0 130.0 98.6 
Aug 86.8 52.0 83.6 95.0 121.0 83.9 
Sep 109.8 113.0 99.2 91.0 176.0 87.8 
Oct 144.6 97.6 88.3 130.0 72.0 67.4 
Nov 61.2 58.6 110.5 32.0 45.0 87.1 
Dec 78.6 24.6 91.6 12.0 23.0 71.2 
aDelhi, Ontario was used as a proxy for Simcoe, ON 
bWaterloo, Ontario was used as a proxy for Guelph, ON 

cData not available 
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Appendix 6.3 Soil test report on Simcoe Horticultural Research Station (SHRS) and Guelph 
Centre for Urban Organic Farming (GCUOF) 
 

 

Appendix 6.4 Map of the north farm at the Simcoe Horticultural Research Station (SHRS) 
located at Simcoe, ON 
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Appendix 6.5 Map of Guelph Centre for Urban Organic Farming (GCUOF) located at the 
University of Guelph, Guelph ON 

A series of outdoor experiments were conducted in SHRC on seeds of C. pauciflorus breeding 

lines WCL-VP1 (Reg. no. GP-9, PI 642418) and WCL-VP2 (Reg. no. GP-10, PI 642419) 

obtained from USDA germplasm bank (from a 2013 trial) and a general E. lagascae line 

obtained from 2010 trials in Oregon, to examine the effects of allopathic presence of a cover 

crop on germination, different planting depths, priming and irrigation rates on germination. 

To test the allelopathic influence of germinating rye on C. pauciflorus emergence, seeds of rye 

(Secale cereale), a cover crop was germinated amongst seeds of C. pauciflorus breeding lines 

WCL-VP1 (Reg. no. GP-9, PI 642418) and WCL-VP2 (Reg. no. GP-10, PI 642419), using a 

randomized complete bock design. There was no significant difference in total emergence 

percentage between C. pauciflorus breeding lines WCL-VP1 (Reg. no. GP-9, PI 642418) and 

WCL-VP2 (Reg. no. GP-10, PI 642419) at both seeding dates (24 July 2014 and 15 August 

2014) when seeds were germinated with rye (Appendix 6.4). 

Appendix 6.6 Results of a 3 way analysis of variance for total emergence percentage of C. pauciflorus breeding lines 18 and 19  
that were grown with the cover crop, rye, over two seeding dates (24 July 2014 and 15 August 2014) in Simcoe, ONz  

Covariance Parameter Estimate Standard Error Z Value Pr>Z 

Block 8.2222 12.0525 0.68 0.2476 
Residual 24.4444 11.5232 2.12 0.0169 

Effect Numerator DF Denominator DF F Value Pr>F 

Breeding line 1 9 0.16 0.6953 
Seeding date 1 9 0.01 0.9999 
Line × Seeding date 1 9 0.65 0.4394 
zThe experiment was arranged as a randomized complete block design 
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To test the effects of different levels of irrigation, C. pauciflorus breeding lines 18 and 19 were 

subjected to four levels of irrigation: (0 L/m, 0.25 L/m, 0.5 L/m and 1 L/m, over two seeding 

dates (24 July 2014 and 15 August 2014) in Simcoe, ON. The main effects of breeding line, 

watering regime or seeding date were not significant (Appendix 6.5). 

Appendix 6.7 ANOVA table for the total emergence percentage of C. pauciflorus breeding lines 18 and 19 that were subject to 4 
levels of irrigation (0 L/m,0.25 L/m, 0.5 L/m and 1 L/m) at two different seeding dates (24 July 2014 and 15 August 2014) in 
Simcoe, ON 

Covariance Parameter Estimate Standard Error Z Value Pr>Z 

Block -0.5230 2.1393 -0.24 0.8069 
Residual Group     

Breeding line 18 34.2835 10.3263 3.32 0.0005 
Breeding line 19 77.0416 22.2485 3.46 0.0003 

Effect Numerator DF Denominator DF F Value Pr>F 

Breeding line  1 45 0.28 0.5978 
Water  3 45 0.44 0.7281 
Breeding line × Water 3 45 1.02 0.3932 
Seeding date 1 45 0.07 0.7897 
Line × Seeding date 1 45 4.54 0.0386 

Seeding date 1     
Breeding line 18 vs Breeding line 19 1 45 3.50 0.0678 

Seeding date 2     
Breeding line 18 vs Breeding line 19 1 45 1.29 0.2614 

Seeding date 1 vs 2     
Breeding line 18 1 45 4.73 0.0350 
Breeding line 19 1 45 1.25 0.2702 

Water × Seeding date 3 45 3.64 0.0196 
No water in seeding date 1 vs seeding date 2 1 45 6.82 0.0122 
0.25L/m in seeding date 1 vs seeding date 2 1 45 0.00 0.9494 
0.50L/m in seeding date 1 vs seeding date 2 1 45 0.07 0.7899 
1L/m in seeding date 1 vs seeding date 2 1 45 4.04 0.0504 

Breeding line × Water × Seeding date 3 45 0.09 0.9648 

*Treatments were irrigated on Fridays (4 times the daily amount) and Tuesdays (3 times the daily amount), to avoid water from 
seeping into neighbouring subplots. 
 

To examine the effects of priming seeds in water on germination potential, seeds of C. 

pauciflorus (breeding lines 18 and 19) and E. lagascae  (general line obtained from Oregon in 

2010) were primed in water for different durations of time (0h, 24h, or 48h) prior to being 

planted in the ground (Appendix 6.6). 

Appendix 6.8 Results of a 3 way ANOVA for the total emergence percentage of C. pauciflorus (breeding lines 18 and 19) and E. 

lagascae that were priming for either 0h, 24, 48h, with or without thiram, in Simcoe, ON 

Covariance Parameter Estimate Standard Error Z Value Pr>Z 

Block -0.5615 0.1350 -4.16 <.0001 
Residual 29.3333 6.9139 4.24 <.0001 

C. pauciflorus breeding line 18 58.2591 24.4924 2.38 0.0087 
C. pauciflorus breeding line 19 35.3829 10.5437 3.36 0.0004 
E. lagascae general breeding line 4.0320 1.0147 3.97 <.0001 

Effect Numerator DF Denominator DF F Value Pr>F 

Breeding line 2 43 79.30 <.0001 
Priming 2 43 7.57 0.0015 
Breeding line × Priming 4 43 4.00 0.0076 

C. pauciflorus breeding line 18     
0h vs 24h 1 43 2.77 0.1034 
24h vs 48h 1 43 0.02 0.8805 
0h vs 48h 1 43 3.30 0.0764 

C. pauciflorus breeding line 19     
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0h vs 24h 1 43 4.56 0.0385 
24h vs 48h 1 43 3.05 0.0878 
0h vs 48h 1 43 15.07 0.0004 

E. lagascae general breeding line     
0h vs 24h 1 43 1.32 0.2565 
24h vs 48h 1 43 1.32 0.2565 
0h vs 48h 1 43 0.01 0.9999 

 

Priming C. pauciflorus seeds generally lead to higher levels of emergence percentage. 

Emergence percentage of unprimed C. pauciflorus breeding line 18 seeds did not different 

significantly from seeds that were primed for 24 hours at P=0.05, but the difference was 

significant at the P=0.10 level. Similarly, the difference in emergence percentage between C. 

pauciflorus breeding line 19 seeds that were primed for 24 hours and 48 hours was significant at 

the P=0.10 levels, but not at P=0.05 (Appendix 6.7). 

Appendix 6.9 Total emergence percentage of C. pauciflorus (breeding lines 18 and 19) and a general 
breeding line of E. lagascae that were priming for either 0h, 24, 48h, with or without thiram, in Simcoe, 
ON 

 C. pauciflorus breeding line 18 C. pauciflorus breeding line 19 E. lagascae 

0 hours 8.7 a* 10.7 b* 0.7 a* 
24 hours 16.0 a* 18.0 a* 2.0 a* 
48 hours 16.7 a* 24.0 a* 0.7 a* 

*Means within a column with the same letter are not significantly different at P=0.05 
 

Seeds of C. pauciflorus were either primed for 24 hours or not primed prior to being sown at 

various depths (0, 0.25, 0.5, 0.75 inches) over two seeding dates (24 July 2014 and 15 August 

2014) (Appendix 6.8). 

Appendix 6.10 Results of a 3 way ANOVA for the total emergence percentage of C. pauciflorus breeding lines 18 and 19 that 
were sown at various planting depths (0, 0.25, 0.5, 0.75 inches) below the surface of the ground at two different seeding dates (24 
July 2014 and 15 August 2014) in Simcoe, ON 

Covariance Parameter Estimate Standard Error Z Value Pr>Z 

Block 1.9475 3.6576 0.53 0.2972 
Residual     

Breeding line 18 34.1383 8.9480 3.82 <.0001 
Breeding line 19 113.42 28.5221 3.98 <.0001 

Source Numerator DF Denominator DF F Value Pr>F 

Breeding line 1 62 4.99 0.0291 
Priming 1 62 12.04 0.0010 
Breeding line × Priming 1 62 0.11 0.7405 
Seeding depth 3 62 0.80 0.4967 
Breeding line × Seeding depth 3 62 0.73 0.5373 
Priming × Seeding depth 3 62 0.98 0.4061 
Breeding line × Priming × Seeding depth 3 62 0.35 0.7924 
Seeding date 1 62 0.65 0.4222 
Breeding line × Seeding date 1 62 0.18 0.6703 
Priming × Seeding date 1 62 0.02 0.8871 
Breeding line × Priming × Seeding date 1 62 0.38 0.5389 
Seeding depth × Seeding date 3 62 0.09 0.9638 
Breeding line × Seeding depth × Seeding date 3 62 0.86 0.4648 
Priming × Seeding depth × Seeding date 3 62 0.17 0.9156 
Breeding line × Priming × Seeding depth × Seeding date 3 62 1.36 0.2622 
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When testing different seeding depth, a difference in emergence was noticed for different 

breeding lines and different levels of priming. Breeding line 18 outperformed breeding line 19. 

Priming also had a significant effect on emergence percentage, with seeds of C. pauciflorus 

breeding lines 18 and 19 emerging at much higher rates when primed for 24 hours than when not 

primed at all (Appendix 6.9). 

Appendix 6.11 Total emergence percentage of C. pauciflorus breeding lines 18 and 19 that were sown at 
various depths (0, 0.25, 0.5, 0.75 inches) below the surface of the ground at two different seeding dates 
(24 July 2014 and 15 August 2014) in Simcoe, ON 

 C. pauciflorus breeding lines 18 C. pauciflorus breeding lines 19 

0 hours 1.0 b* 4.3 b* 
24 hours 6.5 a* 11.0 a* 

*Means within a column with the same letter are not significantly different at P=0.05 

 

Appendix 6.12 Results of the ANOVA type III of the number of days it took for C. pauciflorus seeds to recruit into seedling 
under field conditions in Simcoe and Guelph in summer 2014 

Covariance Parameter Estimate Standard Error Z Value Pr Z 

Block (Site) 0.000394 0.001698 0.23 0.8166 
Residual (Block × Breeding line × Site × Seeding date)     

Breeding line 18 0.6022 0.3064 1.97 0.0247 
Breeding line 19 0.09980 0.05313 1.88 0.0302 
Breeding line 20 1.7352 0.9543 1.82 0.0345 

Effect Num DF Den DF F Value Pr > F 

Breeding line  2 19 15.81 <.0001 
Site  1 4 23.78 0.0082 
Breeding line × Site 2 19 11.72 0.0005 

Simcoe     
Breeding line 18 vs Breeding line 19 1 19 0.58 0.4570 
Breeding line 19 vs Breeding line 20 1 19 10.34 0.0046 
Breeding line 18 vs Breeding line 20 1 19 5.34 0.0322 

Guelph     
Breeding line 18 vs Breeding line 19 1 19 48.09 <.0001 
Breeding line 19 vs Breeding line 20 1 19 0.02 0.8846 
Breeding line 18 vs Breeding line 20 1 19 7.67 0.0122 

Seeding date 1 19 10.55 0.0042 
Breeding line × Seeding date 2 19 3.39 0.0550 

Seeding date 1     
Breeding line 18 vs Breeding line 19 1 19 12.43 0.0023 
Breeding line 19 vs Breeding line 20 1 19 0.19 0.6638 
Breeding line 18 vs Breeding line 20 1 19 3.45 0.0790 

Seeding date 2     
Breeding line 18 vs Breeding line 19 1 19 17.53 0.0005 
Breeding line 19 vs Breeding line 20 1 19 12.26 0.0024 
Breeding line 18 vs Breeding line 20 1 19 0.46 0.5052 

Site × Seeding date 1 19 7.41 0.0135 
Seeding date 1 vs 2     

Simcoe 1 19 27.83 <.0001 
Guelph 1 19 0.10 0.7528 

Simcoe vs Guelph     
Seeding date 1 1 19 25.10 <.0001 
Seeding date 2 1 19 3.00 0.0992 

Breeding line × Site × Seeding date 2 19 1.97 0.1667 
Guelph     

Seeding date 1     
Breeding line 18 vs Breeding line 19 1 19 27.52 <.0001 
Breeding line 19 vs Breeding line 20 1 19 1.97 0.1766 
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Breeding line 18 vs Breeding line 20 1 19 9.64 0.0058 
Seeding date 2     

Breeding line 18 vs Breeding line 19 1 19 21.50 0.0002 
Breeding line 19 vs Breeding line 20 1 19 5.85 0.0258 
Breeding line 18 vs Breeding line 20 1 19 0.15 0.7022 

Simcoe     
Seeding date 1     

Breeding line 18 vs Breeding line 19 1 19 0.14 0.7167 
Breeding line 19 vs Breeding line 20 1 19 3.83 0.0653 
Breeding line 18 vs Breeding line 20 1 19 3.61 0.0727 

Seeding date 2     
Breeding line 18 vs Breeding line 19 1 19 1.66 0.2134 
Breeding line 19 vs Breeding line 20 1 19 6.52 0.0194 
Breeding line 18 vs Breeding line 20 1 19 2.04 0.1697 

 

Appendix 6.13 Results of the ANOVA type III of the emergence percentage of C. pauciflorus plants that were planted over two 
seeding dates at Simcoe, ON 

Covariance Parameter Estimate Standard Error Z Value Pr Z 
Block 4.5380 6.3219 0.72 0.4729 
Residual     

Breeding line 18 32.3041 23.6835 1.36 0.0863 
Breeding line 19 17.4139 13.6537 1.28 0.1011 
Breeding line 20 4.7991 4.2649 1.13 0.1302 

Effect Num DF Den DF F Value Pr > F 

Breeding line 2 10 48.48 <.0001 
Seeding date 1 10 0.31 0.5925 
Breeding line × Seeding date 2 10 0.64 0.5481 

 

Appendix 6.14 Results of the ANOVA type III of the height of C. pauciflorus plants that were planted over two seeding dates at 
Simcoe and Guelph over summer 2014 

Covariance Parameter Estimate Standard Error Z Value Pr Z 
Block (Site) 11.2440 8.6633 1.30 0.0972 
Residual 5.9976 1.8966 3.16 0.0008 

Effect Num DF Den DF F Value Pr > F 

Breeding line  2 19 19.41 <.0001 
Site 1 4 35.97 0.0039 
Breeding line × Site 2 19 16.41 <.0001 

Guelph     
Breeding line 18 vs 19 1 19 12.63 0.0021 
Breeding line 19 vs 20 1 19 5.25 0.0336 
Breeding line 18 vs 20 1 19 1.14 0.2985 

Simcoe     
Breeding line 18 vs 19 1 19 1.12 0.3027 
Breeding line 19 vs 20 1 19 21.90 0.0002 
Breeding line 18 vs 20 1 19 13.42 0.0017 

Seeding date 1 19 26.47 <.0001 
Breeding line × Seeding date 2 19 2.60 0.1002 
Site × Seeding date 1 19 16.90 0.0006 

Seeding date 1 vs 2     
Guelph  1 19 4.01 0.0596 
Simcoe 1 19 12.42 0.0023 

Breeding line × Site × Seeding date 2 19 4.68 0.0222 
Simcoe     

Seeding date 1     
Breeding line 18 vs 19 1 19 0.19 0.6714 
Breeding line 19 vs 20 1 19 12.02 0.0026 
Breeding line 18 vs 20 1 19 14.85 0.0011 

Seeding date 2     
Breeding line 18 vs 19 1 19 2.81 0.1103 
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Breeding line 19 vs 20 1 19 10.20 0.0048 
Breeding line 18 vs 20 1 19 2.63 0.1212 

Guelph     
Seeding date 1     

Breeding line 18 vs 19 1 19 4.21 0.0542 
Breeding line 19 vs 20 1 19 0.20 0.6579 
Breeding line 18 vs 20 1 19 5.29 0.0330 

Seeding date 2     
Breeding line 18 vs 19 1 19 8.80 0.0079 
Breeding line 19 vs 20 1 19 12.00 0.0026 
Breeding line 18 vs 20 1 19 0.35 0.5632 

*Data on height was recorded on 24 July 2014 in Guelph and 5 August 2014 in Simcoe 

 

Appendix 6.15 Results of the ANOVA type III of the days to flowering of C. pauciflorus plants that were planted on the first 
seeding date at Simcoe, ON and Guelph, ON 

Covariance Parameter Estimate Standard Error Z Value Pr Z 
Block 8.6389 43.0454 0.20 0.4205 
Residual 122.44 70.6933 1.73 0.0416 

Effect Num DF Den DF F Value Pr > F 
Breeding line 2 6 0.36 0.7144 
Site 1 6 8.24 0.0284 
Breeding line × Site 2 6 2.23 0.1884 

 

Appendix 6.16 Results of the ANOVA type III of the 1000 random seed weight (g) of C. pauciflorus plants that were planted 
over two seeding dates at Simcoe, ON 

Covariance Parameter Estimate Standard Error Z Value Pr Z 

Block 0.04257 0.08245 0.52 0.6057 
Residual 0.1869 0.08902 2.10 0.0179 
Effect Num DF Den DF F Value Pr > F 

Breeding line 2 9 0.63 0.5569 
Seeding date 1 9 0.41 0.5359 
Breeding line × Seeding date 2 9 3.88 0.0609 

 

Appendix 6.17 Results of the ANOVA type III of the 1000 mature seed weight (g) of C. pauciflorus plants that were planted 
over two seeding dates at Simcoe, ON 

Covariance Parameter Estimate Standard Error Z Value Pr Z 
Block -0.02001 0.2169 -0.09 0.9265 
Residual 0.6542 0.3842 1.70 0.0443 
Effect Num DF Den DF F Value Pr > F 
Breeding line 2 8 0.71 0.5195 

Seeding date 1 8 5.68 0.0443 
Breeding line × Seeding date 2 8 3.16 0.0976 

 

Appendix 6.18 Results of the ANOVA type III of the number of mature seeds in 1000 random seeds from C. pauciflorus plants 
that were planted over two seeding dates at Simcoe, ON 

Covariance Parameter Estimate Standard Error Z Value Pr Z 
Block 0.1779 0.2773 0.64 0.5212 
Residual     

Breeding line 18 82.0408 71.4681 1.15 0.1255 
Breeding line 19 16.1124 20.3671 0.79 0.2144 
Breeding line 20 106.47 95.9526 1.11 0.1336 

Effect Num DF Den DF F Value Pr > F 

Breeding line 2 9 3.90 0.0602 
Seeding date 1 9 1.48 0.2548 
Breeding line × Seeding date 2 9 10.96 0.0039 
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Appendix 6.19 Results of the ANOVA type III of the seed yield per plant (g) of C. pauciflorus plants that were planted over two 
seeding dates at Simcoe, ON 

Covariance Parameter Estimate Standard Error Z Value Pr Z 
Block 0.5644 0.6607 0.85 0.3930 
Residual     

Breeding line 18 1.4935 1.5284 0.98 0.1642 
Breeding line 19 2.2813 2.0653 1.10 0.1347 
Breeding line 20 0.5916 0.5859 1.01 0.1563 

Effect Num DF Den DF F Value Pr > F 

Breeding line 2 9 20.61 0.0004 
Seeding date 1 9 14.48 0.0042 
Breeding line × Seeding date 2 9 1.77 0.2252 

 

Appendix 6.20 Results of the ANOVA type III of the germination percentage of E. lagascae plants that were planted over two 
seeding dates at Simcoe and Guelph 
Covariance Parameter Estimate Standard Error Z Value Pr Z 
Block (Site) 14.6644 170.68 0.09 0.9315 
Residual 172.55 188.95 0.91 0.1806 
Effect Num DF Den DF F Value Pr > F 
Breeding line  2 2 0.15 0.8720 
Site 1 4 16.17 0.0158 
Breeding line × Site 2 2 0.34 0.7455 
Seeding date 1 2 1.80 0.3115 
Breeding line × Seeding date 2 2 1.44 0.4098 
Site × Seeding date 1 2 2.73 0.2403 
Breeding line × Site × Seeding date 2 2 0.50 0.6648 

 

Appendix 6.21 Results of the ANOVA type III of the height of E. lagascae plants that were planted over two seeding dates at 
Simcoe and Guelph 

Covariance Parameter Estimate Standard Error Z Value Pr Z 
Block (Site) 11.2440 8.6633 1.30 0.0972 
Residual 5.9976 1.8966 3.16 0.0008 

Effect Num DF Den DF F Value Pr > F 
Breeding line  2 20 2.21 0.1361 
Site 1 4 28.94 0.0058 
Breeding line × Site 2 20 0.78 0.4710 

Seeding date 1 20 485.21 <.0001 
Breeding line × Seeding date 2 20 2.20 0.1372 
Site × Seeding date 1 20 126.41 <.0001 

Seeding date 1 vs 2     

Simcoe 1 20 644.01 <.0001 
Guelph 1 20 148.31 <.0001 

Breeding line × Site × Seeding date 2 20 2.63 0.0968 
Simcoe     

Seeding date 1     
Breeding line 18 vs 19 1 20 7.22 0.0142 
Breeding line 19 vs 20 1 20 2.73 0.1142 
Breeding line 18 vs 20 1 20 1.08 0.3110 

Seeding date 2     
Breeding line 18 vs 19 1 20 0.39 0.5400 
Breeding line 19 vs 20 1 20 2.72 0.1145 
Breeding line 18 vs 20 1 20 1.06 0.3161 

Guelph     
Seeding date 1     

Breeding line 18 vs 19 1 20 0.30 0.5892 
Breeding line 19 vs 20 1 20 0.24 0.6264 



 

118 

 

Breeding line 18 vs 20 1 20 1.09 0.3096 
Seeding date 2     

Breeding line 18 vs 19 1 20 0.59 0.4518 
Breeding line 19 vs 20 1 20 1.41 0.2484 
Breeding line 18 vs 20 1 20 0.18 0.6773 

*Data on height was recorded on 24 July 2014 in Guelph and 5 August 2014 in Simcoe 

 

Appendix 6.22 Results of the ANOVA type III of the days to flowering of E. lagascae plants that were planted during the first 
seeding date at Simcoe and Guelph 
Covariance Parameter Estimate Standard Error Z Value Pr Z 

Block (Site) -5.7812 10.1896 -0.57 0.5705 
Residual      

line 5 33.5836 21.8311 1.54 0.0620 
line 6 28.1316 32.2102 0.87 0.1912 

line 8 46.8597 28.3136 1.66 0.0490 
Effect Num DF Den DF F Value Pr > F 
Breeding line  2 8 1.53 0.2746 
Site 1 4 3.02 0.1573 
Breeding line × Site 2 8 0.11 0.8977 

 

Appendix 6.23 Results of the ANOVA type III of the number of days to 50% flowering in E. lagascae plants that were planted 
on the first seeding date at Simcoe and Guelph 

Covariance Parameter Estimate Standard Error Z Value Pr Z 
Block 2.0906 2.8262 0.74 0.4595 
Residual     

Guelph 3.8284 3.0802 1.24 0.1069 
Simcoe 12.0035 7.1897 1.67 0.0475 

Effect Num DF Den DF F Value Pr > F 

Breeding line  2 8 5.83 0.0274 
Site 1 4 12.28 0.0248 
Breeding line × Seeding date 2 8 1.14 0.3656 

 

Appendix 6.24 Results of the ANOVA type III of the number of days to flowering in E. lagascae plants that were planted over 
two seeding dates at Guelph 

Covariance Parameter Estimate Standard Error Z Value Pr Z 
Block -4.5726 4.5224 -1.01 0.3120 
Residual     

Seeding date 1 29.9593 17.1296 1.75 0.0401 
Seeding date 2 58.4670 34.3627 1.70 0.0444 

Effect Num DF Den DF F Value Pr > F 

Breeding line 2 9 2.92 0.1053 
Seeding date 1 9 6.91 0.0274 
Breeding line × Seeding date 2 9 1.43 0.2881 

 

Appendix 6.25 Results of the ANOVA type III of the number of days to 50% flowering in E. lagascae plants that were planted 
over two seeding dates at Guelph 

Covariance Parameter Estimate Standard Error Z Value Pr Z 
Block 0.8461 1.3357 0.63 0.2632 
Residual      

Line 5 6.1880 4.6311 1.34 0.0907 
Line 6 1.3626 1.2619 1.08 0.1401 
Line 8 2.1377 2.5648 0.83 0.2023 

Effect Num DF Den DF F Value Pr > F 

Breeding line 2 7 6.57 0.0248 
Seeding date 1 7 57.86 0.0001 
Breeding line × Seeding date 1 7 6.29 0.0405 
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Appendix 6.26 Results of the ANOVA type III of 1000 random seed weight of E. lagascae plants that were planted on the first 
seeding dates at Simcoe and Guelph 

Covariance Parameter Estimate Standard Error Z Value Pr Z 
Block -0.1974 0.1285 -1.54 0.1247 
Residual     

Guelph 3.7105 2.2567 1.64 0.0501 
Simcoe 0.9543 0.5367 1.78 0.0377 

Effect Num DF Den DF F Value Pr > F 
Breeding line 2 10 1.24 0.3307 

Site 1 10 94.54 <.0001 
Breeding line × Seeding date 2 10 0.86 0.4532 

 

Appendix 6.27 Results of the ANOVA type III of 1000 mature seed weight of E. lagascae plants that were planted on the first 
seeding dates at Simcoe and Guelph 

Covariance Parameter Estimate Standard Error Z Value Pr Z 
Block 0.01111 0.02876 0.39 0.6992 
Residual 0.1000 0.04472 2.24 0.0127 

Effect Num DF Den DF F Value Pr > F 
Breeding line 2 10 1.67 0.2373 
Site  1 10 4500.00 <.0001 
Breeding line × Seeding date 2 10 1.67 0.2373 

 

Appendix 6.28 Results of the ANOVA type III the number of mature seeds among 1000 random seeds of E. lagascae plants that 
were planted on the first seeding dates at Simcoe and Guelph 
Covariance Parameter Estimate Standard Error Z Value Pr Z 

Block -1905.80 1473.61 -1.29 0.1959 
Residual     

Breeding line 5 23694 14040 1.69 0.0457 
Breeding line 6 12888 6803.67 1.89 0.0291 
Breeding line 8 10333 10294 1.00 0.1577 

Effect Num DF Den DF F Value Pr > F 
Breeding line 2 10 4.00 0.0529 

Site  1 10 125.35 <.0001 
Breeding line × Seeding date 2 10 2.33 0.1478 

 

Appendix 6.29 Results of the ANOVA type III of seed yield (g/plant) of E. lagascae plants that were planted on the first seeding 
dates at Simcoe and Guelph 
Covariance Parameter Estimate Standard Error Z Value Pr Z 
Block -181.73 138.96 -1.31 0.1910 
Residual 1552.20 694.16 2.24 0.0127 

Effect Num DF Den DF F Value Pr > F 
Breeding line 2 10 1.32 0.3102 
Site  1 10 17.59 0.0018 
Breeding line × Seeding date 2 10 1.31 0.3133 

 

Appendix 6.30 Results of the ANOVA type III of the presence of absence of pappus on total germination percentage of C. 

pauciflorus, in a study conducted in Simcoe, ON, Canada in 2014z 

Covariance Parameter Estimate Standard Error Z Value Pr>Z 

Block (Run) 55.0854 42.1781 1.31 0.1915 
Residual     

Breeding line 18 140.81 78.1815 1.80 0.0358 
Breeding line 19 70.1295 50.6911 1.38 0.0833 

Source Numerator DF Denominator DF F Value Pr>F 
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Breeding line 1 24 2.18 0.1527 
Pappus 1 24 1.11 0.3020 
Breeding line × Pappus 1 24 0.02 0.8851 
zThe experiment was arranged as a randomized complete block design 

 

Appendix 6.31 Results of the ANOVA type III of the presence of absence of pappus and cold stratification (4°C) on total 
germination percentage of C. pauciflorus, in a study conducted in Guelph, ON, Canada in 2014z 

Covariance Parameter Estimate Standard Error Z Value Pr>Z 

Block -12.8254 18.1696 -0.71 0.4803 
Residual 145.21 48.4021 3.00 0.0013 

Source Numerator DF Denominator DF F Value Pr>F 

Pappus 1 18 1.57 0.2257 
Stratification 1 18 0.39 0.5383 
Pappus × Stratification 1 18 0.14 0.7110 
zThe experiment was arranged as a randomized complete block design 

 

Appendix 6.32 Results of the ANOVA type III of an in vitro seed test examining the effects of different chemical agents on C. 

pauciflorus recruitment that was conducted in the greenhouse at the University of Guelph, Guelph in 2015.  

Covariance Parameter Estimate Standard Error Z Value Pr>Z 

Block (Run) 18.2251 13.7457 1.33 0.1849 
Residual 88.7272 14.2997 6.20 <.0001 

Source Numerator DF Denominator DF F Value Pr>F 

Treatment 11 77 1.68 0.0945 
zThe experiment was arranged as a randomized complete block design and run twice 

 

Appendix 6.33 Results of the ANOVA type III of an in vitro seed test examining the effects of different levels of C. pauciflorus 
maturity of total recruitment percentage that was conducted in the greenhouse at the University of Guelph, Guelph in 2015.  

Covariance Parameter Estimate Standard Error Z Value Pr>Z 

Block (Run) 1.9999 18.9132 0.11 0.9158 
Residual 47.9997 25.6569 1.87 0.0307 

Source Numerator DF Denominator DF F Value Pr>F 

Treatment 1 7 5.33 0.0542 
zThe experiment was arranged as a randomized complete block design and run twice 

 

Appendix 6.34 Results of the ANOVA type III of an in vitro seed test examining the effects of different levels of E. lagascae 
maturity of total recruitment percentage that was conducted in the greenhouse at the University of Guelph, Guelph in 2015.  

Covariance Parameter Estimate Standard Error Z Value Pr>Z 

Block (Run) 4.2857 47.4349 0.09 0.4640 
Residual 121.14 64.7531 1.87 0.0307 

Source Numerator DF Denominator DF F Value Pr>F 

Treatment 1 7 4.75 0.0656 
zThe experiment was arranged as a randomized complete block design and run twice 

 

Appendix 6.35 Results of the ANOVA type III of an in vitro seed test examining the effects of different levels of E. lagascae 
maturity from two different sources on total recruitment percentage that was conducted in the greenhouse at the University of 
Guelph, Guelph in 2015.  

Covariance Parameter Estimate Standard Error Z Value Pr>Z 

Block -18.8890 98.0937 -0.19 0.8473 
Residual 471.56 222.29 2.12 0.0169 

Source Numerator DF Denominator DF F Value Pr>F 

Seed source 1 9 15.68 0.0033 
Treatment 1 9 5.73 0.0403 
Seed source × Treatment 1 9 0.85 0.3811 

Mature vs Intermediate     
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Old 1 9 1.09 0.3246 
New 1 9 5.50 0.0437 

zThe experiment was arranged as a randomized complete block design 

 

Appendix 6.36 Variance analysis of the percentage of nonviable C. pauciflorus seeds from the overwintering trial of 2013-2014 
conducted at the Guelph Centre for Urban Organic Farming (GCUOF), Guelph ON 

Covariance Parameter Estimate Standard Error Z Value Pr>Z 

Residual 33.5636 14.3116 2.35 0.0095 

Source Numerator DF Denominator DF F Value Pr>F 

Treatment 1 11 7.26 0.0209 

 

Appendix 6.37 Variance analysis of the percentage of viable C. pauciflorus seeds from the overwintering trial of 2013-2014 
conducted at the Guelph Centre for Urban Organic Farming (GCUOF), Guelph ON 

Covariance Parameter Estimate Standard Error Z Value Pr>Z 

Residual 33.5636 14.3116 2.35 0.0095 

Source Numerator DF Denominator DF F Value Pr>F 

Treatment 1 11 7.26 0.0209 

 

Appendix 6.38 Variance analysis of the percentage of nonviable E. lagascae seeds from the overwintering trial of 2013-2014 
conducted at the Guelph Centre for Urban Organic Farming (GCUOF), Guelph ON 

Covariance Parameter Estimate Standard Error Z Value Pr>Z 

Residual 11.0629 4.9475 2.24 0.0127 

Source Numerator DF Denominator DF F Value Pr>F 

Treatment 1 10 4.46 0.0608 

 

Appendix 6.39 Variance analysis of the percentage of viable E. lagascae seeds from the overwintering trial of 2013-2014 
conducted at the Guelph Centre for Urban Organic Farming (GCUOF), Guelph ON 

Covariance Parameter Estimate Standard Error Z Value Pr>Z 

Residual 2.6514 1.1858 2.24 0.0127 

Source Numerator DF Denominator DF F Value Pr>F 

Treatment 1 10 0.06 0.8154 

 

Appendix 6.40 Variance analysis of the percentage of apparently dormant E. lagascae seeds from the overwintering trial of 
2013-2014 conducted at the Guelph Centre for Urban Organic Farming (GCUOF), Guelph ON 

Covariance Parameter Estimate Standard Error Z Value Pr>Z 

Residual 6.7657 3.0257 2.24 0.0127 

Source Numerator DF Denominator DF F Value Pr>F 

Treatment 1 10 8.13 0.0172 

 

Appendix 6.41 Variance analysis of the percentage of nonviable C. pauciflorus seeds from the overwintering trial of 2014-2015 
conducted at the Guelph Centre for Urban Organic Farming (GCUOF), Guelph ON 

Covariance Parameter Estimate Standard Error Z Value Pr>Z 

Residual 3.2308 1.2672 2.55 0.0054 

Source Numerator DF Denominator DF F Value Pr>F 

Treatment 1 13 17.19 0.0011 
Fall timing 1 13 8.05 0.0140 
Treatment × Fall timing 1 13 2.33 0.1506 
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Appendix 6.42 Variance analysis of the percentage of viable C. pauciflorus seeds from the overwintering trial of 2014-2015 
conducted at the Guelph Centre for Urban Organic Farming (GCUOF), Guelph ON 

Covariance Parameter Estimate Standard Error Z Value Pr>Z 

Residual 3.2308 1.2672 2.55 0.0054 

Source Numerator DF Denominator DF F Value Pr>F 

Treatment 1 13 17.19 0.0011 
Fall timing 1 13 8.05 0.0140 
Treatment × Fall timing 1 13 2.33 0.1506 

 

Appendix 6.43 Variance analysis of the percentage of nonviable E. lagascae seeds from the overwintering trial of 2014-2015 
conducted at the Simcoe Horticultural Research Station, Simcoe ON 

Covariance Parameter Estimate Standard Error Z Value Pr>Z 

Residual 19.8819 5.6235 3.54 0.0002 

Source Numerator DF Denominator DF F Value Pr>F 

Treatment 1 25 1.90 0.1805 
Fall timing 1 25 0.67 0.4194 
Treatment × Fall timing 1 25 1.74 0.1986 

 

Appendix 6.44 Variance analysis of the percentage of nonviable E. lagascae seeds from the overwintering trial of 2014-2015 
conducted at the Guelph Centre for Urban Organic Farming (GCUOF), Guelph ON 

Covariance Parameter Estimate Standard Error Z Value Pr>Z 

Residual 32.1667 16.0833 2.00 0.0228 

Source Numerator DF Denominator DF F Value Pr>F 

Fall timing 1 8 2.40 0.1602 

 

Appendix 6.45 Variance analysis of the percentage of viable E. lagascae seeds from the overwintering trial of 2014-2015 
conducted at the Simcoe Horticultural Research Station, Simcoe ON 

Covariance Parameter Estimate Standard Error Z Value Pr>Z 

Residual 18.9676 5.3649 3.54 0.0002 

Source Numerator DF Denominator DF F Value Pr>F 

Treatment 1 25 2.38 0.1356 
Fall timing 1 25 0.50 0.4849 
Treatment × Fall timing 1 25 3.37 0.0785 

 

Appendix 6.46 Variance analysis of the percentage of viable E. lagascae seeds from the overwintering trial of 2014-2015 
conducted at the Guelph Centre for Urban Organic Farming (GCUOF), Guelph ON 

Covariance Parameter Estimate Standard Error Z Value Pr>Z 

Residual 35.0000 17.5000 2.00 0.0228 

Source Numerator DF Denominator DF F Value Pr>F 

Fall timing 1 8 2.47 0.1548 

 

Appendix 6.47 Variance analysis of the percentage of apparently dormant E. lagascae seeds from the overwintering trial of 
2014-2015 conducted at the Simcoe Horticultural Research Station, Simcoe ON 

Covariance Parameter Estimate Standard Error Z Value Pr>Z 

Residual 1.5086 0.4267 3.54 0.0002 
Source Numerator DF Denominator DF F Value Pr>F 

Treatment 1 25 0.22 0.6449 
Fall timing 1 25 0.22 0.6449 
Treatment × Fall timing 1 25 2.93 0.0996 
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Appendix 6.48 Variance analysis of the percentage of apparently dormant E. lagascae seeds from the overwintering trial of 
2014-2015 conducted at the Guelph Centre for Urban Organic Farming (GCUOF), Guelph ON 

Covariance Parameter Estimate Standard Error Z Value Pr>Z 

Residual 3.1667 1.5833 2.00 0.0228 

Source Numerator DF Denominator DF F Value Pr>F 

Fall timing 1 8 0.08 0.7791 

 

Appendix 6.49 Variance analysis comparing total recruitment percentage of C. pauciflorus seeds in undisturbed swards of grass, 
mowed grass and simulated seedbed from spring and fall 2014 dispersal in Simcoe, ON and Guelph, ON. 

Covariance Parameter Estimate Standard Error Z Value Pr>Z 

Block (Site) 0.03370 0.04152 0.81 0.2085 
Residuals (Treatment)     

Mowed 0.2946 0.1275 2.31 0.0104 
Seedbed 3.3069 1.3656 2.42 0.0077 
Undisturbed 0.09901 0.04585 2.16 0.0154 

Effect Num DF Den DF F Value Pr > F 

Treatment 2 30 52.56 <.0001 
Season 1 30 113.56 <.0001 
Treatment × Season 2 30 45.19 <.0001 

Spring 2014     
Mowed vs Seedbed 1 30 120.82 <.0001 
Seedbed vs Undisturbed 1 30 174.73 <.0001 
Mowed vs Undisturbed 1 30 31.76 <.0001 

Fall 2014     
Mowed vs Seedbed 1 30 0.31 0.5804 
Seedbed vs Undisturbed 1 30 0.33 0.5698 
Mowed vs Undisturbed 1 30 0.01 0.9999 

Site 1 6 9.81 0.0203 
Treatment × Site 2 30 10.16 0.0004 

Guelph     

Mowed vs Seedbed 1 30 6.80 0.0141 
Seedbed vs Undisturbed 1 30 16.18 0.0004 
Mowed vs Undisturbed 1 30 15.56 0.0004 

Simcoe     

Mowed vs Seedbed 1 30 79.97 <.0001 
Seedbed vs Undisturbed 1 30 95.46 <.0001 
Mowed vs Undisturbed 1 30 2.86 0.1013 

Season × Site 1 30 6.76 0.0144 
Spring 2014 vs Fall 2014     

Guelph  1 30 32.46 <.0001 
Simcoe  1 30 87.86 <.0001 

Treatment × Season × Site 2 30 7.05 0.0031 
Mowed     

Spring 2014 vs Fall 2014 in Guelph 1 30 27.16 <.0001 
Spring 2014 vs Fall 2014 in Simcoe 1 30 6.79 0.0141 

Seedbed     
Spring 2014 vs Fall 2014 in Guelph 1 30 18.29 0.0002 
Spring 2014 vs Fall 2014 in Simcoe 1 30 79.98 <.0001 

Undisturbed     
Spring 2014 vs Fall 2014 in Guelph 1 30 1.26 0.2701 
Spring 2014 vs Fall 2014 in Simcoe 1 30 1.26 0.2701 

 

Appendix 6.50 Variance analysis comparing total emergence/recruitment percentage of E. lagascae seeds in undisturbed swards 
of grass, mowed grass and simulated seedbed from spring and fall 2014 dispersal in Simcoe, ON and Guelph, ON. 

Covariance Parameter Estimate Standard Error Z Value Pr>Z 

Block (Site) 0.05747 0.1318 0.44 0.3314 
Residuals (Treatment)     

Mowed 0.5197 0.2277 2.28 0.0112 
Seedbed 3.7620 1.5533 2.42 0.0077 
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Undisturbed 0.8607 0.4000 2.15 0.0157 

Effect Num DF Den DF F Value Pr > F 

Treatment 2 30 7.75 0.0019 
Season 1 30 0.60 0.4463 
Treatment × Season 2 30 7.20 0.0028 

Spring 2014     
Mowed vs Seedbed 1 30 14.13 0.0007 
Seedbed vs Undisturbed 1 30 22.74 <.0001 
Mowed vs Undisturbed 1 30 4.44 0.0436 

Fall 2014     
Mowed vs Seedbed 1 30 2.36 0.1346 
Seedbed vs Undisturbed 1 30 0.03 0.8705 
Mowed vs Undisturbed 1 30 5.80 0.0224 

Site 1 6 20.49 0.0040 
Treatment × Site 2 30 1.64 0.2101 
Season × Site 1 30 61.27 <.0001 

Spring 2014 vs Fall 2014     
Guelph  1 30 24.89 <.0001 
Simcoe  1 30 36.97 <.0001 

Treatment × Season × Site 2 30 1.93 0.1622 

 

Appendix 6.51 Least square means and estimated parameters (± S.E.) of relative biomass and 
total relative biomass of soybean and C. pauciflorus in the first run of the replacement series 
experiment that was conducted at the University of Guelph, Guelph ON 

Soybean: C. pauciflorus Soybean RB C. pauciflorus RB TRB 

0:4 0.0 (0.00) 1.0 (0.00) 1.0 (0.00) 
1:3 0.5 (0.09) 1.1 (0.86) 1.6 (0.94) 
2:2 1.0 (0.37) 0.5 (0.37) 1.5 (0.36) 
3:1 1.0 (0.04) 0.1 (0.01) 1.1 (0.05) 
4:0 1.0 (0.00) 0.0 (0.00) 1.0 (0.00) 

RB Relative Biomass   TRB Total Relative Biomass 
 

Appendix 6.52 Least square means and estimated parameters (± S.E.) of relative biomass and 
total relative biomass of soybean and E. lagascae in the first run of the replacement series 
experiment that was conducted at the University of Guelph, Guelph ON 

Soybean: E. lagascae Soybean RB E. lagascae RB TRB 

0:4 0.0 (0.00) 1.0 (0.00) 1.0 (0.00) 
1:3 0.5 (0.09) 0.5 (0.10) 1.0 (0.08) 
2:2 0.7 (0.19) 0.2 (0.06) 0.9 (0.24) 
3:1 1.4 (0.12) 0.2 (0.02) 1.5 (0.10) 
4:0 1.0 (0.00) 0.0 (0.00) 1.0 (0.00) 

RB Relative Biomass   TRB Total Relative Biomass 
 

Appendix 6.53 Least square means and estimated parameters (± S.E.) of relative biomass and 
total relative biomass of soybean and pigweed in the first run of the replacement series 
experiment that was conducted at the University of Guelph, Guelph ON 

Soybean: Pigweed ratio Soybean RB Pigweed RB TRB 

0:4 0.0 (0.00) 1.0 (0.00) 1.0 (0.00) 
1:3 0.5 (0.05) 0.7 (0.26) 1.2 (0.22) 
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2:2 1.1 (0.08) 1.0 (0.86) 2.1 (0.84) 
3:1 1.4 (0.04) 1.1 (1.02) 2.5 (1.01) 
4:0 1.0 (0.00) 0.0 (0.00) 1.0 (0.00) 

RB Relative Biomass   TRB Total Relative Biomass 
 

Appendix 6.54 Least square means and estimated parameters (± S.E.) of relative biomass and 
total relative biomass of soybean and C. pauciflorus in the second run of the replacement series 
experiment that was conducted at the University of Guelph, Guelph ON 

Soybean: C. pauciflorus Soybean RB C. pauciflorus RB TRB 

0:4 0.0 (0.00) 1.0 (0.00) 1.0 (0.00) 
1:3 0.3 (0.03) 0.3 (0.07) 0.7 (0.04) 
2:2 0.8 (0.07) 0.1 (0.03) 0.9 (0.07) 
3:1 0.9 (0.07) 0.1 (0.05) 1.0 (0.10) 
4:0 1.0 (0.00) 0.0 (0.00) 1.0 (0.00) 

RB Relative Biomass   TRB Total Relative Biomass 
 

Appendix 6.55 Least square means and estimated parameters (± S.E.) of relative biomass (RB) 
and total relative biomass (TRB) of soybean and E. lagascae in the second run of the 
replacement series experiment that was conducted at the University of Guelph, Guelph ON 

Soybean: E. lagascae Soybean RB E. lagascae RB TRB 

0:4 0.0 (0.00) 1.0 (0.00) 1.0 (0.00) 
1:3 0.3 (0.06) 0.3 (0.04) 0.7 (0.07) 
2:2 0.7 (0.03) 0.1 (0.02) 0.8 (0.02) 
3:1 0.8 (0.12) 0.1 (0.01) 0.8 (0.12) 
4:0 1.0 (0.00) 0.0 (0.00) 1.0 (0.00) 

 

Appendix 6.56 Least square means and estimated parameters (± S.E.) of relative biomass and 
total relative biomass of soybean and pigweed in the second run of the replacement series 
experiment that was conducted at the University of Guelph, Guelph ON 

Soybean: Pigweed ratio Soybean RB Pigweed RB TRB 

0:4 0.0 (0.00) 1.0 (0.00) 1.0 (0.00) 
1:3 0.5 (0.03) 0.5 (0.16) 0.9 (0.17) 
2:2 0.8 (0.01) 0.2 (0.07) 1.0 (0.07) 
3:1 0.8 (0.12) 0.2 (0.12) 0.9 (0.07) 
4:0 1.0 (0.00) 0.0 (0.00) 1.0 (0.00) 

RB Relative Biomass   TRB Total Relative Biomass 
 

Appendix 6.57 Summary of agronomic performance of C. pauciflorus regularly irrigated plants 
and transplants that were grown at the Simcoe Horticultural Research Station (SHRS), Simcoe 
ON in the summer of 2014 on June 16, 2014 

 Irrigated Transplants 

Breeding line 18 19 20 18 19 20 

Germination (%) 26a† 24.33a† 7.67b† N/A N/A N/A 
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Mean plant height (cm) 27.25a† 40.49a† 13.26b
† 

60.40a† 59.34a† 59.44a† 

Plant height range (cm) 12-52 19-82 9-36 18-84 31-79 24-77 
Days to flower 71.00a† 63.00a† N/A 69.67a† 68.00a† 74.67a† 
Days to 50% flowering 71.00a† 70.67a† N/A 73.00a† 68.67a† 83.33a† 
1000 random seed weight (g) 1.00a† 0.77a† 0.29a† 1.33a† 1.67a† 1.33a† 
1000 mature seed weight (g) 2.67a† 1.97a† 1.64a† 2.33a† 2.67a† 2.33a† 
Seed yield per plant (g) 4.43a† 3.65a† 0.29a† 26.65a† 15.99ab† 12.99b† 
Seed yield/ha (kg) 241.59 207.63 21.45 1573.37 955.99 765.65 
Dry aboveground biomass 
(g) 

209.67a† 159.00a† 99.32a
† 

279.06b
† 

231.84c† 338.18a
† 

† Means followed by letter groupings within site and seeding date but across lines are 
significantly different at p = 0.05 
†† Data on height was recorded on August 5, 2014 
N/A No available data       
 

Appendix 6.58 Summary of agronomic performance of E. lagascae regularly irrigated plants 
and transplants that were grown at the Simcoe Horticultural Research Station (SHRS), Simcoe 
ON in the summer of 2014 on June 16, 2014 

 Irrigated Transplants 

Breeding line 5 6 8 5 6 8 

Germination (%) 52.67a† 48.00a† 46.00a† N/A N/A N/A 

Mean plant height (cm) 18.75a† 17.38a† 16.04a† 61.15a† 62.68a† 56.90a† 
Plant height range (cm) 12-25 12-37 11-31 35-87 43-79 27-79 
Days to flower N/A N/A N/A 84.33a† 82a† 86.33a† 
Days to 50% flowering N/A N/A N/A 85.33a† 86.33a† 92a† 
1000 random seed weight (g) N/A N/A N/A 10.67a† 11.33a† 10.67a† 
1000 mature seed weight (g) N/A N/A N/A 9.33a† 9.67a† 9a† 
Seed yield per plant (g) N/A N/A N/A 88.06a† 115.35a† 99.43a† 
Seed yield/ha (kg) N/A N/A N/A 5271.32 6909.90 5944.26 
Dry aboveground biomass 
(g) 

72.33a† 54.67a† 70.00a† 186.63a† 171.56a† 203.95a† 

† Means followed by letter groupings within site and seeding date but across lines are 
significantly different at p = 0.05 
†† Data on height was recorded on August 5, 2014 
N/A No available data       
 

 

 


