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Abstract 

THE IMPROVEMENT OF METHODS FOR SMALL SCALE PRAIRIE RESTORATION ON 
NATURALIZED AREAS OF ROADSIDES, URBAN PARKS AND GOLF COURSES  

 
Ling Shi                                                                                                              Advisor: 

University of Guelph, 2018                                                                                Eric M. Lyons 
                                                                   

Prairie ecosystems reduce maintenance costs, support native pollinators and improve 

ecosystem service of golf courses, roadsides and urban parks. The two objectives of this study 

were 1) to improve species selection and seeding methods for prairie establishment based on 

germination factors and 2) to improve seedbed preparation and seeding method. Differences 

were found between the 17 different species preferences for pH, seeding depth, and temperature, 

with most species native to southwest Ontario preferring calcareous sand. Overseeding into 

existing turfgrass vegetation was ineffective for establishing native species in the first year. 

Glyphosate application before rototilling was not different than rototilling alone with respect to 

species richness and diversity at both sites. At the lower-managed site, glyphosate application 

had fewer weeds than rototilling alone. The two sites tested had similar establishment with 

black-eyed Susan dominating the canopy of the rototilled plots in the first year at both sites.  
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Chapter 1: Introduction 

1.1 Golf Courses, Roadsides, and Urban Parks Structure 

1.1.1 Golf courses 

 Various types of high-maintenance turfgrass systems such as ornamental home lawns, 

sports complexes, and golf courses have been in use for decades. At the beginning of the twenty-

first century, there were about 30,000 golf courses and about 55 million golfers around the world 

(Farrally et al., 2003). By the end of 2014, more than 34 thousand golf courses had been built in 

206 countries. Around 80% of them are located in the top 10 golfing countries, which includes 

Australia, Canada, England, Japan, and the United States (Golf Around the World, 2015). 

Golf requires a larger area than other sports. A typical 18-hole course is around 40 to 60 

hectares (Farrally et al., 2003). While maintaining income through participation is crucial to the 

industry, costs can also be an important part of the economic sustainability of golf courses. 

Increasing costs associated with water, fertilizer, and pesticides have motivated golf course 

superintendents to reduce their maintenance costs through reducing managed areas. In Canada in 

particular, different statutes have been promulgated to control water and chemicals use. For 

example, the Pesticide Management Code of Canada limits the use of non-essential pesticides 

(Government of Quebec, 2006). Golf courses are looking for ways to reduce inputs while 

preserving playability and maintaining golfer interest. 

Typically, modern golf courses consider five important parts: putting green, tee, fairway, 

bunker, and rough (Beard, 2002; Shackelford, 2003). In addition, the course itself can be broken 

into many areas but basically there are two functional areas: the area for playing golf (putting 

green, tee, fairway, bunker, and playable roughs) and the out-of-play areas (hazards, naturalized 

areas or unplayable rough).  



 
2 

The putting green is the area where players can hit the ball accurately; explained that the 

putting green requires a small area of the golf greens (around 1.6% of the total golf course area) 

but plays an important part in the whole golf game (Beard, 2002). A good putting green should 

be large enough to offer challenges for golfers, diverse hole placement, and flexible traffic 

situations. However, it should not be too big, because that will cost more to manage. Putting 

greens are normally as large as 400-600 m2 in size, and the turf quality of putting greens requires 

symmetrical, coherent, smooth, firm turfgrass (Beard, 2002). Modern golf course management 

typically requires a mowing height of around 2.5-4.8 mm (0.10 to 0.19 inches). This mowing 

height provides straighter ball roll, quicker ball speed, and stronger ball bounce. 

The tee area is especially designed for the first shot of each hole. Several requirements 

for good playability in the tee area are smooth, flat, dense, uniform, resilient, and closely cut. 

Because of more traffic and more complex situations for the tee area, the characteristics desired 

in turfgrass species and cultivars used in this area are quicker repair, adaptation to a cutting 

height of 6.4 – 19.0 mm (0.25 to 0.75 inches), denser growing, tolerance to soil and turf wear, 

and shade tolerance (Beard, 2002; Burgin & Wotherspoon, 2009). 

The fairway is the grassed area between the tee and the putting green that is mowed at a 

lower cutting height than the surrounding rough. Quality components for good playability of a 

fairway include density, firmness, uniformity, and resilience. Characteristics of turf for this area 

include high shoot density, adaptation to a cutting height of 10-19 mm (0.4 to 0.75 inches), 

minimal thatching tendency, rapid turf recuperation, tolerance to compacted soil conditions and 

intense wear, and a moderately slow vertical leaf growth rate (Beard, 2002).  

The bunker can be defined as a prepared area of ground, often a hollow, from which turf 

or soil has been removed and replaced with sand (Beard, 2002). 
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The rough is the area that surrounds the putting green, tee, and fairway. The higher-cut 

turf immediately adjacent to and on each side of the fairway is termed the primary rough. There 

may also be an intermediate rough, which is the turf located parallel to and between the fairway 

and primary rough of 1 or 2 mower widths and an intermediate height of cut. The taller grass 

with groves of trees or woodlands located more distant from the fairway is termed the secondary 

rough (Beard, 2002) that we refer to as the unplayable rough. Unplayable roughs are defined as 

heavily wooded or unmaintained areas that typically result in a lost ball or unplayable lie due to 

plant density that may or may not be marked as hazards. 

 Golf courses need larger areas than other sports, although much of this area is of lower 

management intensity. The results of a 2007 Golf Course Superintendents Association of 

America (GCSAA) survey show that an 18-hole golf course has about 67% of its area in 

managed turfgrass area including greens, tee fairways, and playable rough. In fact, golf course 

playable rough areas are 52% of the total maintained area and 42% of the irrigated area (Gange, 

Lindsay & Schofield, 2003; Lyman et al., 2007). The non-turfgrass regions are about 33% of the 

total including non-turfgrass landscapes, water bodies, buildings, bunkers, and parking lots. The 

GCSAA survey also described that about 16%, or 6-10 hectares, of total golf courses are 

typically the non-turfgrass landscapes, and these areas can be defined as unplayable rough.  

The non-turfgrass landscape of a golf course can be divided into several areas, such as 

forest, native grasslands, mixed grasslands, other non-mowed vegetation areas, cultural thicket, 

garden areas, and deserts (GCSAA, 2007). Although non-turfgrass landscape areas are generally 

referred to as native or naturalized areas, most of the plant species present in these areas are not 

native. Therefore, non-turfgrass areas have the best potential for establishing native prairie 

(Burgin & Wotherspoon, 2009). Using native plant species in these areas will provide habitat for 
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native pollinators and look appropriate in the landscape, and will be more competitive in the 

local soil because of natural adaptation (Ferris-Kaan, 1995). 

Reduced inputs are necessary due to both environmental and economic pressure. 

However, from 2003 to 2008, only 9% of golf courses had reduced their inputs (Throssell et al., 

2009) by changing management. Methods need to be developed to reduce the management costs 

of roughs and unplayable roughs while maintaining golfer satisfaction and maximizing 

environmental benefit of golf courses. However, reducing management in the out-of-play areas 

often meets resistance because of the negative impact on the aesthetics of the golf course. To 

satisfy the desires of the client, many golf courses choose to maintain these areas despite the 

increased cost and the reduction in the positive impacts of the golf course facility on the 

environment. This project focussed on restoring native prairie into non-turfgrass landscapes 

because it will not impact the golf game and will potentially reduce both the monetary and 

environmental cost of the golf course. 

1.1.2 Roadsides and urban parks 

Roadsides and urban parks are an essential tool for reducing noise, improving the 

microclimate, and purifying the local air (Cohen, Potchter & Schnell, 2009). Research has shown 

that urban green spaces decrease the temperature approximately 4 °C, and this cooling 

phenomenon extends over a hundred meters from the green spaces (Cohen, Potchter & Schnell, 

2009; Potchter et al., 1999; Saito et al., 1991). Urban vegetation not only increases the local air 

quality (Bealey et al., 2007; Freiman et al., 2006; McDonald et al., 2007; Nowak et al., 2000) but 

also decreases the noise levels in the urban environment (Bucur, 2006; Maleki & Hosseini, 2011; 

Fand & Ling, 2003; Lam et al., 2005; Papafotiou et al., 2004; Pathak et al., 2011). Roadsides and 
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urban parks could use prairie vegetation to reduce management and provide habitat for native 

species including pollinators. 

Roadsides and urban parks also provide a high level of visual enjoyment and offer 

restorative functions for ecology, such as supporting wildlife habitat (Amekudzi et al., 2013). By 

2050, about 70% of the world population will live in cities, which means that urban spaces will 

be the most common habitat on Earth for human beings and will be a significant habitat for other 

plant and animal species (Pecarevis et al., 2010). There are many advantages to keeping urban 

green spaces in modern city planning. However, the high cost of management is a problem that 

needs be taken into consideration.  

1.2 Oak Savanna, Prairie and Restoration 

1.2.1 Oak Savanna in Ontario 

 The world “savanna” in North America has been used to describe an ecosystem that is 

historically composed of the plant species present in the grasslands of the Midwest and the 

deciduous forests of the East (Henderson, 1995). This mosaic community represents a continuum 

of environments from prairie to forest (Jordan, 1997). Worldwide, savannas are the third-largest 

ecosystem by land surface (Werner et al., 1990), and around 50 million hectares of savanna are 

located in North America (McPherson, 1997). Odum (1989) described savannas as essential 

ecosystems because they improve air quality and water quality while maintaining a large genetic 

diversity. While they are more difficult to integrate into the landscape, savannas have a larger 

positive and longer-term effect on the global carbon cycle than other easier-to-integrate 

ecosystems (McPherson et al., 1993; Nepstad et al., 1994).  

 North American savannas have existed for at least 10 million years, in an area stretching 

from northern Mexico to southern Canada (Jordan, 1997). The oak savanna, which is dominant 
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in North America and common in Southern Ontario, is an ecosystem composed of a variety of 

grasses, forbs, trees, and shrubs (McPherson, 1997). Three different types of oak savannas are 

described using geographical distribution: California Oak Savanna, Southwestern Oak Savanna, 

and Midwestern Oak Savanna. The oak savanna developed before the arrival of humans, but 

today large areas of oak savanna are scarce. Tallgrass prairie can be found throughout the 

Midwest of North America; as far south as Texas in the United States and as far north as 

Manitoba in Canada. East of these open prairies is a mosaic of scattered patches of smaller 

prairies amid oak savanna and woodland. Pine savannas are found in the south of these areas and 

share varieties of species and ecological processes with the oak grasslands (Jordan, 1997). 

Ontario savannas, historically called black oak savannas, belong to the Midwestern Oak Savanna 

category, as the most common tree species in this environment black oak (Quercus velutina) 

(McPherson et al., 1993).  

1.2.2 Description of Prairie Ecosystem 

 The word prairie is a French word meaning “meadow.” The term was introduced by 

French explorers to describe the North America landscape and has been adopted in English to 

refer to the native grassland in North America. Curtis (1959) defined a prairie as an open area 

dominated by native tallgrass with tree canopy cover ranging from 0% to a maximum cover of 

10% (Packard, 1993). The continuum of natural areas from prairie to forest (Figure. 1.1) is 

determined by different levels of rainfall or soil moisture, with fire being an important factor in 

maintaining prairies and supressing forest (Jordan, 1997). Cultivation and grazing are other ways 

that oak forests are converted to prairie or savanna (Jordan, 1997; Packard, 1993).  
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Figure 1.1: Different percentages of tree canopy cover is the most important way to define 
prairie, savanna, woodland, and forest (Curtis, 1959; Packard, 1993; Jordan, 1997) 

 Prairies have a high species richness with grasses, wild flowers, and legumes making up 

the dominant species groups. Several different species are described as essential in establishing 

prairies. These species are often categorized into two main types: grasses and forbs which 

include wildflowers and legumes. Increasing the number of species in prairie establishment 

projects can increase biomass, increase definite species richness, and reduce the need for weed 

management (Déri et al., 2010; Picasso et al., 2008). The species found in native prairie and 

chosen for establishment in restoration are dependent on location, climate, and soil type (Jordan 

1997). Prairies are diverse ecosystems where different plants share available resources in time 

and space leading to high species richness (Hooper, 1998), with different species flowering in 

different seasons to maximize benefit to pollinators (Hendrix et al., 2010). Some species flower 
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early in the season, some in midsummer, some in fall. For example, goldenrods (Solidago spp.) 

(Hurlbert, 1970), aster (Aster spp.) (Runkel & Roosa, 2009) and blazing star (Liatris 

pycnostachya) (Runkel & Roosa, 2009) bloom later (July through September) and have a shorter 

season than some tallgrass species like Indiangrass (Sorghastrum nutans) or Canada wild rye 

(Elymus canadensis), where flowering occurs in late July and August (Runkel & Roosa, 2009). 

Different plant species in the prairie require different levels of rainfall and sun light for 

flowering, resulting in flowers being present in three seasons in the temperate north. The 

extended flowering times of the ecosystem provides longer pollinator and aesthetic benefits 

compared to other ecological systems.  

In Ontario, five species of grasses are commonly found in prairie ecosystems: big 

bluestem (Andropogon gerardii Vitman), little bluestem (Schizachyrium scoparium), Indiangrass 

(Sorghastrum nutans), Canada wild rye (Elymus canadensis L.) and switchgrass (Panicum 

virgatum). In addition, more than 45 forbs can be used for establishing prairie in Ontario 

according to restoration advocates (Tallgrass Ontario, 2018). (see Table 6.1 in Appendices). 

Each species is adapted to extreme environmental conditions including large variances in 

temperature, drought, wind, high light intensity, fire, and grazing (Jordan, 1997; Packard, 1993). 

Golf courses, roadsides, and urban parks share some of these environmental conditions. Many 

species have high heat tolerance and increased wind resistance. As shown in Figure 1.2, their 

root systems also often make up two-thirds of the total plant biomass, allowing for favorable 

water balance and increased regrowth from root reserves following extreme conditions (Jordan, 

1997). 
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Figure 1.2: Length of roots comparison between several prairie forbs (left four) with non-native 
grass (right one) during first season of establishment of prairie 

Prairie plants with large root mass, also improve soil health as prairie restoration of 

polluted land increased the total nitrogen (N) and total carbon (C) of the soils after 12 years 

(Bealey et al., 2007). Soil impoverishment significantly enhances prairie restoration, which 

means that poor soil is more successful for prairies (Morgan, 1994). Prairie plant root turnover 

provides support to a large microbial population, and living roots exude compounds into the 

surrounding soil to serve as carbon sources for microbial growth and further build organic matter 

(Todd, 1996). For example, in a roadside prairie restoration in Shakopee, Minnesota, a 

significant improvement of Arbuscular mycorrhizal fungi (AMF) after 15 months of growth was 

reported (White et al., 2008).  

 Research done on USDA Conservation Reserve Program sites shows that planting native 

forbs, not only improves soil quality (Gebhart et al., 1994; Lindstrom et al., 1994; Staben et al., 

1997), but also brings other benefits, such as providing food and space for native pollinators 

(Best et al., 1997; Ryan et al., 1998; Tonietto et al., 2011). Prairie have also been show to 

positively impact to native pollinators than green roofs and urban parks due to higher species 

diversity (Tonietto et al., 2011). 

1.2.3 Description of Restoration 
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The word restoration can be defined as the natural area management for ecological 

recovery. However, it can also be described with two words: reconstruction (e.g., planting a 

prairie on plowed ground) and rehabilitation (e.g., nursing a degraded prairie back to good 

health) (Jordan, 1997). Golf courses, roadsides, and urban parks are often disturbed lands with 

reduced soil quality from previous construction and farming. In addition, the managed areas of 

these urban landscapes have high management costs and cost savings can be realized by 

replacing managed areas with restored prairie. Improving restoration methods through 

developing useable seed mixtures is a primary goal for our research project. Improving 

restoration methods will identify new ways to reduce maintenance of golf courses, roadsides, and 

urban parks. We focus on the seeding methods and seedbed preparations for restoring native 

prairie for golf courses, roadsides, and urban parks.  

1.3 Establishing Prairie 

1.3.1 Seeding Methods 

 Human activities have caused severe reductions in plant species and populations during 

the last 50-100 years across much of the world (Poschlod & WallisDeVries., 2002). Recent, 

studies show that using a native species seed mixture is a possible way to revegetate native 

species in specific areas (Rydgren et al., 2010). A useful method needs to be simple and easy to 

implement, and the managed areas should be easier to maintain (Vogel & Masters, 2001). Some 

methods for restoring native vegetation have been used for a long time. Based on the Hedberg 

and Kotowski (2010) review of common methods used in Europe, six seeding methods are 

generally used for modern restoration projects.  

 Direct seeding is a standard way of introducing species. Seeds are collected from wild 

plants or obtained from a seed supplier. Most restoration projects use direct seeding when they 
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need to plant several different species in one target area (Fenner & Spellerberg, 1988; Foster et 

al., 2007; Hedberg & Kotowski, 2010; Hoffmann & Isselstein, 2004). Slot seeding is similar to 

direct seeding; it uses a machine and is normally used in the agriculture industry. Compared with 

direct seeding, slot seeding uses lower seeding rates in the same size area and creates a similar 

stand. Brush harvesting is the transfer of seed harvested with a brush harvester that allows for 

drying and storage of unwanted seeds before sowing (Hedberg & Kotowski, 2010). This method 

is generally used in European dry grassland establishment projects (Edwards et al., 2010).  

 Vegetative propagation is also used in different forms. Diaspore transfers with a substrate 

is a type of foundation transplanting method that is used to introduce new species into an area. 

Bringing soil and fungi is an advantage of using diaspore transfer with the substrate as compared 

to other ways (Cobbaert et al., 2004). This method is standard in wetland establishment studies. 

For example, Cobbaert et al. (2004) used transplants for a wetland restoration project in Quebec 

and then measured the vegetation cover percentage. Hay spread is a conventional seeding 

method in European grassland restoration projects (Edwards et al., 2010; Smith et al., 2000). 

This method involves transplanting the target plants with hay, which is almost the same as 

diaspore transfer with the substrate, but it uses hay as the substrate (Hedberg & Kotowski, 2010). 

Plug planting is usually used to introduce species in forestry, and its use in restoring grass 

species is limited to species that are unusual (Morgan, 1999), hard to transfer species 

(Huddleston & Young, 2004) or seeds that are hard to establish (Wallin et al., 2009). Plug 

planting usually uses a potting mix or a non-native substrate.  

 The success of grassland restoration is measured not only by species richness and 

composition but also by the success of individual components of the introduced seed mixture. 

Seedling recruitment is determined by soil characteristics and the availability of suitable 
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microsites for different species (Pywell et al., 2002; Walker et al., 2004). Choosing the right 

species is essential to achieve both seed establishment and persistence in the restored prairie 

(Hedberg & Kotowski, 2010). The six methods described above are used to establish species-rich 

grasslands with the intent of creating habitat-specific species composition for wildlife. Most 

successful restoration projects currently follow these six methods (Kiehl et al., 2010). Based on 

similar environments between urban parks, roadsides, and golf courses, we believe that further 

experimentation in optimizing seeding methods are required in these areas.  

1.3.2 Seed Germination 

Seeds are mature, fertilized ovules (Chaudhury et al., 1997). Ovules are a structure of 

seed plants that includes the female gametophyte with the egg cell (Chaudhury et al., 1997). In 

angiosperms, the double fertilization results in the production of a diploid embryo and a triploid 

endosperm (Sprunck et al., 2012). Embryo, endosperm, and testa are the three essential seed 

structures for a mature seed. The embryo is the diploid (2n), the result of fertilization (Sprunck et 

al., 2012). The development of embryo results in the seed leaves, stem-like embryonic axis and 

the embryonic root (Beddington & Robertson, 1989). The endosperm is developed from the 

triploid (3n), the result of double fertilization, and is the food storage tissue for seed germination 

(Sprunck et al., 2012). The testa is the seed coat, which is the protective layer of the seed that 

develops from the integuments (outer layer of the ovule) (Yen et al., 2005). There are two types 

of seed: the endospermic seed and the non-endospermic seed (Manz et al., 2005; Müller et al., 

2006). The endospermic seed has the endosperm present in the mature seed, which serves as the 

food storage organ. In non-endospermic seed, the cotyledons serve as the food storage organ and 

during embryo development the cotyledons get the food from the endosperm. The endosperm is 

almost degraded in the mature seed, and the seed coat encloses the embryo. 



 
13 

Seed germination is a mechanism by which morphological and physiological alterations 

result in the activation of the embryo (Miransar & Smith, 2014). The first step in germinating 

seeds is to trigger the process (Bewley, 1997). The receptors receive a signal, and the message 

triggers chemicals such as gibberellins (GA) that lead to the completion of germination (Black, 

1992; Vleeshouwers et al., 1995). Seed development includes two parts: cell division to set the 

embryo and the differentiation which leads to the development of the embryonic organs 

(Goldberg et al., 1994; Meinke, 1995). In general, germination starts with the uptake of water by 

the dry seeds and is completed when the embryo reaches the outside environment and breaks the 

structure around it, such as the seed coat (Bewley, 1997; Finch-Savage & Leubner-Metzger, 

2006). The seeds uptakes water in three phases: phase I is a quick initial uptake, phase II is a 

plateau phase which leads to metabolic preparation for germination, and phase III occurs directly 

after germination is completed that works for increasing the further water uptake. Phase III 

directly leads to the growth of the embryo and the emerging seedling (Finch-Savage & Leubner-

Metzger, 2006). 

Before considering seed dormancy, it is necessary to discuss how the environment affects 

seed germination. The most important factors to control the process of seed germination are the 

plant hormones. The ability of these hormones is highly related to the environment. Plant 

hormones include abscisic acid (ABA), ethylene, and gibberillic acids (GAs), amongst others 

(Miransari & Smith, 2014). GAs play an essential role in promoting seed germination and early 

seedling growth (Finch-Savage & Leubner-Metzger, 2006). The plant hormone ABA inhibits 

water uptake, especially in phase III (Manz et al., 2005). In addition to the effects of plant 

hormones on seed germination, other studies have shown that nitrogen (N) application increases 

seed germination, and the N products control the K+/Na+ ratio that enhances the Adenosine Tri-
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Phosphate (ATP) production of seed germination (Miransari & Smith, 2014). According to 

Rejmánek (1996), the optimal environmental requirements are the same for seed germination and 

seedling emergence because both have similar mechanisms. 

In typical angiosperm seeds, the embryo is surrounded by two overlapping layers: the 

endosperm and the seed coat (Finch-Savage & Leubner-Metzger, 2006). The endosperm is 

wholly obliterated during the pea seed development, so the mature seed of pea is non-

endospermic (Finch-Savage & Leubner-Metzger, 2006). For the pea seeds, germination only 

needs one step (i.e., radicle elongation), and testa rupture is the only visible landmark during pea 

seed germination (Finch-Savage & Leubner-Metzger, 2006). In the non-endospermic seeds, 

ABA does not influence water uptake and break-up of the seed coat, but it does decrease the 

phase III water uptake and the transition from germination to growth (Manz et al., 2005). For the 

endospermic seed, Müller et al. (2006) described a two-step germination in which the seed coat 

rupture and endosperm rupture are related. They found that ABA affects the endosperm breakup 

but not the seed coat in Arabidopsis, and the GAs relate with the inhabitation of ABA to break 

up the endosperm in Lepidium spp. 

 Ecological restoration aims to help an ecosystem recover after it has been damaged. 

Seeds are a key for ecosystem recovery as a source for restoration, so a better understanding of 

germination and germination requirements will improve restoration outcomes (Jiménez- Alfaro 

et al., 2016). Fernández-Marín et al. (2015) compared the germination percentage of lettuce seed 

between greenhouse and field and found that seed germination percentage was significantly 

higher in the greenhouse than in the field. To determine the influence of different substrates on 

the germination percentage of Populus euphratica seed, Cao et al. (2012) compared filter paper, 

silt, and soil and found that seeding in filter paper gave a significantly higher percentage than 



 
15 

seeding into the soil. However, Franco et al. (2017) found that cabbage seed had a substantially 

higher germination percentage in soil than filter paper when there was increased landfill leachate.   

Seed can inhibit germination to wait for a better environment for germination through a 

mechanism called seed dormancy (Bewley, 1997; Debeaujon, Léon-Kloosterziel, & Koornneef, 

2000; Miransari & Smith, 2014). The signal receptors on the plasma membrane of the dormancy-

breaking agents in embryonic cells are related to seed germination (Baskin & Baskin, 1998). 

Seed dormancy may not be an advantage effect for seed establishment, and it mostly depends on 

environmental situations (Bewley, 1997). Based on the species and dormancy types, there are 

two types of seed dormancy: endogenous and exogenous. Endogenous dormancy includes 

physiological and morphological factors and may result from an underdeveloped embryo (Baskin 

& Baskin, 1998). Exogenous dormancy results from physical, chemical and mechanical elements 

of the seed coat or a combination of all the factors, depending on different species (Bewley, 

1997; Baskin & Baskin, 1998). These two types of seed dormancy are distinguished based on 

warm and/or cold stratification (Baskin & Baskin, 1998). Based on the seed dormancy, we can 

infer the seeds require different environments and chemicals, which could trigger the common 

signal transduction chain which leads to seed germination. 

The most significant changes at the molecular levels for seed dormancy is the balance 

between ABA and GAs (Miransari & Smith, 2014). Changes in the phosphorylating activity of 

membrane-associated Ca2+-dependent protein kinases that lead to dormancy or germination have 

been described as well (Trewavas, 1987). Other studies show that the seed coat may also 

influence seed dormancy (Léon-Kloosterziel et al., 1994) and seed germination (Mohamed-

Yasseen et al., 1994; Weber et al., 1996). At the point when germination occurs, the embryo 

elongates and protrudes from the seed coat; for many species, enzymes are required to assist this 
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process (Finch-Savage & Leubner-Metzger, 2006). The role of the seed coat is to control 

germination through dormancy and to limit the activity of physical and biological agents during 

seed storage (Koornneef, Bentsink, & Hilhorst, 2002). 

By affecting the hormonal balance in the seed, environmental situations including pH, 

temperature, and light via seeding depth can affect seed germination (Chachalis & Reddy, 2000; 

Koger, Reddy & Poston, 2004; Miransari & Smith, 2014). In particular, pH will affect the 

activity of all the enzymes in the plant and the availability of plant nutrients when the plant is 

growing in the soil (Roberts, 1988; Shoemaker & Carlson, 1990), not only at the cellular level 

but also in the plant’s tissues. In general, higher or lower pH could reduce germination either by 

limiting water imbibition by breaking the fabric or by directly influencing the structures that play 

an essential role in seed germination (Almansour et al., 2001). For example, at a low level of pH, 

potentially toxic Al and Mn increase, which leads to lower seed germination rate or weak plant 

growth. However, high-pH soil is high in Cr, Co, Ni, Fe, and Mg, all of which decrease the N, P, 

K, and Ca uptake of plants (Offore et al., 2014). 

When the temperature changes, genes that control the output of GA are upregulated, 

dormancy is released, and germination occurs (Finch-Savage & Leubner-Metzger, 2006). The 

temperature affects germination in many ways including moisture, hormonal production, and 

enzyme activity (Graae, Alsos, & Ejmaes, 2008). If the temperature is not optimal for seed 

germination, these enzymes may become inactive, meaning that a drastic change in temperature 

will significantly affect germination (Dove, 2010). The optimal temperature for rice seed to 

germinate is around 25°C. When the temperature increases to 43°C, the seed germination 

percentage drops from 97% to 10% (Liu et al., 2015). Cucumber seeds required double the 
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amount of time to reach 50% germination when the germination temperature decreased from 

20°C to 14°C (Zheng et al., 1994).  

Different depth of seeding also influences seed germination or seedling emergence. Most 

weed seedlings emerge under surface up to 15 cm (Bello et al., 2000; Shaw et al., 1991; Singh & 

Achhireddy 1984; Reddy & Singh 1992). The plants in general establish their first leaf in the soil 

soon after they sense the light (Jame & Cutforth, 2004), so the time needed for plants to develop 

their first leaf is related to the light penetration into the soil, which has a direct relationship with 

seeding depth. Seeding depth also affects germination temperature, soil moisture levels, and the 

length of the hypocotyl exposed to soil-borne pathogens (Chang et al., 2004). Duczek and 

Piening (1982) showed that soil temperature, the timing of seeding and seeding depth influenced 

the level of root rot. 

 Because GAs and ABA are more effective at different levels for different species (Baskin 

& Baskin, 1998), determining the best planting time for several species is a problematic and vital 

question for prairie restoration projects (Schramm, 1978). Schramm showed that cold 

stratification or other kinds of treatments for breaking seed dormancy can be used to address the 

different degrees of germination for both grass and forb seeds. It is also essential to understand 

the seed germination time of each species when developing a prairie seed mixture. For example, 

black-eyed Susan, Canada wild rye, purple coneflower, and blue vervain that germinate readily 

are all short-lived species that will not persist for an extended period and will not create a stable 

grassland ecosystem (Diboll, 1997). On the other hand, a seed mixture that only includes long-

lived species that have more inhibition of seed germination, such as lead plant, prairie dropseed, 

and compass plant, will require several years to create a stable ecosystem (Diboll, 1997). 
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1.3.3 Seedbed Preparation 

 Above and beyond the seeds used in prairie establishment projects, different seedbed 

preparations have also affected the results of prairie restoration. These preparations can be 

divided into two primary methods, which are pre-seedbed preparation or no management before 

planting (Foster et al., 2007; Mangold et al., 2007; Olson & Olson, 2016; Phillips-Mao et al., 

2015). There are many different types of preparation before planting, such as plowing (Foster et 

al., 2007), chemical burn (Foster & Jeannine, 2003), tilling (Brown & Bugg, 2001), mowing 

(Faser & Madson, 2008), and fire management (Déri et al., 2011).  

 Weed management is also highly related to seedbed preparation. Schramm (1978) 

reported that mowing and fire management are two ways of solving weed problems for prairie 

restoration. He also showed that when there was no preparation before the planting, prairie 

restoration projects faced significant weed problems. Specifically, after 8 to 10 years a lot of 

forbs that did not show up during the first two years began to flower.  

However, based on different situations, prairie can be planted in any number of ways 

with multiple reasons or goals. For example, Fraser and Madson (2008) planted a mixture of 20 

species after mowing the existing vegetation as seedbed preparation in March in Ohio. Martin 

and Wilsey (2006) began seeding for their restoration project in Iowa from June until early 

August. Picasso et al. (2008) conducted restoration projects at two sites in two different years in 

Iowa, but they had different seedbed preparation methods and different management methods 

during the establishment. There is still lack of knowledge about optimal seeding methods with 

seedbed preparation for establishing prairie for the short term in Ontario, Canada. As of 2018, no 

one has compared the seeding methods and seedbed preparation. The different combinations of 

grass and/or forbs species, seeding methods, and seedbed preparations at different locations will 
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also cause different results for the prairie restoration project (Schramm, 1978). Optimum seedbed 

preparation and seeding methods need to be created that could be used by Ontario golf courses to 

solve the secondary-rough management problem and facilitate better playability for golfers.  

1.4 Hypothesis and Objectives 

 The hypothesis guiding this study is that there are existing and optimal establishment 

protocol for small-scale prairie (black oak savannas) restoration on naturalized areas of 

roadsides, parks and golf courses. The objectives that guide this study are as follows:  

Objective 1: Determine the minimum preferred germination temperature, light quality, 

and soil pH for species typically used in restoration in Ontario.  

Objective 2: Determine how different seedbed preparations affect the establishment of 

prairies.  

Objective 3: Determine what seeding method (i.e., slot seeding or broadcast) is most 

effective for small-scale prairie restoration.  

The findings of this study are expected to increase the use of prairies for golf courses in urban 

environments by providing insight into how to successfully naturalize areas increasing 

ecosystem services by providing wildlife and pollinator habitats by restoring savanna species in 

Ontario. 
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Chapter 2: Greenhouse Experiment Design and Data Analysis 

2.1 Introduction 

Restoration projects are intended to recover a damaged ecosystem. Determining an 

ecologically-reasonable seed mixture is the key to a successful restoration project (Jiménez-

Alfaro et al., 2016) by establishing a high-diversity, low-maintenance prairie or savanna 

restoration. There are several different factors to be considered in determining an optimal seed 

mixture for a successful prairie restoration project. Although prairie restoration projects have 

been ongoing for a long time, there is still no research that shows the best species choice for 

prairie restoration in golf courses in Canada. Seed mixtures developed today are usually 

developed using price and number of species as the primary driver of the mixtures. Most prairie 

seed mixtures are not based on ecological or physiological information about creating an 

optimum seed mixture for a specific environment. An excellent seed mixture takes into 

consideration the time for germination (Schramm, 1978) and the appropriate pure live seed 

percentage for each species (Baskin & Baskin, 1998) as both of these affect the final composition 

of the final stand. Seed germination is an important phase in the plant life cycle because it is 

highly related with environmental stresses (Sanhueza et al., 2017). 

Seed germination starts with water uptake (Bewley, 1997; Finch-Savage & Leubner-

Metzger, 2006) and ends with the beginning of cell division and radicle protrusion (Bewley, 

1997). Many factors affect the process of seed germination by controlling the plant hormones, 

such as ABA, ethylene, GAs, and so on (Miransari & Smith, 2014). Seed dormancy blocks 

germination even under normally favorable environmental conditions for germination (Bewley, 

1997; Debeaujon et al,, 2000; Miransari & Smith, 2014). Baskin and Baskin (1998) reported that 

the signal receptors on the plasma membrane of the dormancy-breaking agents in embryonic 
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cells are related to seed germination. The hormonal balance in the seed affects the breaking of 

seed dormancy that can lead to seed germination (Miransari & Smith, 2014; Müller et al., 2006).  

Environmental factors such as water, pH, temperature and light can also affect the 

activity of plant hormones and seed receptor sensitivity (Finch-Savage & Leubner-Metzger, 

2006). In general, higher or lower pH directly breaks the balance of the plant cell solution 

concentration, which limits water uptake and reduces seed germination (Almansour et al., 2001; 

Offore et al., 2014). High or low temperature affects seed germination by reducing enzyme 

activity and decreasing hormone production (Dove, 2010). There are two types of grasses that 

depend on the different photosynthetic pathways; they are cool-season grasses use the C3 

photosynthetic pathway, and warm-season grasses use the C4 photosynthetic pathway (Qi & 

Redmann, 1993). Studies have been conducted to investigate the relationship between 

temperature and seed germination based on cool-season plants and warm-season plants. Corn 

seeds recorded as a warm season crop. Blacklow (1972) studies showed a linear relationship 

between the increase of temperature with germination percentage. Wheat seeds show a different 

relationship between seed germination with temperature. As the temperature increases from 10 to 

15 °C, the germination percentage significantly rises, but as the temperature increases from 15 to 

30 °C, the germination percentage decreases (Nyachiro et al., 2002). Germination is also directly 

related to seeding depth (Baskin & Baskin, 1993). Shallow seeding depth may lead to more 

germination than surface-lying seeds because it maintains a moist environment around the seeds 

(Ren et al., 2002). Seeding depth is also related with germination temperature, germination light 

quality and pest management for plant growth in the future (Chang et al., 2004). 

Different species require different environments for germination. To determine how to 

break the seed dormancy, the best planting time, the optimum seeding depth and seeding soil pH 
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with different species is the first step to create an optimum seed mixture. In addition, the general 

seed germination requirements need to be tested by experiment before creating the seed mixture 

for the Ontario prairie restoration project. Appropriate timing of seeding and seeding depth are 

also crucial as plants are sensitive to soil temperature and light for germination. In this chapter soil 

temperature, soil pH, and seeding depth were tested for their effects on germination. 

2.2 Seed Collection 

The seeds were supplied by a Canadian seed supplier (OSC, Waterloo, Ontario) and were 

based on availability and appropriateness for an Ontario restoration project. The germination 

studies determined the germination requirements for 17 prairie species. Seed of these species are 

readily available throughout Ontario. Mature seeds of individual species were provided by the 

seed company in consumer-ready commercial packets. The seeds had not undergone any special 

treatment. The seed packets were emptied into falcon tubes and stored at room temperature until 

use. 

The study spanned March 2017 to April 2018 at the University of Guelph, Ontario, 

Canada. The following were the species list for the germination studies: prairie blazing star 

(Liatris pycnostachya), oxeye sunflower (Heliopsis helianthoides), lanceleaf tickseed (Coreopsis 

lanceolata), black-eyed Susan (Rudbeckia hirta), blanket flower (Gaillardia grandiflora), pale 

purple coneflower (Echinacea pallida), purple prairie clover (Dalea purpurea), Canada 

milkvetch (Astragalus canadensis), Canada wild rye (Elymus canadensis), little bluestem 

(Schizachyrium scoparium), common milkweed (Asclepias syriaca), common sneezeweed 

(Helenium autumnale), round-headed bush clover (Lespedeza capitate), butterfly weed 

(Asclepias tuberosa), sand dropseed (Sporobolus cryptandrus), wild bergamot (Monarda 
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fistulosa), and wild lupine (Lupinus perennis). Table 2.1 gives the common name, scientific 

name, and the weather cold moist stratification CMS necessary or known for each species. 

Table 2.1: 17 native species for greenhouse studies in 2017 at Guelph, ON 
Common Name Scientific Name CMS1 Reference 

Prairie blazing star Liatris pycnostachya Y Riebkes et al., 2015 
Oxeye sunflower Heliopsis helianthoides Y Zlesak, 2007 

Williams, 2010 
Lanceleaf tickseed Coreopsis lanceolata Y Norcini & Aldrich, 

2007 
Black-eyed Susan Rudbeckia hirta N Williams, 2010 
Blanket flower Gaillardia grandiflora - - 
Purple coneflower Echinacea pallida Y Bratcher et al., 1993 
Purple prairie clover Dalea purpurea N Williams, 2010 
Canada milkvetch Astragalus canadensis Y Williams, 2010 
Canada wild rye Elymus canadensis N Williams, 2010 
Little bluestem Schizachyrium 

scoparium 
N Williams, 2010 

Common milkweed Asclepias syriaca - - 
Common Sneezeweed Helenium autumnale - - 
Round-headed bush 
clover 

Lespedeza capitate Y Martin, Miller & 
Cushwa, 1975 

Butterfly weed Asclepias tuberosa - - 
Sand dropseed Sporobolus 

cryptandrus 
- - 

Wild bergamot Monarda fistulosa - - 
Wild lupine Lupinus perennis - - 
1CMS stands for cold moist stratification. 
1Y=CMS improves germination  N=CMS does not improve germination and - = it 
is not known if CMS improves germination. 

 
2.3 Material and Methods  

 All of the experiments were a completely randomize block designed by using calcareous 

sand or granitic sand. We chose to germinate in sand based on the findings of Ma & Liang 

(2007) seed germination in soil is more reliable than seed germination in soil extracts. The first 

reason for using granitic or calcareous sand is that Southern Ontario is dominated by calcareous 

soils and sands and Northern Ontario is dominated by granitic soil and sands. Also, the pH of the 

soil ranges from around 5.4 to 7.7 throughout Ontario. In addition, granitic and calcareous sand 
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are representative types of sand in Ontario (Lauzon et al., 2005) as well as being frequently used 

in the golf industry. For example, calcareous sands are widely used in the construction of USGA 

root zones in North America (Johnson, Koenig & Kopp, 2003). Granitic and calcareous sands are 

often used for golf course topdressing because they have lower levels of organic matter 

(Turgeon, 1991). To understand the different pH of these two types of sand, we performed pH 

tests using the three methods described below:  

Sand (Hutcheson Sand, Barrie, ON) was collected from the storage piles at the Guelph 

Turfgrass Institute (GTI) in Guelph, Ontario, Canada. The soil was placed in a dry and clean area 

for approximately two weeks to make sure it was without moisture. One sample of each type and 

a 100 g sample of a 50% mixture of both types were placed in clean paper bags with labels. The 

sample bags were sent to the research center at the University of Guelph, Guelph, Ontario on 

March 17, 2017. The pH results for each sand type are presented in Table 2.2. 

Table 2.2: pH testing from the lab of University of Guelph 

Sample ID pH Results 
Calcareous sand 8.3 

Granitic sand 7.7 
Mix of two sands 8.2 

 
Another test was performed with new samples from the GTI as the results were 

unexpected and did not agree with the testing done by the supplier. The method of sand 

preparation was previous described above. Solutions of pH 4.00 and pH 7.00 were used to 

calibrate the pH meter in the research lab located in the Bovey Building, in the University of 

Guelph, Guelph, Ontario, Canada. Then the air-dried sand samples were passed through a sieve, 

and 40 mL of distilled water (DI water) was added to 25 g sand from each sample to create a 2:1 

water-to-soil solution. The solution was mixed with a glass rod and allowed to sit for 30 minutes, 

at which time the solution was stirred again and tested with the pH meter. Each sample was 
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measured three times to ensure accurate results. DI water was used to clean the pH meter before 

testing the next sample. The average of all results was calculated to determine the pH of each 

sand sample (Hanlon & Bartos, 1993), as shown in Table 2.3. 

Table 2.3: pH Testing Results from pH meter 

Sample ID pH Results 
Calcareous sand 8.3 

Granitic sand 6.45 
 
A third testing of the sand samples was performed using the preparation methods 

described above for the pH meter using pH indicating paper. The sand paste solution was mixed 

with a glass rod and allowed to sit for 30 minutes, at which time the solution was stirred again 

and tested by touching the glass rod to the pH paper. Before moving to the next sample, DI water 

was used to clean the glass rod.  

Table 2.4: pH Testing Results from pH paper 

Sample ID pH Results 
Calcareous sand 8 

Granitic sand 6 
 
Based on the results of all three methods, we decided to take the results for Calcareous 

sand pH with 8.3, and Granitic sand pH with 6.45. The result matches the testing done by the 

sand supplier and we believe it to be more reliable than the testing performed at the independent 

lab. 

2.3.1 The Effects of Two Types of Sand for the Seeds Germination 

 A randomized complete block design (RCBD) was used with four replications with 17 

species and two sand types, a high pH sand and low pH sand. The experiment was conducted 

from March 21-24, 2017. Each forb species has 64 seeds, and all seeds arrived from the seed 

supplier cleaned and dried. The 64 seeds were placed on plug trays (cell footprint: 12 x 24, 1.93 
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cm top x 3.18 cm depth, T.O. PLASTICS, USA), one by one, with an optimum depth of seeding 

for a 14-hour light cycle and 10-hour dark environment greenhouse (Hanson & Johnson, 2005; 

Zhang et al., 2015). The seeds were watered with DI water when needed, and transparent covers 

were placed on the seeding trays to keep the moisture in the sand during the experiment (Figure 

2.1). The first day of establishing the plots was recorded as day ‘0’. The different species 

combinations were randomized within each chamber. When the emerging radicle or cotyledon 

was about 2 mm, the seeds were recorded as germinated (Wang, 2005). Germination was 

recorded between 1 pm and 5 pm every day for up to 45 days until no seed emergence occurred 

in seeding trays. Recording the rate of seed germination daily, and determining the optimum 

germination sand type.  

 
Figure 2.1: Seeding trays used for germination experiment comparing germination of native 
species; two sand types with different levels of pH 

2.3.2 The Effects of Two Types of Sand for the Seed Germination with Cold Moist 

Stratification (CMS) 

A randomized complete block design (RCBD) was used with four replications and with 

eight species and two sand types from March 8 to April 21, 2018. Each prairie species had 10 

seeds per replication, and all seeds were cleaned and dried before the experiment. All nine 

species received the CMS treatment. The 10 seeds were placed on wet sand in Petri plates and 

stored in the refrigerator at 4°C for one month from February 5 to March 8, 2018 (Eckberg et al., 
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2015; Voigt 1997). The ten seeds were spread with the sand used in CMS seeding on the surface 

of the square plant pots (top outside: 6.60 cm, bottom outside: 4.19 cm, depth: 8.73 cm, T.O. 

PLASTICS, USA) and subjected to a 14-hour light cycle and 10-hour dark environment 

greenhouse (Figure 2.2) (Hanson & Johnson, 2005; Zhang et al., 2015). The seeded pots were 

then treated, germination was recorded, and seed germination was calculated as described above. 

 
Figure 2.2: Sand types experiment seeding tray 

2.3.3 The Effects of Seeding Depth for the Seed Germination 

A randomized complete block design (RCBD) was used with nine replications, with 17 

species and with five different levels of seeding depth (0 cm, 1.0 cm, 2.0 cm, 4.0 cm, and 8.0 

cm) from May 1 to June 19, 2017. Each prairie species had nine seeds per replication, and all 

seeds were cleaned and dried before the experiment. The nine seeds were placed in containers to 

facilitate different depths, one by one, in calcareous sand and subjected to a 14-hour light cycle 

and 10-hour dark environment greenhouse (Figure 2.3) (Hanson & Johnson, 2005; Zhang et al., 

2015). Containers were not covered but otherwise treated the same as described above and 

germination was determined in the same way. 
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Figure 2.3: Seeding depth experiment: seeding in containers to facilitate the placing of the seeds 
at different depths 

 
2.3.4 The Effects of Temperature for the Seed Germination 

 A randomized complete block design (RCBD) was used with two replications, with 17 

species and four different levels of temperature (8°C, 12°C, 16°C, and 22°C) from May 11 to 

December 10, 2017. Each prairie species had 25 seeds per temperature, and before the seeds sent 

for the experiment, all seeds were cleaned and dried by the seed supplier and ready for planting. 

The 25 seeds were placed on plug trays (cell footprint: 12 x 24, 1.93 cm top x 3.18 cm depth, 

T.O. PLASTICS, USA), one by one, in calcareous sand with seeding on the surface and 

subjected to a 14-hour light cycle and 10-hour dark cycle in a temperature controlled growth 

chamber (Figure 2.4) (Cortese Chaves & Bonos, 2016). The seeds were treated as described 

previously for germination studies, and germination was recorded as previously described. 

 
Figure 2.4: Seeding temperature experiment: seeding tray 
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2.3.5 The Effects of Temperature on the Seed Germination with CMS 

A randomized complete block design (RCBD) was used with two replications, with eight 

species and two different levels of temperature (8°C and 12°C) between March 8 and April 21, 

2018. Each prairie species has 20 seeds per temperature and 4 replications, and all seeds were 

cleaned and dried before the experiment by the recorded from the seed supplier. All nine species 

were subjected to CMS treatment as described previously. The plug trays (cell footprint: 5 x 10, 

4.38 cm top x 6.03 cm depth, T.O. PLASTICS, USA) were then seeded and treated as previously 

described and placed in temperature controlled growth cabinets (figure 2.5).   

 
Figure 2.5: Seeding temperature experiment: seeding tray in a temperature-controlled growth 
cabinet. 

 
2.3.6 Statistical Analysis 

Data analyses were based on Scott et al. (1984). Each experiment used a completely 

randomized block design. Germination percentage is a useful index that most germination 

studies use. The dependent variable for this study was the seed germination percentage and the 

number of days until germination occurred (germination days), and the independent variables 

were the sand types, seeding depth and temperature. All analyses were performed in SAS 9.4 

(SAS Institute 2002-2012), using PROC GLIMMIX with a Binomial distribution for germination 
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percentage and PROC GLIMMIX with a Poisson distribution for days for germinating. The fixed 

effect was sand type, seeding depth, and temperature, and the random effect was block. 

The significance of the fixed effects was tested by using analysis of variance (ANOVA). 

The ANOVA table shows if there is an interaction between species*sand, species*seeding depth, 

and species*temperature for both germination percentage test and days for germination test at a 

confidence level of 0.05 (see Table 6.2 in Appendices). Tukey’s HSD test was used to compare 

the means for different sand types, different levels of pH, and different seeding depths by each 

species, and the normality of the residuals was tested using a Shapiro-Wilk test for the dependent 

variable. PROC PROBIT was used for determining the days for reaching 50% germination.  

2.4 Results  

2.4.1 Two Sand Types Germination Study in Greenhouse without CMS 

Only eight species had different germination percentages in the different types of sand, of 

them, seven species showed higher germination in calcareous sand where common sneezeweed 

show a higher germination percentage in the granitic sand (40%) than in granitic sand (60%) 

(Table 2.5). This suggests that most of these species prefer a higher pH level sand to a lower pH 

sand. 

Canada milkvetch, Canada wild rye, common milkweed, blanket flower, little bluestem, 

lupine, pale purple coneflower, purple prairie clover, round-headed bush clover, common 

sneezeweed, and wild bergamot differ in the number of days to germination between calcareous 

sand and granitic sand, and these species have shorter time to germination in calcareous than 

granitic sand (Table 2.6). 

 In comparing germination percentage and days for germination, we find that Canada 

milkvetch, Canada wild rye, blanket flower, lupine, and wild bergamot have higher germination 
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percentages and shorter days to germination in both calcareous sand than granitic sand 

comparing than other species. Fewer days to germination in calcareous sand (12) than in granitic 

sand (15). Other species including common milkweed, little bluestem, purple prairie clover, and 

round-headed bush clover have fewer days for germination in the calcareous sand than in granitic 

sand, but there are no significant differences in germination percentages between the two types 

of sand for these four species. Lanceleaf tickseed and oxeye sunflower are not significantly 

different in terms of days to germination, but there is significant difference between germination 

percentage in each type of sand, with both species having a higher germination percentage in 

calcareous sand than in granitic sand.   

The GT50 (days required for 50% seed germination) values ranged from 9 days to 32 

days for calcareous sand except for blazing star, common milkweed, and ox-eye sunflower for 

which 50% germination could not be calculated for 45-day trial (Table 2.7). The quickest species 

to germinate was the blanket flower, and the slowest-growing species was little bluestem in 

calcareous sand. Sand dropseed only needed 22 days to reach 50% germination percentage, and 

wild bergamot needed 39 days for 50% germination percentage. 
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Table 2.5: Effect of sand types on germination capacity of 3 native grass (top) and 14 native 
forbs (below) without CMS in 2017 in greenhouse for 45 days at Guelph, ON 

Species Sand Type Rank  GP (%)1 SE2 Pr >  3 
Elymus canadensis        Granitic 4 49 3.73 0.0036 
   Canada wild rye Calcareous 3 64 3.57  
Schizachyrium scoparium  Granitic 11 32 3.49 0.0772 
   Little bluestem Calcareous 12 41 3.67  
Sporobolus cryptandrus           Granitic 1 64 3.59 0.1425 
   Sand dropseed Calcareous 5 56 3.7  

      
Asclepia syriaca         Granitic 4 49 3.73 0.0036 
   Common milkweed Calcareous 3 64 3.57  
Asclepia tuberosa           Granitic 3 51 3.72 0.3697 
   Butterfly weed Calcareous 6 56 3.7  
Astragalus canadensis          Granitic 16 1 0.72 < .0001 
   Canada milkvetch Calcareous 1 67 3.49  
Coreopsis lanceolata        Granitic 13 25 3.22 < .0001 
   Lanceleaf tickseed Calcareous 9 45 3.71  
Dalea purpurea                 Granitic 9 42 3.67 0.8207 
   Purple prairie clover Calcareous 11 43 3.69  
Echinacea pallida                Granitic 6 45 3.71 0.2418 
   Pale purple coneflower Calcareous 7 51 3.72  
Helenium autumnale            Granitic 2 53 3.72 0.0148 
   Common sneezeweed Calcareous 14 40 3.65  
Heliopsis helianthoides         Granitic 15 11 2.29 0.0095 
   Oxeye sunflower Calcareous 15 21 3.02  
Gaillardia grandiflora              Granitic 5 47 3.72 0.0007 
   Blanket flower Calcareous 2 65 3.56  
Lespedeza capitata            Granitic 8 42 3.68 0.5636 
   Round headed-bush clover Calcareous 8 45 3.71  
Liatris pycnostachya Granitic 17 0 2.36-6 0.9753 
   Blazing star Calcareous 17 8 7.7  
Lupinus perennis               Granitic 7 42 3.68 0.0031 
   Lupine Calcareous 4 58 3.68  
Monarda fistulosa                Granitic 12 27 3.32 0.0094 
   Wild bergamot Calcareous 13 40 3.02  
Rubdeckia hirta                  Granitic 10 38 3.61 0.1885 
   Black-eyed Susan Calcareous 10 45 3.71  
1GP stands for germination percentage.  2SE stands for standard error.  3Significant effects 
(p < 0.05) are indicated in bold.  
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Table 2.6: Effect of sand type on time to first germination of 3 native grass (top) and 14 native 
forbs (below) without cold moist stratification in 2017 in greenhouse for 45 days at Guelph, ON 

Species Sand Type Rank  DG1 SE2 Pr >  F3 
Elymus canadensis        
   Canada wild rye 

Granitic 10 13 0.5391 < .0001 
Calcareous 11 10 0.4194  

Schizachyrium scoparium  
   Little bluestem 

Granitic 11 15 0.6739 < .0001 
Calcareous 6 8 0.4924  

Sporobolus cryptandrus           
   Sand dropseed 

Granitic 8 13 0.4674 0.1462 
Calcareous 17 14 0.5344  

      
Asclepia syriaca         
   Common milkweed 

Granitic 15 20 1.1267 < .0001 
Calcareous 13 10 0.8542  

Asclepia tuberosa           
   Butterfly weed 

Granitic 16 8 0.4409 0.8344 
Calcareous 12 8 0.4338  

Astragalus canadensis          
   Canada milkvetch 

Granitic 9 33 4.0311 < .0001 
Calcareous 10 10 0.4291  

Coreopsis lanceolata        
   Lanceleaf tickseed 

Granitic 2 8 0.6616 0.6214 
Calcareous 5 8 0.4824  

Dalea purpurea                 
   Purple prairie clover 

Granitic 5 9 0.5206 0.0073 
Calcareous 3 8 0.4841  

Echinacea pallida                
   Pale purple coneflower 

Granitic 6 11 0.5186 0.0105 
Calcareous 8 9 0.4847  

Helenium autumnale            
   Common sneezeweed 

Granitic 12 15 0.528 0.0005 
Calcareous 16 12 0.597  

Heliopsis helianthoides         
   Oxeye sunflower 

Granitic 1 8 1 0.5586 
Calcareous 7 9 0.7395  

Gaillardia grandiflora              
   Blanket flower 

Granitic 7 12 0.5557 < .0001 
Calcareous 1 6 0.3638  

Lespedeza capitata            
   Round headed-bush clover 

Granitic 13 15 0.631 < .0001 
Calcareous 15 11 0.5419  

Liatris pycnostachya 
   Blazing star 

Granitic ND ND ND ND 
Calcareous 9 9 1.2247  

Lupinus perennis               
   Lupine 

Granitic 3 9 0.5071 0.007 
Calcareous 2 7 0.4095  

Monarda fistulosa                
   Wild bergamot 

Granitic 14 18 0.7833 < .0001 
Calcareous 14 11 0.5429  

Rubdeckia hirta                  
   Black-eyed Susan 

Granitic 4 9 0.4984 0.0152 
Calcareous 4 8 0.4199  

1GD stands for days to first germination.  2SE stands for standard error.  
3Significant effects (p < 0.05) are indicated in bold. 
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Table 2.7: Effect of sand type on GT50 of 3 native grass (top) and 14 native forbs (below) 
without cold moist stratification in 2017 in greenhouse for 45 days at Guelph, ON 

Species Sand Type GT 50 
(Days)1 

95% Confidence Interval2 

LB3 UB4 

Elymus canadensis        
   Canada wild rye 

Granitic 14 11.2 16.1 
Calcareous 24 22.4 25.5 

Schizachyrium scoparium  
   Little bluestem 

Granitic 32 29 36.9 
Calcareous 37 35.2 39.5 

Sporobolus cryptandrus           
   Sand dropseed 

Granitic 20 18 21.8 
Calcareous 16 14.6 17.8 

 
Asclepia syriaca         
   Common milkweed 

Granitic 69 60.9 81.1 
Calcareous 53 48.8 58.1 

Asclepia tuberosa           
   Butterfly weed 

Granitic 18 12.1 22.5 
Calcareous 22 19 25.6 

Astragalus canadensis          
   Canada milkvetch 

Granitic 13 10.2 15.4 
Calcareous 73 62.5 96.7 

Coreopsis lanceolata        
   Lanceleaf tickseed 

Granitic 29 26.3 31.7 
Calcareous 64 55.9 76.2 

Dalea purpurea                 
   Purple prairie clover 

Granitic 32 28.7 36.7 
Calcareous 32 29.7 33.9 

Echinacea pallida                
   Pale purple coneflower 

Granitic 22 18.8 24.8 
Calcareous 27 25.2 29.2 

Helenium autumnale            
   Common sneezeweed 

Granitic 31 27.7 36.2 
Calcareous 22 20.1 23.7 

Heliopsis helianthoides         
   Oxeye sunflower 

Granitic 75 59.2 110.9 
Calcareous 128 97.9 199.7 

Gaillardia grandiflora              
   Blanket flower 

Granitic 9 3.9 12.4 
Calcareous 26 23.9 27.3 

Lespedeza capitata            
   Round headed-bush clover 

Granitic 27 25.3 29.6 
Calcareous 28 26.4 30.6 

Liatris pycnostachya 
   Blazing star 

Granitic 132 100 222.2 
Calcareous ND ND ND 

Lupinus perennis               
   Lupine 

Granitic 15 11.3 18.2 
Calcareous 32 29.5 33.9 

Monarda fistulosa                
   Wild bergamot 

Granitic 32 28.8 35.5 
Calcareous 39 36.8 41.2 

Rubdeckia hirta                  
   Black-eyed Susan 

Granitic 29 26.6 31.7 
Calcareous 36 32.9 39.5 

 1GT50 is number of days required for 50% germination.  2GT50 values with 95% 
confidence intervals from the PROBIT regression analysis for each species. 16 seeds 
per seeding tray for 4 replications, and the measurements used for the PROBIT 
analysis were expressed as mean accumulative germination data at the end of 45 
days.  3LB stands for lower bound.  4UB stands for upper bound.  
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2.4.2 Effect of pH on Germination with Cold Moist Stratification 

We chose 9 of the 17 species to use in our investigation of the optimum sand type for 

these native forbs to germinate. CMS increased germination percentage for most species, but 

CMS does not influence the preference for high or low pH. After cold moist stratification, 

butterfly weed, common milkweed, lanceleaf tickseed, blanket flower, sand dropseed, and wild 

bergamot had significantly higher germination percentages in calcareous sand. Lanceleaf 

tickseed, blanket flower, and wild bergamot had the same results with and without cold moist 

stratification. Butterfly weed, common milkweed, and sand dropseed showed significantly higher 

germination rates in the calcareous sand than granitic sand (Table 2.8). Sneezeweed is the only 

species that had different results with or without CMS, with a higher germination rate in granitic 

sand without CMS (Table 2.8). After the pre-treatment, sneezeweed had no significant difference 

in germination between calcareous sand and granitic sand. Common milkweed, lupine, pale 

purple coneflower, and wild bergamot germinated more quickly in the calcareous sand than in 

the granitic sand without CMS, but after CMS, blanket flower was the only species that had a 

significant difference in days to germination between the two types of sand, with fewer days in 

granitic sand (Table 2.9). 

Cold moist stratification is a useful way to decrease the days for germination compared 

with no seed treatment. As shown in Table 2.10, all nine species reached 50% germination in 45 

days. GT 50 values ranged from 2 days to 23 days for calcareous sand, and 5 days to 44 days for 

granitic sand. 
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Table 2.8: Effect of sand type germination capacity of 1 native grass (top) and 8 native forbs 
(below) with cold moist stratification germination percentage (%) in 2018 in greenhouse for 45 
days at Guelph, ON 

Species Sand Type Rank GP (%)1 SE2 Pr >  F3 

Sporobolus cryptandrus Granitic 5 60 3.658 < .0001 
   Sand dropseed Calcareous 2 83 2.811  

      
Asclepias syriaca Granitic 9 31 3.449 0.0002 
   Common milkweed Calcareous 9 50 3.727  
Asclepias tuberosa Granitic 6 57 3.695 0.0008 
   Butterfly weed Calcareous 6 74 3.283  
Coreopsis lanceolata Granitic 4 64 3.585 0.0016 
   Lanceleaf tickseed Calcareous 4 79 3.039  
Echinacea pallida Granitic 2 79 3.053 0.2774 
   Pale purple coneflower Calcareous 5 74 3.278  
Helenium autumnale Granitic 3 72 3.343 0.9532 
   Common sneezeweed Calcareous 7 72 3.353  
Gaillardia grandiflora Granitic 7 41 3.66 < .0001 
   Blanket flower Calcareous 3 79 3.021  
Lupinus perennis Granitic 1 89 2.342 0.7319 
   Lupine Calcareous 1 90 2.236  
Monarda fistulosa Granitic 8 33 3.514 < .0001 
   Wild bergamot Calcareous 8 61 3.628  
1GP stands for germination percentage  2SE stands for standard error  3Significant 
effects (p < 0.05) are indicated in bold. 
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Table 2.9: Effect of sand types on germination capacity of 1 native grass (top) and 8 native forbs 
(below) with cold moist stratification days of germinated in 2018 in greenhouse for 45 days at 
Guelph, ON 

Species Sand Type Rank DG1 SE2 Pr >  F3 

Sporobolus cryptandrus Granitic 6 8 0.5249 0.1589 
   Sand dropseed Calcareous 4 7 0.4219  

      
Asclepias syriaca Granitic 9 13 0.8784 0.1778 
   Common milkweed Calcareous 9 15 0.7717  
Asclepias tuberosa Granitic 5 7 0.5146 0.8672 
   Butterfly weed Calcareous 5 7 0.4537  
Coreopsis lanceolata Granitic 4 7 0.4828 0.7206 
   Lanceleaf tickseed Calcareous 3 7 0.4558  
Echinacea pallida Granitic 8 9 0.4795 0.096 
   Pale purple coneflower Calcareous 6 8 0.4539  
Helenium autumnale Granitic 3 7 0.4474 0.1409 
   Common sneezeweed Calcareous 2 6 0.4216  
Gaillardia grandiflora Granitic 1 5 0.55 0.0004 
   Blanket flower Calcareous 7 8 0.4715  
Lupinus perennis Granitic 2 6 0.3857 0.5168 
   Lupine Calcareous 1 6 0.3742  
Monarda fistulosa Granitic 7 9 0.7289 0.4969 
   Wild bergamot Calcareous 8 9 0.5518  
1DG stands for days for germination  2SE stands for standard error  3Significant effects (p 
< 0.05) are indicated in bold. 
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Table 2.10: Effect of sand type on GT50 of 1native grass (top) and 8 native forbs (below) with 
cold moist stratification in 2018 in greenhouse for 45 days at Guelph, ON 

Species Sand Type GT50 
(days)1 

95% Fiducial Limits2 

LB3 UB4 

Sporobolus cryptandrus Granitic 15 10.6 18 
   Sand dropseed Calcareous 4 -1 7.5 

     
Asclepias syriaca Granitic 39 6.5 41.9 
   Common milkweed Calcareous 23 21.8 24.7 
Asclepias tuberosa Granitic 16 12.6 19.3 
   Butterfly weed Calcareous 6 2.1 8.9 
Coreopsis lanceolata Granitic 10 5.7 12.8 
   Lanceleaf tickseed Calcareous 3 -1.1 6.6 
Echinacea pallida Granitic 8 4.4 11.5 
   Pale purple coneflower Calcareous 8 5.3 10.5 
Helenium autumnale Granitic 5 -1.7 9.9 
   Common sneezeweed Calcareous 2 -4.3 5.7 
Gaillardia grandiflora Granitic 40 34.7 49.8 
   Blanket flower Calcareous 8 3.8 10.5 
Lupinus perennis Granitic 5 5 5.9 
   Lupine Calcareous 5 4.7 5.4 
Monarda fistulosa Granitic 44 38.6 53.1 
   Wild bergamot Calcareous 15 12.3 17.6 
1GT50 is number of days required for 50% germination.  2GT50 values with 
95% confidence intervals from the PROBIT regression analysis for each species. 
10 seeds per seeding tray for 4 replications, and the measurements used for the 
PROBIT analysis were expressed as mean accumulative germination data at the 
end of 45 days.  3LB stands for lower bound.  4UB stands for upper bound. 

 
2.4.3 Seeding Depth Germination Study in Greenhouse without CMS 

There is an interaction between germination rate and seeding depth and between days to 

germination and seeding depth in each species (see Table 6.2 in Appendices). Black-eyed Susan, 

butterfly weed, Canada milkvetch, Canada wild rye, lanceleaf tickseed, blanket flower, little 

bluestem, lupine, purple prairie clover, sneezeweed, and wild bergamot showed significant 

differences in germination capacity with five levels of seeding depth (Table 2.11). For black-

eyed Susan, the optimum seeding depth was 1 cm as indicated by the highest germination 
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capacity at 64%. Maximum germination for butterfly weed was attained at 1 and 2 cm. Lanceleaf 

tickseed, sneezeweed, and wild bergamot had the highest germination percentages of 51 %, 45%, 

and 55% when they were placed on the surface of the soil (0 cm). Blanket flower’s optimum 

seeding depth was 1 cm with 43% germination, little bluestem’s optimum seeding depth was 2 

cm with 43% germination, and Canada milkvetch’s optimum seeding depth was 4 cm with 46% 

germination. Lupine and purple prairie had multiple optimum seeding depths. Lupine had higher 

germination percentages of around 45% in 1 cm, 2 cm, and 4 cm. Purple prairie grew better at 1 

cm and 2 cm, up to about 65% germination. Most species prefer seeding depths of 1 cm and 2 

cm, and had low germination percentage at 8 cm of depth. 

Black-eyed Susan, little bluestem, lupine, purple prairie clover, sand dropseed, and wild 

bergamot had significant differences in days to seeding at different depths (Table 2.12). Black-

eyed Susan had fewer days to germination with seeding depth of 0 cm and 1 cm (around 15 days) 

and longer germination days for 2 cm (27 days). Little bluestem seeds germinated more quickly 

at 8 cm than at other seeding depths. Lupine, wild bergamot, and sand dropseed had shorter 

germination days when seeded at 4 cm. Purple prairie clover germinated fastest at the seeding 

depth of 2 cm. 

Comparing the table for seed germination percentage and the table about the days for 

germination, black-eyed Susan had higher germination percentage and shorter germination time 

at 1 cm seeding depth. Purple prairie clover sprouted more and more quickly at 2 cm seeding 

depth. Little bluestem, wild bergamot, and sand dropseed all had higher germination percentages 

at shallower seeding depths, but shorter germination days at deeper seeding depths. 

 GT50 values ranged from 21 days to 42 days at seeding depth of 0 cm. Blazing star, 

Canada milkvetch, common milkweed were three species cannot reach 50% germination in 45 
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days at 0 cm seeding depth (Table 2.13). GT50 values at seeding depth of 1 cm, the germinated 

days ranged from 11 days to 45 days. Common milkweed, little bluestem, pale purple 

coneflower, round-headed bush clover, and sneezeweed did not germinate 50% during 45 days at 

1 cm seeding depth (Table 2.13). The range from 11 days to 44 days and 26 days to 42 days were 

for seeding depth at 2 cm and 4 cm. Nine species did not reach 50% germination within seeding 

depth at 2 cm, and 11 species did not reach 50% germination within seeding depth at 4 cm. 

Blazing star, Canada milkvetch, and Canada wild rye were the only three species had 50% 

germination after 45 days planting within seeding depth at 8 cm. Blanket flower, little bluestem, 

and wild bergamot had no seed germination during 45 days within seeding depth at 8 cm.  

 
Table 2.11: Effect of seeding depth on germination capacity of 3 native grass (top) and 14 native 
forbs (below)  without cold moist stratification germination percentage (%) in 2017 in 
greenhouse for 45 days at Guelph, ON 

Species SD (cm)1 Rank GP2 SE3 Pr >  F4 

Elymus canadensis        
   Canada wild rye 
 

0 cm 11 27 b 6.649 0.0005 
1 cm 3 64 a 7.147  
2 cm 2 54 a 7.426  
4 cm 4 30 b 6.855  
8 cm 1 29 b 6.739  

Schizachyrium scoparium  
   Little bluestem 
 

0 cm 12 25 ab 6.45 0.013 
1 cm 13 20 b 5.99  
2 cm 5 43 a 7.374  
4 cm 8 20 b 6.017  
8 cm 12 10 b 4.497  

Sporobolus cryptandrus           
   Sand dropseed 
 

0 cm 13 23 a 6.317 0.3637 
1 cm 7 33 a 7.014  
2 cm 9 18 a 5.73  
4 cm 5 27 a 6.611  
8 cm 7 17 a 5.572  

      
Asclepia syriaca         
   Common milkweed 

 

0 cm 14 23 ab 6.27 0.1628 
1 cm 10 21 ab 6.07  
2 cm 10 17 b 5.637  
4 cm 3 38 a 7.227  
8 cm 6 19 b 5.791  
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Species SD (cm)1 Rank GP2 SE3 Pr >  F4 

Asclepia tuberosa           
   Butterfly weed 
 

0 cm 10 28 bc 6.668 0.0002 
1 cm 4 48 a 7.45  
2 cm 3 47 ab 7.439  
4 cm 11 11 c 4.73  
8 cm 8 16 c 5.506  

Astragalus canadensis          
   Canada milkvetch 
 

0 cm 17 17 b 5.637 0.0023 
1 cm 16 12 b 4.904  
2 cm 12 16 b 5.438  
4 cm 1 46 a 7.432  
8 cm 2 22 b 6.197  

Coreopsis lanceolata        
   Lanceleaf tickseed 
 

0 cm 2 51 a 7.452 0.0001 

1 cm 8 33 ab 7.001  
2 cm 13 15 bc 5.368  
4 cm 7 23 b 6.293  
8 cm 16 4 c 3.072  

Dalea purpurea                 
   Purple prairie clover 
 

0 cm 4 39 b 7.28 < .0001 
1 cm 1 66 a 7.078  
2 cm 1 66 a 7.065  
4 cm 6 26 bc 6.573  
8 cm 10 14 c 5.184  

Echinacea pallida                
   Pale purple coneflower 
 

0 cm 7 30 a 6.823 0.1542 
1 cm 12 21 ab 6.044  
2 cm 14 13 ab 4.987  
4 cm 12 11 b 4.685  
8 cm 9 15 ab 5.332  

Helenium autumnale            
   Common sneezeweed 
 

0 cm 3 45 a 7.422 < .0001 
1 cm 17 9 b 4.242  
2 cm 17 4 b 2.989  
4 cm 17 3 b 2.628  
8 cm 14 8 b 4.134  

Heliopsis helianthoides         
   Oxeye sunflower 

       

0 cm 15 22 a 6.173 0.8449 
1 cm 9 26 a 6.512  
2 cm 11 16 a 5.438  
4 cm 9 20 a 5.935  
8 cm 4 22 a 6.148  

Gaillardia grandiflora              
   Blanket flower 

 

0 cm 5 39 a 7.271 0.0003 
1 cm 5 43 a 7.374  
2 cm 6 25 ab 6.471  
4 cm 15 7 c 3.904  
8 cm 13 9 bc 4.347  
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Species SD (cm)1 Rank GP2 SE3 Pr >  F4 
Lespedeza capitata            
   Round headed-bush clover 

 

0 cm 9 28 a 6.668 0.0795 
1 cm 14 19 ab 5.82  
2 cm 15 13 ab 4.946  
4 cm 16 4 b 3.072  
8 cm 5 2 a 6.097  

Liatris pycnostachya 
   Blazing star 

 

0 cm 8 30 b 6.823 0.0473 
1 cm 2 64 a 7.136  
2 cm 7 23 bc 6.317  
4 cm 10 18 bc 5.761  
8 cm 11 11 c 4.73  

Lupinus perennis               
   Lupine 

 

0 cm 6 35 a 7.09 0.0072 
1 cm 6 42 a 7.351  
2 cm 4 43 a 7.374  
4 cm 2 44 a 7.407  
8 cm 15 8 b 3.963  

Monarda fistulosa                
   Wild bergamot 

 

0 cm 1 55 a 7.411 < .0001 
1 cm 15 11 a 5.027  
2 cm 16 12 a 4.818  
4 cm 13 9 a 4.242  
8 cm 17 0 a 0.006  

Rubdeckia hirta                  
   Black-eyed Susan 

 

0 cm 16 20 a 5.907 0.4454 
1 cm 11 21 a 6.07  
2 cm 8 19 a 5.878  
4 cm 14 8 bc 4.021  
8 cm 3 22 a 6.197   

1SD stands for seeding depth includes 0 cm, 1 cm, 2 cm, 4 cm, and 8 cm.  2GP 
stands for germination percentage, and letters show the statistic comparison 
for each individual germination percentage on specific seeding depth. 
Different letters mean significant difference between each seeding depth for 
this species.  3SE stands for standard error.  4Significant effects (p < 0.05) are 
indicated in bold. 
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Table 2.12: Effect of seeding of depth on time for first germination of 3 native grass (top) and 14 
native forbs (below) without cold moist stratification in greenhouse for 45 days at Guelph, ON 

Species SD (cm)1 Rank GD2 SE3 Pr >  F4 

Elymus canadensis        
   Canada wild rye 
 

0 cm 1 9 c 1.7321 0.052 
1 cm 5 11 bc 1.3744  
2 cm 6 15 ab 1.4428  
4 cm 7 15 ab 1.9526  
8 cm 7 17 a 2.0616  

Schizachyrium scoparium  
   Little bluestem 
 

0 cm 12 21 a 2.2776 0.0317 
1 cm 10 19 a 2.4944  
2 cm 2 11 bc 1.51  
4 cm 9 18 a 2.4721  
8 cm 1 5 b 2.2361  

Sporobolus cryptandrus           
   Sand dropseed 
 

0 cm 16 27 a 2.3238 0.0032 
1 cm 13 21 a 1.8708  
2 cm 12 22 a 2.6874  
4 cm 2 10 b 1.7951  
8 cm 13 23 a 2.7889  

      
Asclepia syriaca         
   Common milkweed 

 

0 cm 4  15 a 2.2381 0.276 
1 cm 9 18 a 2.4267  
2 cm 13 23 a 2.7487  
4 cm 11 21 a 1.884  
8 cm 11 21 a 2.6458  

Asclepia tuberosa           
   Butterfly weed 
 

0 cm 6 18 a 2.1213 0.05555 
1 cm 3 11 b 1.4832  
2 cm 5 14 ab 1.5456  
4 cm 10 19 a 2.4944  
8 cm 5 13 ab 2.0548  

Astragalus canadensis          
   Canada milkvetch 
 

0 cm 14 23 a 2.7487 0.0066 

1 cm 17 29 a 3.1269  
2 cm 14 25 a 2.8674  
4 cm 6 15 b 1.5723  
8 cm 15 24 ab 2.4238  

Coreopsis lanceolata        
   Lanceleaf tickseed 
 

0 cm 11 20 a 1.5861 0.5249 

1 cm 11 19 a 1.9698  
2 cm 7 15 a 2.7366  
4 cm 13 22 a 2.3318  
8 cm 10 19 a 3.0414  
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Species SD (cm)1 Rank GD2 SE3 Pr >  F4 
Dalea purpurea                 
   Purple prairie clover 
 

0 cm 8 19 a 1.7951 < .0001 

1 cm 1 8 b 1.069  
2 cm 1 8 b 1.0595  
4 cm 5 10 b 1.8559  
8 cm 9 18 a 2.958  

Echinacea pallida                
   Pale purple coneflower 
 

0 cm 2 9 ab 1.068 0.0603 
1 cm 4 11 a 1.354  
2 cm 4 12 a 1.2055  
4 cm 1 10 ab 1.1693  
8 cm 2 7 b 0.9897  

Helenium autumnale            
   Common sneezeweed 
 

0 cm 13 22 ab 1.7786 0.0505 
1 cm 2 10 b 3.1623  
2 cm 16 29 a 5.3852  
4 cm 17 33 a 5.7446  
8 cm 4 12 b 3.4641  

Heliopsis helianthoides         
   Oxeye sunflower 

       

0 cm 10 20 b 2.5604 0.1841 

1 cm 15 25 ab 2.5125  
2 cm 9 20 b 2.582  
4 cm 16 30 a 3.873  
8 cm 16 24 ab 2.4238  

Gaillardia grandiflora              
   Blanket flower 

 

0 cm 3 14 b 1.6971 0.1118 
1 cm 8 17 ab 1.6951  
2 cm 10 21 a 2.2638  
4 cm 8 16 ab 4  
8 cm 3 8 b 2.8284  

Lespedeza capitata            
   Round headed-bush clover 

 

0 cm 17 27 a 2.1344 0.0849 
1 cm 12 21 a 2.6247  
2 cm 11 21 a 3.2016  
4 cm 14 28 a 5.2915  
8 cm 8 17 a 2.4037  

Liatris pycnostachya 
   Blazing star 

 

0 cm 5 16 bc 1.9843 0.0006 

1 cm 7 13 c 1.293  
2 cm 15 27 a 2.3238  
4 cm 12 21ab 2.6667  
8 cm 12 23 ab 3.3912  



 
45 

Species SD (cm)1 Rank GD2 SE3 Pr >  F4 
Lupinus perennis               
   Lupine 

 

0 cm 5 23 a 1.9437 0.0003 
1 cm 6 12 a 1.562  
2 cm 3 11 a 1.51  
4 cm 3 10 a 1.4142  
8 cm 6 15 ab 3.873  

Monarda fistulosa                
   Wild bergamot 

 

0 cm 7 18 b 1.5 0.0033 
1 cm 16 28 a 3.0732  
2 cm 17 30 a 3.1623  
4 cm 4 10 b 3.1625  
8 cm 17 ND ND  

Rubdeckia hirta                  
   Black-eyed Susan 

 

0 cm 5 16 bc 1.9843 0.0006 

1 cm 7 13 c 1.293  
2 cm 15 27 a 2.3238  
4 cm 12 21ab 2.6667  
8 cm 12 23 ab 3.3912   

1SD stands for seeding depth includes 0 cm, 1 cm, 2 cm, 4 cm, and 8 cm.  2GD stands for 
number of days for germination. Letters show the statistic comparison for each individual 
days for germination on specific seeding depth. Different letters mean significant 
difference between each seeding depth for this species.  3SE stands for standard error.  
4Significant effects (p < 0.05) are indicated in bold.  
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Table 2.13: Effect of seeding depth on GT50 of 3 native grass (top) and 14 native forbs (below) 
without cold moist stratification in 2017 in greenhouse for 45 days at Guelph, ON 

Species SD 
(cm)1 

GT 50 
(Days)2 

95% Confidence Interval3 

LB4 UB5 

Elymus canadensis        
   Canada wild rye 
 

0 cm 55 43 93.1 
1 cm 15 11.9 17.5 
2 cm 20 17.4 23.2 
4 cm 40 34.9 48.3 
8 cm 41 36 49.8 

Schizachyrium scoparium  
   Little bluestem 
 

0 cm 40 36 44.9 
1 cm 51 43.4 66 
2 cm 30 25.4 34.8 
4 cm 50 42.9 64.1 
8 cm ND ND ND 

Sporobolus cryptandrus           
   Sand dropseed 
 

0 cm 37 34.7 39.5 
1 cm 34 31 38.1 
2 cm 51 43.7 63.3 
4 cm 52 41.8 78.1 
8 cm 45 40.9 51.9 

 
Asclepia syriaca         
   Common milkweed 

 

0 cm 56 45.1 84.5 
1 cm 47 41.4 58.6 
2 cm 50 43.8 62.7 
4 cm 30 27.7 32.7 
8 cm 46 41.1 54.6 

Asclepia tuberosa           
   Butterfly weed 
 

0 cm 42 36.9 51.7 
1 cm 24 21.6 27.1 
2 cm 26 22.7 27.7 
4 cm 55 47.2 69.2 
8 cm 66 51.5 107 

Astragalus canadensis          
   Canada milkvetch 
 

0 cm 47 41.8 55.3 
1 cm 44 41.2 49.1 
2 cm 46 41.8 53.9 
4 cm 26 22.5 30.4 
8 cm 40 36.7 44.2 

Coreopsis lanceolata        
   Lanceleaf tickseed 
 

0 cm 23 21.2 24.5 
1 cm 34 30.9 37.2 
2 cm 59 48.7 83.3 
4 cm 42 37.6 47.9 
8 cm 60 51 87.7 
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Species SD 
(cm)1 

GT 50 
(Days)2 

95% Confidence Interval3 

LB4 UB5 

Dalea purpurea                 
   Purple prairie clover 
 

0 cm 30 27 32.9 

1 cm 11 4.6 15.9 
2 cm 12 5.2 14.9 
4 cm 57 44.1 96.1 
8 cm 80 58.2 169.9 

Echinacea pallida                
   Pale purple coneflower 
 

0 cm 35 32.5 39.1 

1 cm 49 42.1 61.3 
2 cm 63 51.2 91.2 
4 cm 54 46.9 67.6 
8 cm 59 48.9 84 

Helenium autumnale            
   Common sneezeweed 
 

0 cm 25 23.5 26.9 
1 cm 110 69.4 765.5 
2 cm 60 50.6 86.1 
4 cm 56 48.7 82 
8 cm 96 65.3 304.6 

Heliopsis helianthoides         
   Oxeye sunflower 

       

0 cm 40 36.8 44.6 
1 cm 37 34.2 40.2 
2 cm 66 52 108.6 
4 cm 42 38.5 47.4 
8 cm 48 41.4 60.2 

Gaillardia grandiflora              
   Blanket flower 

 

0 cm 32 28 36.8 

1 cm 28 24.9 30.9 
2 cm 39 35.6 43.7 
4 cm 80 59.6 156.4 
8 cm ND ND ND 

Lespedeza capitata            
   Round headed-bush clover 

 

0 cm 34 32.3 35.8 

1 cm 46 40.9 54.1 
2 cm 59 49.5 81.5 
4 cm 60 51 87.7 
8 cm 51 42.9 65.8 

Liatris pycnostachya 
   Blazing star 

 

0 cm 39 34.6 46.3 

1 cm 15 11.8 17.4 
2 cm 37 34.8 39.9 
4 cm 48 42.1 57.5 
8 cm 53 46.1 64.9 
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Species SD 
(cm)1 

GT 50 
(Days)2 

95% Confidence Interval3 

LB4 UB5 

Lupinus perennis               
   Lupine 

 

0 cm 32 29.6 35.5 
1 cm 300 26 33.6 
2 cm 29 25.3 33.4 
4 cm 28 23.9 33.2 
8 cm 83 60.8 175.2 

Monarda fistulosa                
   Wild bergamot 

 

0 cm 21 18.7 22.5 
1 cm 45 41.3 49.9 
2 cm 44 41.3 49.1 
4 cm 110 69.4 765.5 
8 cm ND ND ND 

Rubdeckia hirta                  
   Black-eyed Susan 

 

0 cm 39 34.6 46.3 
1 cm 15 11.8 17.4 
2 cm 37 34.8 39.9 
4 cm 48 42.1 57.5 
8 cm 53 46.1 64.9 

1SD stands for seeding depth.  2GT50 is the number of days required for 50% seed 
germination.  3GT50 values with 95% confidence intervals from the PROBIT 
regression analysis for each specie. 1 seed per seeding tube for 9 replications, and 
the measurements used for the PROBIT analysis were expressed as mean 
accumulative data at the end of 45 days.  4LB stands for lower bound.  5UB stands 
for upper bound.   

 

2.4.4 Temperature Germination Study in Greenhouse without CMS 

Increasing temperatures from 8°C to 22°C increased germination capacity over 45 days 

for most species. Blazing star and common milkweed did not have significant differences for 

seed germination percentage between the four levels of temperature (Table 2.14). Black-eyed 

Susan, Canada wild rye, little bluestem, lupine, oxeye sunflower, sand dropseed, and sneezeweed 

had more than 20% germination rate when the temperature was increased to 12°C. The 

germination percentages of butterfly weed, pale purple coneflower, purple prairie clover, round-

headed bush clover, and wild bergamot were significantly enhanced when the temperature rose 

from 12°C to 16°C. Canada milkvetch and lanceleaf tickseed had higher germination percentages 

at 22°C. Blanket flower is the only species that had a higher germination percentage at the lower 
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temperature than the higher temperature. Most species’ germination percentage decreased when 

the temperature decreased (Table 2.14). Black-eyed Susan, Canada wild rye, little bluestem, 

lupine, and sand dropseed had a quadratic pattern with increasing temperature, as the increase in 

germination leveled off with increasing temperature. Blazing star, butterfly weed, Canada 

milkvetch, common milkweed, lanceleaf tickseed, blanket flower, oxeye sunflower, pale purple 

coneflower, purple prairie clover, round headed bush clover, sneezeweed, and wild bergamot are 

12 species have linear relationship between the increasing of germination percentage with the 

increasing of temperature defining them as warm season germinating plants. 

Black-eyed Susan, little bluestem, lupine, sand dropseed, and sneezeweed had significant 

differences in their number of days to germination between the four temperature levels (Table 

2.15). Black-eyed Susan had a shorter growth time at 16°C than other temperatures, and lupine 

sprouted quicker at 22°C. Little bluestem germinated faster at 22°C but grew more quickly at 

8°C than 12°C and 16°C. Sand dropseed and sneezeweed had shorter growing days at 22°C; 

however, sand dropseed had almost the same in their number of days to germination at both 

16°C and 22°C of around 15 days. Temperature did not usually influence how quickly the seed 

germinated, but it affected the germination percentage for most species (Table 2.14, 2.15). 

No species reached 50% germination in 45 days at 8°C. GT50 values ranged from 21 

days to 40 days at 12°C for black-eyed Susan, little bluestem, lupine, and sand dropseed, but the 

other 13 species did not reach 50% germination in 45 days at 12°C (Table 2.16). More 

specifically, GT50 values ranged from 19 days to 44 days at 16°C and 14 days to 43 days at 

22°C. Blazing star, Canada milkvetch, common milkweed, and lanceleaf tickseed did not reach 

50% germination within 45 days at 16°C and 22°C. 
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Table 2.14: Analysis of temperature with 3 native grass (top) and 14 native forbs (below) without 
cold moist stratification germination percentage (%) in 2017 in growth chamber for 45 days at 
Guelph, ON 

Species Temperature1 Rank GP (%)2 SE3 Pr >  F4 

Elymus canadensis        
   Canada wild rye 
 

8� Q 6 2 b 1.539 0.0007 
12�  4 22 a 4.398  
16�  5 31 a 4.872  
22�  6 31 a 4.872  

Schizachyrium scoparium  
   Little bluestem 
 

8� Q 9 1 b 1.127 0.001 
12�  5 22 a 4.357  
16�  4 32 a 4.904  
22�  5 34 a 5.006  

Sporobolus cryptandrus           
   Sand dropseed 
 

8� Q 8 1 c 1.148 < .0001 
12�  3 24 b 4.508  
16�  3 40 a 5.165  
22�  2 49 a 5.269  

       
Asclepia syriaca         
   Common milkweed 
 

8� L 5 3 b 1.805 0.0692 

12�  14 6 ab 2.588  
16�  16 8 ab 2.838  
22�  16 14 a 3.667  

Asclepia tuberosa           
   Butterfly weed 
 

8� L 14 1 b 0.939 0.003 
12�  12 7 b 2.717  
16�  8 18 a 4.014  
22�  13 22 a 4.331  

Astragalus canadensis          
   Canada milkvetch 
 

8� L 11 1 b 1.105 0.0421 

12�  9 9 a 3.073  
16�  15 11 a 3.266  
22�  14 16 a 3.882  

Coreopsis lanceolata        
   Lanceleaf tickseed 
 

8� L 7 2 b 0.3426 0.0044 
12�  15 3 b 1.868  
16�  13 14 a 3.658  
22�  15 16 a 3.829  

Dalea purpurea                 
   Purple prairie clover 
 

8� L 13 1 c 0.9645 0.0007 
12�  8 9 b 3.073  
16�  9 18 ab 4.006  
22�  9 27 a 4.691  
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Species Temperature1 Rank GP (%)2 SE3 Pr >  F4 
Echinacea pallida                
   Pale purple coneflower 

 

8� L 17 0 a 0.0027 0.0036 

12�  11 8 a 2.829  
16�  10 17 a 3.71  
22�  7 30 a 4.978  

Helenium autumnale            
   Common sneezeweed 

 

8� L 4 4 c 1.94 0.0053 

12�  7 12 bc 6.492  
16�  12 16 ab 9.487  
22�  12 23 a 15.56  

Heliopsis helianthoides         
   Oxeye sunflower 

 

8� L 10 1 c 1.105 0.0023 

12�  6 14 b 3.648  
16�  11 16 ab 3.907  

22�  10 27 a 4.686  
Gaillardia grandiflora              
   Blanket flower 

 

8� L 3 8 b 2.888 < .0001 

12�  10 3 b 3.007  
16�  6 5 a 4.608  
22�  4 5 a 5.31  

Lespedeza capitata            
   Round headed-bush 
clover 

 

8� L 15 0 a 0.0027 0.0005 
12�  16 3 a 1.726  
16�  14 11 a 3.027  
22�  8 28 a 4.988  

Liatris pycnostachya 
   Blazing star 

 

8� L 16 0 a 0.0027 0.8673 
12�  17 1 a 1.148  
16�  17 3 a 1.83  
22�  17 2 a 1.599  

Lupinus perennis               
   Lupine 

 

8� Q 2 10 c 3.175 < .0001 

12�  1 54 b 5.252  
16�  1 59 ab 5.19  
22�  1 69 a 4.862  

Monarda fistulosa                
   Wild bergamot 

 

8� L 12 1 b 1.06 0.0006 

12�  13 7 b 1.686  
16�  7 19 a 4.13  
22�  11 25 a 4.541  
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Species Temperature1 Rank GP (%)2 SE3 Pr >  F4 
Rubdeckia hirta                  
   Black-eyed Susan 

 

8� Q 1 11 c 3.313 < .0001 
12�  2 33 b 4.957  
16�  2 49 ab 5.27  
22�   3 47 a 5.259   

1Temperature with four levels which includes 8�,12�,16�, and 22�. The right line with 
the letter shows the peak regression of four levels of temperature for each specie. The letter 
“L” means within he temperature increasing the germination percentage linear increasing. The 
letter “Q” means within the temperature increasing the germination percentage quadratic 
increasing (see Figure 6.1 in Appendices).  2GP stands for germination percentage. The letters 
show the statistic comparison for each individual germination percentage on specific 
temperature. Different letters mean significant difference between each seeding depth for this 
species.  3SE stands for standard error.  4Significant effects (p < 0.05) are indicated in bold.  
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Table 2.15: Effect of temperature on time for first germination of 3 native grass (top) and 14 
native forbs (below) without cold moist stratification in 2017 in growth chamber for 45 days at 
Guelph, ON 

Species Temperature1 Rank GD2 SE3 Pr > F4 

Elymus canadensis        
   Canada wild rye 

 

8� 7 22 a 3.2787 0.2246 
12� 1 17 a 0.967  
16� 3 16 a 0.8272  
22� 3 16 a 0.8272  

Schizachyrium scoparium  
   Little bluestem 

 

8� 4 20 ab 4.4721 < .0001 
12� 12 23 a 0.9895  
16� 11 23 a 0.8614  
22� 5 17 b 0.8021  

Sporobolus cryptandrus           
   Sand dropseed 

 

8� 1 19 ab 4.3589 < .0001 
12� 15 26 a 0.9556  
16� 2 15 b 0.7167  
22� 2 15 b 0.649  

      
Asclepia syriaca         
   Common milkweed 

 

8� 10 23 a 2.7889 0.8823 
12� 10 22 a 1.9076  
16� 12 24 a 1.7275  
22� 12 23 a 1.2917  

Asclepia tuberosa           
   Butterfly weed 

 

8� 11 24 a 4.899 0.6593 
12� 17 26 a 1.7984  
16� 14 24 a 1.1547  
22� 16 26 a 1.0375  

Astragalus canadensis          
   Canada milkvetch 

 

8� 5 21 a 4.5826 0.7941 
12� 5 20 a 1.5662  
16� 7 19 a 1.4572  
22� 6 18 a 1.1767  

Coreopsis lanceolata        
   Lanceleaf tickseed 

 

8� 13 27 a 3.6742 0.2476 
12� 8 22 ab 2.6874  
16� 8 20 b 1.2829  
22� 11 21 ab 1.2206  

Dalea purpurea                 
   Purple prairie clover 

 

8� 14 27 a 5.1962 0.6526 
12� 13 23 a 1.5909  
16� 16 25 a 1.0408  
22� 15 25 a 0.9266  
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Species Temperature Rank GD1 SE2 Pr > F3 
Echinacea pallida                
   Pale purple coneflower 

 

8� ND ND ND 0.3838 
12� 9 22 a 1.7613  
16� 15 25 a 1.1719  
22� 14 24 a 0.8834  

Helenium autumnale            
   Common sneezeweed 

 

8� 12 26 a 2.5617 0.0014 
12� 11 22 ab 1.4171  
16� 4 19 bc 1.2065  
22� 4 17 c 0.9734  

Heliopsis helianthoides         
   Oxeye sunflower 

 

8� 6 21 a 4.5826 0.4657 
12� 3 18 a 1.2662  
16� 5 18 a 1.1615  
22� 9 19 a 0.9203  

Gaillardia grandiflora              
   Blanket flower 

 

8� 3 20 b 1.6782 0.0881 
12� 7 21 ab 1.6154  
16� 13 24 a 0.8512  
22� 13 24 a 0.7807  

Lespedeza capitata            
   Round headed-bush 
clover 

 

8� ND ND ND 0.0952 
12� 16 26 a 2.925  
16� 10 23 a 1.4345  
22� 10 20 a 0.9167  

Liatris pycnostachya 
   Blazing star 

 
 

8� ND ND ND 0.3271 
12� 4 19 a 4.3589  
16� 17 29 a 2.6693  
22� 17 28 a 3.0732  

Lupinus perennis               
   Lupine 

 

8� 2 20 a 1.4 < .0001 
12� 2 17 a 0.6358  
16� 1 15 b 0.5885  
22� 1 13 c 0.5225  

Monarda fistulosa                
   Wild bergamot 

 

8� 8 23 ab 4.7958 0.0209 
12� 14 24 a 1.835  
16� 9 22 ab 1.1139  
22� 7 18 b 0.9566  

Rubdeckia hirta                  
   Black-eyed Susan 

 

8� 9 23 a 1.4545 0.0061 
12� 6 20 ab 0.8383  
16� 6 19 b 0.6724  
22� 8 19 b 0.6977   

1Temperature with four levels which includes 8�, 12�,16�, and 22�.  2GD stands 
for days for germination. The letters show the statistic comparison for each 
individual germination percentage on specific temperature. Different letters mean 
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significant difference between each temperature for this species.  3SE stands for 
standard error.  4Significant effect (p < 0.05) are indicated in bold. 
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Table 2.16: Effect of temperature on GT50 of 3 native grasses (top) and 14 native forbs (below) 
without cold moist stratification in 2017 in growth chamber for 45 days at Guelph, ON 

Species Temperature GT 50 (Days)1 95% Confidence Interval2 

LB3 UB4 

Elymus canadensis        
   Canada wild rye 

 

8� 93 76.2 130.2 
12� 46 42.9 50.1 
16� 37 34.2 39.8 
22� 37 34.2 39.8 

Schizachyrium scoparium  
   Little bluestem 

 

8� 116 85.6 215.9 
12� 40 37.7 42.7 
16� 33 31.3 34.1 
22� 33 30.7 35.2 

Sporobolus cryptandrus           
   Sand dropseed 

 

8� 121 88.1 233.9 
12� 37 35.8 38.2 
16� 30 27.6 31.7 
22� 24 22.3 25.9 

 
Asclepia syriaca         
   Common milkweed 

 

8� 79 66.9 104.4 

12� 66 59.9 75.9 
16� 58 53.7 63.7 
22� 48 45.3 51.2 

Asclepia tuberosa           
   Butterfly weed 

 

8� 88 69.8 143.2 
12� 57 53.2 62.7 
16� 44 41.2 46.9 
22� 39 37.1 40.4 

Astragalus canadensis          
   Canada milkvetch 

 

8� 111 83.3 201.1 

12� 63 57.7 71.7 
16� 62 56.4 69.6 
22� 52 47.7 56.7 

Coreopsis lanceolata        
   Lanceleaf tickseed 

 

8� 79 66.6 103.4 
12� 83 70.7 105.5 
16� 53 47.9 61.3 
22� 50 43.8 60.7 

Dalea purpurea                 
   Purple prairie clover 

 

8� 91 71.5 148.4 
12� 57 53.3 63.1 
16� 43 41 45.3 
22� 35 33.7 36.1 
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Species Temperature GT 50 (Days)1 95% Confidence Interval2 

LB3 UB4 

Echinacea pallida                
   Pale purple coneflower 

 

8� ND ND ND 

12� 57 53.3 63 
16� 43 41 45.3 
22� 36 34.6 38.7 

Helenium autumnale            
   Common sneezeweed 

 

8� 69 61.3 80.9 

12� 53 49.1 58.3 
16� 51 47.1 56.3 
22� 43 40.4 47.5 

Heliopsis helianthoides         
   Oxeye sunflower 

 

8� 111 83.3 201.1 

12� 58 53.6 65.1 
16� 54 49.6 61.5 
22� 38 36 39.9 

Gaillardia grandiflora              
   Blanket flower 

 

8� 68 57.7 86.8 

12� 63 57.1 70.3 
16� 38 35.8 39.7 
22� 29 27.7 29.8 

Lespedeza capitata            
   Round headed-bush 
clover 

 

8� ND ND ND 

12� 75 65.2 92.2 
16� 53 48.9 58.6 
22� 36 34.6 38.7 

Liatris pycnostachya 
   Blazing star 

 

8� ND ND ND 

12� 120 88.1 233.9 
16� 66 58.9 76.5 
22� 76 65.5 94.2 

Lupinus perennis               
   Lupine 

 

8� 60 55 66.5 

12� 21 19.9 22.8 
16� 19 17.3 20.8 
22� 14 12.3 15.9 

Monarda fistulosa                
   Wild bergamot 

 

8� 103 78.9 178.1 

12� 62 56.9 69.8 
16� 43 40.6 45.5 
22� 41 38.2 44.1 
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Species Temperature GT 50 (Days)1 95% Confidence Interval2 

LB3 UB4 

Rubdeckia hirta                  
   Black-eyed Susan 

 

8� 52 47.2 60.5 
12� 32 30.7 34.4 
16� 24 22.5 25.3 
22� 25 23.7 26.4 

1GT50 is number of days required for 50% seed germination.  2GT50 values with 95% 
confidence intervals from the PROBIT regression analysis for each species. 10 seeds per 
seeding plot for 4 replications, and the measurements used for the PROBIT analysis were 
expressed as mean accumulative germination data at the end of 45 days.  3LB stands for 
lower bound.  4UB stands for upper bound.    

 

2.4.5 Temperature Effect on Germination with CMS 

Table 2.17 shows that all species except common milkweed and blanket flower have 

significant differences in germination percentages between the two temperatures, specifically, 

higher germination percentages at 12°C than at 8°C. Blanket flower and sand dropseed were 

significantly different between the two levels of temperature for days of germination (Table 

2.18), with fewer growing days at 8°C than 12°C. 

On the basis of the estimated GT50 values (time required for 50% seed germination), the 

results ranged from 20 days to 44 days at 8°C after CMS cold moist stratification, and the results 

ranged from 13 days to 41 days at 12°C after CMS pre-seed treatment (Table 2.19). Butterfly 

weed, pale purple coneflower, sand dropseed, common sneezeweed, and wild bergamot did not 

reach 50% germination within 45 days at 8°C. 
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Table 2.17: Effect of temperature germination capacity of 1native grass (top) and 8 native forbs 
(below) with cold moist stratification in 2018 in greenhouse for 45 days at Guelph, ON 

Species Temperature Rank GP (%)1 SE2 Pr >  F3 

Sporobolus cryptandrus 8� 4 21 3.053 < .0001 
   Sand dropseed 12� 5 47 3.719  

      
Asclepias syriaca 8� 5 21 3.018 0.2727 
   Common milkweed 12� 9 26 3.251  
Asclepias tuberosa 8� 7 15 2.686 < .0001 
   Butterfly weed 12� 6 41 3.672  
Coreopsis lanceolata 8� 2 32 3.47 < .0001 
   Lanceleaf tickseed 12� 2 68 3.464  
Echinacea pallida 8� 9 12 2.393 < .0001 
   Pale purple coneflower 12� 7 40 3.656  
Helenium autumnale 8� 6 18 2.857 < .0001 
   Common sneezeweed 12� 4 47 3.72  
Gaillardia grandiflora 8� 1 57 3.691 < .0001 
   Blanket flower 12� 3 56 3.697  
Lupinus perennis 8� 3 29 3.386 < .0001 
   Lupine 12� 1 73 3.326  
Monarda fistulosa 8� 8 14 2.612 0.0032 
   Wild bergamot 12� 8 27 3.318  
1GP stands for germination percentage.  2SE stands for standard error.  3Significant 
effects (p < 0.05) are indicated in bold.  
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Table 2.18: Effect of temperature on time for first germination of 1native grass (top) and 8 native 
forbs (below) with cold moist stratification in 2018 in growth chamber for 45 days at Guelph, 
ON 

Species Temperature1 Rank DG2 SE3 Pr >  F4 

Sporobolus cryptandrus 8� 4 14 1.5275 0.0117 
   Sand dropseed 12� 9 20 1.1093  

      
Asclepias syriaca 8� 7 19 1.7873 0.3624 
   Common milkweed 12� 6 17 1.4577  
Asclepias tuberosa 8� 6 18 1.9183 0.1226 
   Butterfly weed 12� 2 15 1.1149  
Coreopsis lanceolata 8� 5 14 1.2571 0.5333 
   Lanceleaf tickseed 12� 3 15 0.8718  
Echinacea pallida 8� 1 11 1.9149 0.0795 
   Pale purple coneflower 12� 4 16 1.1456  
Helenium autumnale 8� 8 19 1.7873 0.1087 
   Common sneezeweed 12� 5 16 1.0619  
Gaillardia grandiflora 8� 3 14 0.9954 0.009 
   Blanket flower 12� 7 18 0.9954  
Lupinus perennis 8� 2 13 1.287 0.2807 
   Lupine 12� 1 12 0.7824  
Monarda fistulosa 8� 9 20 2.01 0.5723 
   Wild bergamot 12� 8 19 1.4444  
1Only testing two levels of temperature.  2DG stands for days for germination.  3SE 
stands for standard error.  4Significant effects (p < 0.05) are indicated in bold. 
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Table 2.19: Effect of temperature on GT50 of 1 native grass (top) and 8 native forbs (below) cold 
moist stratification in 2018 in growth chamber for 45 days at Guelph, ON 

Species Temperature GT501 
(days) 

95% Fiducial Interval2 

LB3 UB4 

Sporobolus cryptandrus 8� 50 44.8 59 
   Sand dropseed 12� 25 23.7 26.4 

     
Asclepias syriaca 8� 44 40.7 48.2 
   Common milkweed 12� 41 37.6 44.3 
Asclepias tuberosa 8� 52 47.1 60.2 
   Butterfly weed 12� 29 26.7 30.8 
Coreopsis lanceolata 8� 37 34.1 40.4 
   Lanceleaf tickseed 12� 15 14.1 15.2 
Echinacea pallida 8� 87 67.4 140.7 
   Pale purple coneflower 12� 29 27.1 31.4 
Helenium autumnale 8� 47 43.3 52.4 
   Common sneezeweed 12� 25 23.4 26.8 
Gaillardia grandiflora 8� 20 17.5 22.3 
   Blanket flower 12� 21 18.4 22.5 
Lupinus perennis 8� 41 37.6 46.8 
   Lupine 12� 13 9.2 15.5 
Monarda fistulosa 8� 52 46.8 58.7 
   Wild bergamot 12� 38 35.6 40.8 
1GT50 is number of days required for 50% seed germination.  2GT50 values with 
95% fiducial interval from the PROBIT regression analysis for each species. 20 
seeds per seeding tray for 4 replications, and the measurements used for the 
PROBIT analysis were expressed as mean accumulative germination data at the 
end of 45 days.  3LB stands for lower bound.  4UB stands for upper bound. 

 

2.5 Discussion 

 Our study showed no effect of pH level on the germination of black-eyed Susan. A large 

number of the prairie restoration projects suggest using black-eyed Susan for quicker 

establishment because it has a faster and higher germination than other prairie species (Diboll, 

1997; Norcini et al., 1999; Norcini et al., 2001); however, because of this fast germination black-

eyed Susan can easily dominate the stand (Williams, 2010). In order to maximize the benefit of 
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black-eyed Susan, the optimum percentage for black-eyed Susan in the seed mixture should be 

based on end percentage in the stand as faster germinating species often dominate seeding 

mixtures. The effects of soil pH on germination of weeds (Nakamura & Hossain, 2009; Ebrahimi 

& Eslami, 2012), grassland (Li et al., 2010; Zhanwu et al., 2011; Basto et al., 2013), and trees 

(Redmann & Abouguendia, 1979) have been the subject of many studies. However, studies about 

the effects of soil pH on forbs and grasses native to northern temperate North America are 

lacking. Norcini et al. (2001) compared three different seed sources in four different locations in 

Florida to test the growth, flowering, and survival of black-eyed Susan in order to improve the 

methods for planting black-eyed Susan in a low-input environment. The pH for these four 

locations was around 5.00-7.00. They found no significant difference in plant survival 

percentage between the four different locations in their study, but they did not report effects of 

soil pH on black-eye Susan germination. They focussed on the effects of nematodes and root 

insects from the four locations and analysed the soil characteristics.  

The current findings show that the optimum seeding temperature for black-eyed Susan is 

around 12°C-16°C, and the optimum seeding depth is 1cm. In addition, black-eyed Susan is a 

cool season germinating species, so the higher temperature can decrease germination. In 

agriculture, soybeans favor warm season germination similar in that the optimum soil 

temperature for soybean germination is between 20°C and 30°C; and not until soil temperatures 

are higher than 32°C is poor soybean germination or emergence observed (Keigely & Mullen, 

1986). When seeding at cooler temperatures, less black-eyed Susan should be included in the 

mixture than when seeding in midsummer at higher temperatures. 

Blazing star is a forb that is native to Ontario, but it is difficult to establish because of 

seed limitations (Dickson & Busby, 2009; Hill-house & Zedler, 2011). Riebkes et al. (2015) used 
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three different methods to test how to break the seed dormancy of blazing star. First, they found 

that using gibberellic acid (GA3) as a pre-treatment before seeding can significantly increase the 

seed germination percentage for some species, such as blazing star. However, there were no 

significant differences between X-ray treatment and tetrazolium and GA3 pre-treatment. Our 

research showed very little germination in blazing star and therefore no differences in the 

conditions tested. 

Butterfly weed is one of the showiest wildflowers of eastern North America, flowering 

from May to July (William, 2010), and is readily available in a number of prairie seed mixes. 

Wyatt and Antonovics (1981) compared the butterfly weed seed germination percentage in five 

different butterfly weed populations. They did not define the optimum pH, temperature, and 

seeding depth for butterfly weed and if the butterfly weed needs stratification to break the seed 

dormancy. In the current study, there were no significant differences between the two sand types, 

but after CMS, butterfly weed had significantly higher germination percentages in calcareous 

sand than granitic sand. In addition, butterfly weed’s seed germination percentage increased 

significantly with higher temperature both with and without CMS. Wyatt and Antonovics (1981) 

had the same results with five different seed populations. In the current study, butterfly weed 

also had the highest germination percentage at 1 cm seeding depth.  

Canada milkvetch has soil conservation potential, and it is a perennial legume which is 

considered as a good resource to feed livestock in some regions (Boe et al., 1989). After CMS, 

Canada milkvetch seed germination improved, and it grows in wet-mesic to dry-mesic soil with 

full to partial sunlight (Williams, 2010). However, there is a lack of research on Canada 

milkvetch, and few seed mixtures include it. In our study, Canada milkvetch’s germination 

percentage was significantly higher and its germination quicker in calcareous sand than granitic 
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sand. Its optimum seeding depth was 4 cm, where it had a germination percentage of 46% and 15 

days to germination. Higher temperature could increase the germination percentage for Canada 

milkvetch, but did not have significant effects for days to germination. As a legume, there are a 

lot of benefits in using Canada milkvetch, so more research should be done to see how it can 

improve prairie restoration.  

Canada wild rye is a common grass typically used in Canadian prairie restoration projects 

(McLachlan & Knispel, 2005). Williams (2010) reported that Canada wild rye is a cold-season 

grass that should be seeded at soil temperatures from 3 °C to 7 °C and can grow in wet to dry soil 

and in full to partial sunlight. In our study, Canada wild rye had significantly higher germination 

percentages and shorter germinated days in the calcareous sand than granitic sand. Seeding depth 

of 4 cm significantly increased the seed germination percentage, but there was no significant 

increase in days to germination with different levels of seeding depth. Also, the seed germination 

percentage leveled off with higher temperatures similar to Williams (2010), but there was no 

change in days to germination for Canada wild rye at different temperatures. 

Monarch butterflies play an important role as pollinators in North America (Pleasants & 

Oberhauser, 2013). In the spring, the adult butterflies have overwintered and reproduced in 

central Mexico, and their offspring move into southern Canada. Common milkweed is an 

important plant for monarch butterflies, but it has long been a concern for farmers as its presence 

reduces yield (Bhowmilk, 1994). Because of the reduction of milkweed, the number of monarchs 

decreased significantly from 2004 to 2010 (Brower et al., 2012). Using common milkweed in 

small prairie restoration projects could support habitats for monarch butterflies and address the 

decrease in the numbers of this pollinator in North America. Evetts and Burnside (1972) reported 

that the optimum germination temperature for common milkweed was a range from 20 °C to 
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30 °C, and the maximum germination temperature was between 35°C and 40°C. They also found 

that treating the seed in water at 5°C for 14 days before seeding was more effective in breaking 

dormancy than direct seeding. Exogenous 6-furfurylamino purine (kinetin) and gibberellic acid-3 

(GA) also stimulated the germination of common milkweed (Evetts & Burnside, 1972).  

Our study showed no significant difference in percentage germination between 

calcareous sand and granitic sand, but common milkweed germinates quicker in calcareous sand 

than granitic sand. However, after the CMS at 4°C for breaking seed dormancy, its germination 

percentage in calcareous sand increased, though there was no effect on the number of days to 

germination. Comparing the current results with those of Evetts and Burnside (1972), this may 

be because we did not use temperatures as high as they did. The letter code for common 

milkweed at the table analysis of temperature for germination percentage of 17 species in 2018 at 

Guelph, ON, shows 22°C has higher germination percentage than other 3 levels of temperature, 

which could match Evetts and Burnside’s results.   

Many studies have aimed to increase native wildflower germination. For example, 

Norcini and Aldrich (2007) reported that after 24 weeks in commercial storage at 23% relative 

humidity at 17°C to 19°C, the germination percentage of lanceleaf tickseed seeds was increased 

from 48% to 80%. Carpenter and Ostmark (1992) tested whether higher temperatures can 

enhance the germination percentage of tickseed, and ethylene was the most important hormone 

for breaking tickseed dormancy. Our study showed the similar results regarding temperature: 

either with or without CMS, the seed germination percentage was significantly higher with the 

temperature increased. However, Norcini and Aldrich and Carpenter and Ostmark did not 

include the optimum seeding pH and seeding depth for lanceleaf tickseed. Calcareous sand 

showed a stronger positive effect on lanceleaf tickseed germination percentage than granitic sand 



 
66 

either with or without CMS. Different seeding depths also affected its germination percentage in 

that the shallower then seeding depth, the higher the seed germination percentage. There was no 

significant effect on days to germination.  

Blanket flower is a popular, herbaceous perennial plant ranked among the top 10 best-

selling perennials for several years in the North American horticulture industry (Yuan et al., 

1998). Yuan et al. found that the days to visible bud and days from bud to flowering decreased as 

the temperature increased. However, they did not address how temperature affects the 

germination of blanket flower. Our results showed that seed germination percentage improved as 

the temperature rose without CMS and shorter days for germinated in 12°C than 8°C with CMS 

experiment, but still no significant improvement for the germination percentage with CMS 

experiment. 

Combining our findings with Yuan et al.’s (1998), we suggest growing blanket flower at 

higher temperature because higher temperature will cause better germination percentage and 

flower quality. Blanket flower also has higher germination percentage and shorter days to 

germination with alkaline sand than with acidic sand without seed pre-treatment, but if the seed 

is exposed to moist sand for 4 weeks at 4°C, blanket flower can germinate more quickly in 

granitic sand than calcareous sand. The optimum seeding depth for blanket flower is around 0 cm 

to 1 cm. Future studies should be conducted with multiple seeding levels to determine the best 

way to increase the yield of blanket flower in the horticulture industry.  

Many studies have been conducted on the interaction between soil nutrients or multiple 

management methods and the growth of little bluestem (Wallace, 1987; Dhillion, Anderson & 

Liberta, 1988). Recent studies have focused on plant disease and insect management for tallgrass 

prairie with little bluestem (Hladik et al., 2017; Van der Heyde et al., 2018). Williams (2010) 
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explained that little bluestem prefers drier soil, germinates in late spring with soil temperature 

around 12°C, and increases germination with dry stratification. Springer (2017) reported that 

water potential (0.8 MPa for 7 days) treatment can increase the seed germination of little 

bluestem populations. However, no research had been done about how to increase little bluestem 

germination testing soil pH, seeding depth, and different soil temperatures.  

Our study showed no significant difference between the two sand types for germination 

percentage for little bluestem seeds, but they germinated more quickly in calcareous sand than 

granitic sand. Compared with other prairie species tested, little bluestem is at the middle level of 

germination rate, but little bluestem does not have higher germination rate than Canada wild rye 

in either sand type. The optimum seeding depth for little bluestem should be around 2 cm, which 

is 43%, but it is still not as high as Canada wild rye germination rate in 2 cm, which is 54%. If 

equal amounts of little bluestem and Canada wild rye are desired little bluestem should be seeded 

at a higher rate that Canada wild rye. Little bluestem has the shortest days to germination at a 

seeding depth of 8 cm (5 days), of the 17 species we tested. 

Hard seed coats that inhibit water uptake are a problem for germination of many legumes 

(Baskin & Baskin, 1998). Lupinus species have thicker seed coats that prevent germination, and 

scarification is required to help the seedlings emerge quickly (Mackay, Davis, & Sankhla, 1995; 

Mackay et al., 1996). Kaye and Kuykendall (2001) found that scarification and stratification both 

increased germination, and applying scarification and stratification together improved both 

germination percentage and germination speed. The optimum temperature for scarified lupine 

seed (seeds were placed in sulfuric acid for 120 min) germination was between 21° and 33°C, 

and the fast germination temperature around 24° to 29°C (Mackay et al., 1995). The current 

findings show that the germination percentage has a quadratic relationship with increasing soil 
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temperature. Mackay et al. (1995) also found there was no significant difference between pre-

treatment lupine seed germination percentage with light level.  

Mackay et al. (1995) and Kaye and Kuykendall (2001) did not include more details about 

lupine germination in their results, but our study provides the optimum temperature and seeding 

depth for lupine either with or without seed stratification. The seed germination percentage 

increased from 10% to 69% and germination occurred more rapidly at 22°C than at 8°C, both 

with or without CMS. We also found that lupine can emerge when it is seeded at 0 cm, which 

matches Mackay et al.’s finding that light did not affect lupine seed germination percentage. 

However, we found that 4 cm is the optimum seeding depth for lupine because that depth had the 

highest seed germination and fewest days to germination. Without CMS, the more rapid 

germination occurred in calcareous sand, but with CMS there was no statistical difference 

between calcareous sand and granitic sand.   

Sunflower, also called ox-eyed, or ox-eye sunflower, is used in many North American 

prairie restoration projects (Schramm, 1990). Williams (2010) explained that dry-cold or moist-

cold stratification can be used to increase ox-eye sunflower seed germination, and full to partial 

sunlight is appropriate for growing. Ox-eye sunflower seed disposed by 1-5 mM ethephon than 

followed by 1.5 hours red light and treated 4 °C stratification at least for one week can increase 

both germination percentage and germination speed (Zlesak, 2007).  

We gave more attention to how to determine the optimum seeding information for ox-eye 

sunflower because fall seeding is a great way to support cold moist stratification for ox-eye 

sunflower, but there are few studies that discuss the germination details for ox-eye sunflower 

seed. Ox-eye sunflower has a higher germination rate in calcareous sand than granitic sand, but a 

faster germination speed in granitic sand than any of the other 16 species. Without the pre-
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treatment for ox-eye sunflower seed, no effect for seed germination with seeding depth, and ox-

eye sunflower seed germination percent increased linearly with the temperature increases.  

 Pale purple coneflower is a popular species that is commonly used for highway planting 

or direct-seeded “wildflower mix” projects (Wartidiningsih, Geneve, & Kester, 1994). Chilling 

stratification can be used to break pale purple coneflower seed dormancy and improve 

germination (Bratcher et al., 1993; Wartidiningsih, Geneve & Kester, 1994). They also improved 

the germination test for chilling stratification of pale purple coneflower, finding that holding the 

seeds at 5°C for weeks increased germination about 70% (Wartidiningsih, Geneve & Kester, 

1994). Wartidiningsih, Geneve, and Kester (1994) found that pale purple coneflower seed pre-

treatment at 5°C with 0, 10, 20, or 30 days in water significantly increased the seed germination 

percentage. 

We found that there was no effect of sand pH on pale purple coneflower seed 

germination percentage either with or without CMS. Seeding depth is not an important 

environmental factor for pale purple coneflower seed germination, and it did better than other 

species at deeper seeding depths. For instance, when the seeding depth was 4 cm, pale purple 

coneflower germinated rapidly. The most interesting result was that without CMS, pale purple 

coneflower did not emerge in low temperature (8°C), but with CMS, it had around 12% 

germination percentage. 

Harrington and Meikle (1992) used a common prairie seed mixture including purple 

prairie clover in Wisconsin to test the relationship between sodium and plant growth. They found 

that when sodium concentration was increased from 0 to 2000 ppm, plants’ survival, height, 

flower colour, and biomass were significantly reduced. Williams (2010) reported the dry chilling 

stratification can improve purple prairie clover seed germination, and this species can grow in 
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conditions from shade to full sun. Molano-Flores, Coons, and Cunningham (2011) used regular 

seed, well-rounded larger seed, and dented smaller seed to determine the relationship between 

seed types with germination percentage. Their research did not determine the best percentage for 

purple prairie clover in an optimum seed mixture that can be used for prairie restoration projects. 

The findings of the current study suggest that purple prairie clover can be chosen for both 

calcareous and granitic sand-based prairie restoration projects because there are no significantly 

different effects on seed germination percentage in both sand types, but germination occurs faster 

in calcareous sand than granitic sand. When seeded at 2 cm, purple prairie clover has the highest 

seed germination rate and fewest days to germination than other levels of seeding depth and 

compared with the other 16 species in this study, it has the highest seed germination percentage 

when seeded at 2 cm. Its germination rate increased linearly with the temperature increase from 

8°C to 22°C, but higher temperature did not affect the number of days to germination, especially 

at 22°C, compared with the other 16 species. These results suggest that purple prairie clover may 

be considered as a slowly germinating species. 

Round-headed bush clover is another important legume typically used for North 

American prairie restoration (Diboll, 1997; Graham, 2005). Martin, Miller, and Cushwa (1975) 

compared the effects of moist and dry heat treatments on the germination of round-headed bush 

clover seeds and found no significant enhancement of germination after moist and dry heat 

treatment. Williams (2010) recorded that cold moist stratification improves round-headed bush 

clover seed germination. The current results show that round-headed bush clover emerges in both 

pH levels of sand and can survive at all 5 levels of seeding depth with no significant difference in 

germination rate and days to germination However, it is sensitive to temperature: no germination 

occurred at 8°C, but there was an almost 28% germination rate at 22°C.  
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Sand dropseed is the smallest seed species tested in the current study. As a C3 grass, sand 

dropseed can be found on open ground, especially in sandy soil throughout the North America. 

Sand dropseed begins growing in early spring, and as the name suggests, it grows satisfactorily 

in a wide range of soil, with optimum levels of pH ranging from 6.5 to 9.0 (Quinn & Ward, 

1969). Research about sand dropseed has focused on the effects of fire on its growth in prairie 

environments (Dwyer & Piepper, 1967; Trlica & Schuster, 1969; Wright, 1974). Our study has 

exactly same results about the germination pH range based on the tables, which show no 

signification difference for germination percentage about sand dropseed both with or without 

cold-moist stratification. Also, seeding depth does not influence the germination percentage of 

sand dropseed, but seeding on 4 cm has fewest days to germination. Sand dropseed prefers a 

higher temperature both with and without CMS in terms of seed germination percentage and 

days for germination. As a C3 plant, what is the highest temperature for sand dropseed still needs 

to test for the future study.  

Sneezeweed is the only species that showed a higher germination percentage in granitic 

sand than calcareous sand without CMS. As most of the species chosen for our study are 

common in Southwest Ontario with high pH soils this is not surprising.  However, after pre-

treatment, there was no significant difference in seed germination between calcareous sand and 

granitic sand. Williams (2010) reported that dry-cold stratification can improve sneezeweed seed 

germination. Our findings show that there are multiple ways to break sneezeweed seed 

dormancy, especially in prairie restoration projects in granitic or acid sand environments. 

Williams also reported that sneezeweed seed should not be covered with soil after broadcast. Our 

findings also showed that seeding sneezeweed at 0 cm led to the highest germination rate. 
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Furthermore, higher temperature causes a higher germination percentage and faster germination 

than lower temperature both with and without pre-treatment.  

Wild bergamot is easy to grow from seed, and its germination can be improved by dry-

cold pre-treatment (Willams, 2010). In our study, wild bergamot preferred calcareous sand to 

acid sand either with or without seed pre-treatment. Wild bergamot at a shallow level of seeding 

in calcareous sand has a significantly higher germination percentage. It is also quite sensitive to 

light because during the experiment, none of the seeds germinated when seeding wild bergamot 

at 8 cm. Wild bergamot also preferred higher temperatures, especially without cold-moist 

stratification. 

2.6 Conclusion  

Understanding the germination requirements of each species is an important step in 

choosing a mixture of prairie seed. The primary goal of prairie restoration would be to achieve 

the highest species diversity. For this goal, the grass-to-forb ratio, the situation of sites soil, the 

planting season, and the budget of the project all need to be considered before creating an 

optimum seed mixture. The goal of the prairie restoration is the most important thing to consider 

before designing a seed mixture. Our results show how to design better seed mixes for Ontario 

based on different soil conditions, seeding times and seeding methods. Canada milkvetch, 

Canada wild rye, lanceleaf tickseed, blanket flower, lupine, oxeye sunflower and wild bergamot 

should not be used in acid soil areas such as northern Ontario because they prefer calcareous 

sand. Most short-term prairie restoration projects tend to result in grass-dominated prairies (Déri 

et al., 2011). For higher species diversity and avoiding the grass-dominated prairie which could 

support more native pollinators. Using this species including: blanket flower, lupine, purple 
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prairie clover, black-eyed Susan, and lanceleaf tickseed are excellent species to choose with a 

quicker germination and more positive results for a short-term prairie restoration project. 

However, species richness and species diversity are two essential measures of the success 

of prairie restoration (Ruiz-Jaen & Aide, 2005). Mixes with a higher percentage of forbs usually 

result in a high-biodiversity prairie with an excellent cover of both grasses and forbs. For more 

species diversity, adding quicker-germinating forb species to the seed mixtures can create an 

appropriate seed mixture for a short-term prairie restoration project. In our study, Canada 

milkvetch, blanket flower, lupine, and butterfly weed can be used in the calcareous soil in 

Ontario. All prairie restoration projects should be planted with a minimum of 400 seeds per 

square meter (Smith, 2010). The percentage of forbs or grass also depends on seed quality. The 

level of quality for each species is known as its pure live seed (PLS) value, and PLS is also 

related to the price of seed. PLS equals the pure seed percentage x species germination 

percentage (Smart & Moser, 1999). Testing the seed germination percentage is necessary for 

determining the species percentage in the mixture for both short-term and long-term projects.  

Seeding depths of around 1-2 cm may bring better results based on the findings of this 

study. Seeding depth is related to seeding methods in real-world prairie restoration projects. For 

example, a lot of wetlands prairie restoration projects use transplanting as the seeding method 

(Galatowitsch & van der Valk, 1996; Cobbaert et al., 2004). Seeding depth is also related to the 

effects of light on plant growth and disease management for future maintenance (Duczek & 

Piening, 1982; Chang et al., 2004). Labour and seed loss are also determined by seeding depth. 

Testing the optimum seeding depth can increase the germination percentage, determine the best 

seeding methods and reduce seed loss which leads to lower cost for the whole restoration project. 
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For optimum use of seeds some seeding may need to be drilled deeper while others will be best 

planted near the surface requiring different seeding events. 

If the goal for the restoration project is about showing the specific species, and this 

species cannot match a higher germination percentage with ideal optimum temperature, 

stratification must be considered. For example, in our study, wild bergamot only had 24.62% 

germination at 22°C, but after cold-moist stratification, it had almost the same germination 

percentage at 12°C. For example, if the goal of one prairie restoration is about showing the 

species wild bergamot within short-term, late fall seeding (soil temperature under 4°C for more 

than four weeks) is highly recommended. On the other hand, common milkweed’s germination 

percentage increased linearly with the increase of temperature from 8°C to 22°C in our study. 

After cold-moist stratification, the germination percentage was not higher than with no pre-seed 

treatment. If the goal is to use common milkweed in a short-term prairie restoration project, 

earlier spring seeding or even late spring seeding (soil temperature higher than 10°C) are 

recommended.  

Basic information about seed germination must be determined before projects are 

undertaken. Based on the seed germination test results, PLS can be calculated, the best pre-seed 

treatment can be chosen. 
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Chapter 3: Field Study and Data Analysis 

3.1 Introduction  

Tallgrass prairie is one of the most severely degraded plant community types in North 

America. However, tallgrass prairie ecology systems offer high soil quality (McPhee et al., 2015; 

Walia et al., 2017) and species diversity for both plants and pollinators (Angelella & O’Rourke, 

2017). In the past two decades, studies have started to find the best and most economical way for 

improving the restoration prairie technology in North America (Foster et al., 2015). The main 

goals of an ecological restoration project are to re-establish functional processes, species 

composition, and community structure, and to maintain resistance to invasive species (Millkin et 

al., 2016). 

Site preparation related to the existing vegetation and soil structure can contribute to the 

goals that lead to successful restoration. Historically, fire, cultivation, and grazing have been 

three common ways that oak forests have been converted to prairie (Jordan, 1997; Packard, 

1993). Modern restoration studies mainly focus on three categories of site preparation: planting 

on bare-soil sites, planting with existing vegetation, and serving special needs to maintain the site 

before planting (Smith, 2010). There is substantial agreement that removing existing vegetation 

is the most successful site-preparation for re-establishing land with little or no prairie vegetation 

remaining (Rowe, 2010). Interseeding into introduced grasses has been used in many studies but 

has shown little success for establishing native prairie (Bakker et al., 2003; Rowe, 2010). 

Most North American prairie restoration projects desire to re-establish prairie into 

traditional agricultural lands (Fuhlendorf et al., 2002; Ruiz-Jaen & Mitchell, 2005; Sluis, 2002). 

Choosing how to convert these special lands, such as urban green spaces, back to prairie can be a 

challenge. Understanding or testing the soil structure for the site is the first step before 
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considering the optimum site preparation methods. Using the best site-preparation techniques can 

result in enriched soil and less weed management (Smith, 2010). Baer et al. (2002) found that 

after 12 years of prairie restoration on agriculture used lands, both the soil C and N levels were 

significantly increasing. Another study tested the weed invasion between the tallgrass plots and 

cool-season grass communities (species normally planted in roadsides, lawns, and field) plots in 

the United States (Blumenthal et al., 2003). They found that the total weed biomass in the cool-

season grass plots were significantly higher than the prairie plots. 

Different species in the seed mixture require different planting times (Page et al., 2005), 

and different seeding depths, especially the forb seeds (Millikin et al., 2016). Based on these 

factors, things need to be considered for successful prairie restoration. Determining the optimum 

germination environment (pH, seeding depth, and temperature) for the seed mixture, and our 

greenhouse studies, have tested and shown this in Chapter 2. After completion of the germination 

studies, we found that different species required different seeding depth levels and soil 

temperatures, which leads us to determine the optimum seeding methods. Also, different seeding 

methods may improve the success for interseeding prairie projects. 

 Direct seeding and transplant are two main types of seeding method that can be used for 

modern establishment project (Hedberg & Kotowski, 2010). Because one goal for our restoration 

project is to reduce the management for urban green areas, our restoration project only focuses 

on the direct seeding methods. Two kinds of direct seeding methods, slot seeding and broadcast, 

were used for this study. Some seeding method studies showed that drill seeding methods 

produced much higher seedling densities than broadcasting in valleys of the field (Ambrose & 

Wilson, 2003). The reason may be because of the broadcast seed was less evenly distributed over 

the whole plot due to movement resulting in greater competition between seedlings (Ambrose & 
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Wilson, 2003; Bakker et al., 1997). However, Kindscher and Tieszen (1998) suggested that 

broadcasting was more successful for native plant restorations in Kansas. The different results of 

these studies can be due to difference in local weather, soil structures, and the species being 

seeded (Bakker et al., 2003). 

Few studies have been conducted to determine the optimum combination of seeding 

method and site preparation to improve prairie ecological restoration in North America. 

Furthermore, golf courses, roadsides, and urban parks are specialized urban green areas. The 

purpose of our study was to evaluate methods for prairie restoration, determining the optimum 

re-establishment methods in Ontario. 

Because some of the measurements for ecological processes was for the long-term 

functions of the restored ecosystem. In practice, most restoration studies address three primary 

ecosystem attributes: diversity, vegetation structure, and ecological processes (Ruiz-Jaen & 

Mitchell, 2005). Diversity is usually measured by determining species richness and species 

evenness (Nichols & Nichols, 2003; Weiermans & van Aarde, 2003). Vegetation structure is 

generally measured by determining vegetation cover (Kruse & Groninger, 2003; Salinas & 

Guirado, 2002; Wilkins et al., 2003). The ecological process is commonly measured by 

determining the composition of the soil nutrients or long-term environmental interactions 

(Davidson et al., 2004; Feldpausch et al., 2004), our study only measured species richness, 

species diversity, and species canopy cover.  

3.2 Material and Methods 

The establishments for the studies were conducted in May 2017 and November 2017 at 

the Guelph Turfgrass Institute (GTI), Ontario, Canada, with the following species: black-eyed 

Susan (Rudbeckia hirta), early goldenrod (Solidago juncea), fowl bluegrass/fowl meadowgrass 



 
78 

(Poa palustris), foxglove/beardtongue (Penstemon digitalis), Indiangrass (Sorghastum nutans), 

New England aster (Aster novae – angliae), showy tick trefoil (Desmodium canadense), 

switchgrass (Panicum virgatum), white vervain (Verbena urticifolia), wild bergamot (Monarda 

fistulosa), and little bluestem (Schizachyrium scoparium).   

Table 3.1: 11 Native species for field studies in 2017 at Guelph, ON 

Common Name Scientific Name Percentage in 
the Mixture CMS1 Reference 

Black-eyed Susan Rudbeckia hirta 7% N Williams, 2010 
Early goldenrod Solidago juncea 1% Y Bratcher et al., 1993 
Fowl bluegrass Poa palustris 25% Y Jensen & Meyer, 

2001  
Foxglove Penstemon digitalis 2% - - 
Indiangrass Sorghastum nutans 20% Y Watkinson & Pill, 

1998 
New england aster Aster novae – anglaie 1% Y Schramm, 1978 
Showy tick trefoil Desmodium canadense 1% N Schramm, 1978 
Switchgrass Panicum virgatum 25% Y Wolf & Fiske, 2009 
White vervain Verbena urticifolia 1% Y Gardner, 2011 
Wild bergamot Monarda fistulosa 2% - - 
Little bluestem Schizachyrium 

scoparium 
15% N Williams, 2010 

1CMS = cold moist stratification. 
1Y = CMS improves germination N = CMS does not improve germination and - = it is not 
known if CMS improves germination 

 

3.2.1 Site Characterization 

To test for phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg) and pH, the 

soil was sampled at a depth of 10 cm. We chose two sites at the GTI, named Site A and B, 

different soil nutrition (Table 3.2). The plot plan is shown in Figure 3.1: the top of the picture is 

where the GTI lab location, and the bottom is Victoria Road. On the right side of the plot plan is 

the Site B, which was historically used as the research land. The left side of the plot plan, which 

is Site A, has not been used as a research area. 
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Figure 3.1: Plot plan for the spring seeding of prairie restoration project at the Guelph Turfgrass 
Institute. Site A is on the left side of the road and Site B is on the right. Treatments include two 
seeding types: broadcast and slot seeding, and 3 seedbed preparations: herbicide with rototill and 
rototill only. Each trial had 5 replications. 

 
Table 3.2: The soil testing results from the lab center in University of Guelph, Guelph, Ontario 

Sample ID Specimen type test Results Soil nitration test Results(mg/L) OM 
Range 4 
(Site B) 

Gravel 0.3% Phosphorus 18 6.6% 
Sand 55.7% Magnesium 260  
Very Fine Sand 21.3% Potassium 100  
Fine Sand 22.7% Sodium 30  
Medium Sand 8.3% Calcium 3000  
Coarse Sand 
Very Coarse Sand 

2.1% 
0% 

Manganese/Zine 
Copper 

12/2.8 
1.4 

 

Silt 31.7% Iron 37  
Clay 12.7% pH 7.5  

Driveway 
(Site A) 

Gravel 1.8% Phosphorus 48 7.5% 
Sand  52.8% Magnesium 430  
Very Fine Sand 11.0% Potassium 390  
Fine Sand  14.6% Sodium 31  
Medium Sand 13.3% Calcium 3100  
Coarse Sand 7.9% Manganese/Zine 9.2/5.4  
Very Coarse Sand 6.0% Copper 1.6  
Silt 28.8% Iron 29  
Clay 18.3% pH 7.3  
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3.2.2 Spring Plot Preparation 

Each plot was 4 meters by 5 meters with four 0.5-meter buffers on each side. This 

experiment design had three different seedbed preparations: rototilling, herbicide with rototilling, 

and overseeding into existing turfgrass. Each of the three seedbed preparations included two 

seeding methods: broadcast and slot seeding, and five replications in a completely randomized 

block design. 

Individual plots were seeded with the same combination of species of forbs and native 

grasses for all seedbed preparation and seeding methods. The seed supplier, Ontario Seed 

Company, suggested a seeding rate of 50 grams per 20 square meters. The seeding rate used was 

100 grams per 20 square meters for positive results. Existing turfgrass plots were typically 

Kentucky bluegrass (Poa pratensis) or fine fescues (Festuca spp.).  

3.2.3 Seedbed Preparation for Spring Planting 

Rototill: The plots were mowed to a height of 5.7 cm two weeks before seeding on May 

9, 2017. Excess debris was removed and the existing turf was rototilled with a tractor-mounted 

rototiller (Blecavator, Blec, UK) to a depth of 5 to 8 cm (Cavanaugh, 2013) on May 30, 2017. 

Plots were raked to remove any large debris on the surface and to create a level surface to reduce 

the chances for seed flow during rain events. Seeding methods are described below. 

 
Figure 3.2: Rototill seedbed preparation 
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Herbicide treatment with rototill: The plots were mowed to a height of 5.7 cm two weeks 

before seeding on May 9, 2017. Excess debris was removed, and the grasses were treated with 

the herbicide glyphosate (Roundup WeatherMax) (Foster & Lovett, 2003) on May 12, 2017. The 

chemicals were applied from 7:15-7:55 am on Site A and 8:00-8:30 am on the Site B. The 

Roundup WeatherMax was a 1% solution (10 mL/L). Roundup WeatherMax was applied to the 

plots in a 50 mL/m2 spray volume (5L/100 100 m2). Equivalent to 0.5 mL Roundup WeatherMax 

per square meter (50 mL Roundup WeatherMax per 100 m2). The weather conditions were as 

follows: 

7 am: 4°C, Wind NE 5Km/h, RH 89%; 

8 am: 9°C, Wind ENE 11 Km/h, RH 78%; 

9 am: 11°C, Wind ENE 10 Km/h, RH 71%. 

 After the Roundup WeatherMax was fully translocated into the turf, the plots were 

rototilled with a tractor-mounted rototiller (Blecavator, Blec, UK) to a depth of 5 to 8 cm on May 

30, 2017 (Cavanaugh, 2013). The plots were raked to remove any large debris on the surface and 

to create a level surface to reduce the chances for seed flow during rain events. Seeding methods 

will be described below. 

        
Figure 3.3: Herbicide with rototill seedbed preparation 
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Overseeding into Kentucky bluegrass (Poa pratensis) and fescue (Festuca spp.): The 

plots were mowed to a height of 5.7 cm two weeks before seeding on May 9, 2017. Excess 

debris was removed. Seeding methods are described below. 

 
Figure 3.4: Comparison between herbicide treatments burn plots with overseeding plots 

3.2.4 Seeding Methods for Spring Planting 

Broadcast seeding: Using the shaker (Figure 3.5) in GTI lab with hand broadcast on the 

surface of the plots. Seedbed preparations with bare soil were lightly raked to incorporate the 

seed and prevent seed flow during rain events. For broadcast seeding into existing turfgrass 

vegetation, the turfgrass was lightly scarified (vertical mowing) to produce breaks in the canopy 

to allow the seed to penetrate. One person broadcasted each replication at a seeding rate of 

100g/20m2 using the same shakers. 

 
Figure 3.5: Shaker used for broadcast seeding prairie establishment studies at the Guelph Turfgrass 
Institute 



 
83 

Slot seeding: Slot seeding was conducted with a modified Truax slot seeder with a 

modified seed hopper to allow for small-scale seeding events. Calibration of the seeder was on 

May 26, 2017, from 11:30 to 14:30. Putting the sandwich bags on the pathway tubes of the 

seeder, and weight out the seeded seeds from the sandwich bags for multiple times. We 

calibrated the seeding rate three times, and found seed weights of 96g/20m2, 75.4g/20m2, and 

69.2g/20m2. The three measurements did not match our goal, which was 100g/20m2, because the 

three testing plots had different surface roughness. The first testing plot was relatively smooth, 

and the last test plot was rougher than others. The average of all the results was 80g/20m2, which 

is still higher than the OSC’s recommended seeding rate. We decided to use this seeding rate for 

our slot seeding.   

 
Figure 3.6: Seeder used for slot seeding the prairie restoration establishment study at the Guelph 
Turfgrass Institute 

3.2.5 Fall Plot Preparation 

Rototill, chemical burn and rototill, and overseeding seedbed preparations were described 

above and the plot plan for the fall seeding was laid out similarly to the spring seeded trial 

(Figure 3.7). The plots were mowed to a height of 5.7 cm two weeks before seeding on October 

30th 2017. Excess debris was removed and the existing turf was rototilled with a tractor-mounted 

rototiller (Blecavator, Blec, UK) to a depth of 5 to 8 cm (Cavanaugh, 2013) on November 22rd, 

2017.  
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Figure 3.7: Fall plot plane of prairie restoration project at the Guelph Turfgrass Institute. Site A 
is on the left side of the road and Site B is on the right. Treatments include two seeding types: 
broadcast and slot seeding, and 3 seedbed preparations: overseeding, herbicide with rototill and 
rototill only. Each trial had 5 replications. 

The grasses were treated with the herbicide Roundup WeatherMax (Foster & Lovett, 

2003) November 13th 2017 as described above. Applications occurred from 7:15-7:55 am on the 

Site A and 8:00-8:30 am on Site B. The weather conditions were as follows: 

7 am: 0°C, Wind SE 6Km/h, RH 100% 

8 am: 0°C, Wind S 4Km/h, RH 100% 

9 am: 1°C, Wind SE 7Km/h, RH 93%. 

 After the Roundup WeatherMax was fully translocated into the turf, the plots were 

rototilled with a tractor-mounted rototiller (Blecavator, Blec, UK) to a depth of 5 to 8 cm 

(Cavanaugh, 2013). The overseeding plots were mowed to a height of 5.7 cm two weeks before 

seeding on October 30th 2017. All plots were seeded in November 2017 with broadcast seeding 

and slot seeding, and the seeding methods have described above. For the fall planting, broadcast 

seeding was completed on November 24, 2017, and slot seeding was completed on November 
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22, 2017. The proposal for fall planting plots is to compare the optimum seeding time in Ontario 

with the spring seeding plots, and the results of Fall establishment are not presented in the thesis. 

3.2.6 Measurement of Establishment 

The goal of all grassland restoration is to develop an acceptable number of established 

plant species (Bonham, 1989; Cook & Stubbendieck, 1986). Establishment studies often use a 

frequency grid to assess the effectiveness of seeding rates, herbicide efficacy, and strategies for 

grassland improvement. The point quadrat (with 81 points) was randomly placed into the plot 

three times and recording the exact species at each cross point of the point quadrat.   

The experiment design was a completely randomized block design. Species richness is 

measured by the number of species found in a sample (Colwell, 2009). Species diversity is the 

number of different species that are represented in the community (Hill, 1973). Species diversity 

differs from species richness in that diversity includes both the number of species present and the 

dominance or evenness of species. Species diversity is calculated using the Shannon index (H), 

which was developed by Shannon in 1948 (Allen & Bar-Yam, 2009). The formula for measuring 

species diversity is:  

H = Σ (pl) |ln pl| 

where (pl) is the proportion of the total number of individuals in the population that are in species 

“l.”  

To determine the species percentage, species canopy cover by species was also 

determined. Canopy cover was determined using the point quadrat to identify the species under 

each point, then dividing the number of the species by the total number of points on the point 

quadrat to calculate the percentage. Recording the percentage as the species canopy cover.  
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The dependent variables were species richness, species diversity, and species canopy 

cover, and the independent variables were the two seeding methods (slot seeding, broadcast) and 

three seedbed preparations (overseeding, rototill, herbicide burn with rototill). All analyses were 

performed in SAS 9.4 (SAS Institute 2002-2012) using PROC GLIMMIX with a Lognormal 

distribution for canopy cover percentage, and the analysis conducted a 2 x 3 factories analysis. 

The fixed effects were the two seeding methods and three seedbed preparations, and the random 

effect was the blocks. Tukey’s HSD test was used to compare the means for species richness, 

species diversity, and species canopy cover percentage, and normality of the residuals was tested 

using a Shapiro-Wilk test for the dependent variable.   

3.3 Analysis and Results 

The study shows no significance of seeding method and the interaction of seedbed 

preparation*seeding method on species richness, species diversity, and species canopy cover 

percentage for both sites for the spring seeding (see Table 6.3 in Sppendix). There was an effect 

of seedbed preparation on species richness, species diversity, and species canopy cover for both 

sites (p < 0.05).  

Both rototill and chemical burn & rototill showed significantly higher species richness 

than overseeding for both sites A and B (Table 3.3). Site A and B have significantly higher 

species diversity with the rototill and chemical burn & rototill seedbed preparations compared to 

overseeding (Table 3.3). In both sites, the rototill seedbed preparation has the highest species 

diversity, which was 0.929 in site A and 1.1812 in site B.  

Black-eyed Susan, existing turf, switchgrass, and weeds had significant different canopy 

covers under the three seedbed preparations in Site A (Table 3.4). Black-eyed Susan had the 

highest canopy cover in the chemical burn & rototill treatment, and weeds had the highest 
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canopy cover percentage for both rototill and chemical burn & rototill seedbed treatments. 

Existing turf had the highest percentage in the overseeding plot and the fewest weeds. Black-

eyed Susan, existing turf, fowl bluegrass, foxglove, switchgrass, and weeds showed the 

significant differences in canopy cover percentage between each seedbed preparation (Table 3.5). 

Rototill and chemical burn & rototill caused significantly higher canopy cover percentage for 

black-eyed Susan, foxglove, switchgrass than the overseeding treatment. Fowl bluegrass benefits 

from herbicide as shown by the fact that fowl bluegrass had 26% canopy cover in chemical burn 

& rototill plot compared to 6% canopy cover in rototill plot. Except the fowl bluegrass, other 

species all showed similar canopy cover percentage between chemical burn & rototill plots and 

rototill plots. For example, the canopy cover percentage of black-eyed Susan in rototill plots was 

50% and in chemical burn & rototill plots was 53%. Chemical burn & rototill works better than 

rototilling alone at Site B (Table 3.4, 3.5) which shows a higher weed percentage in rototill plot 

(24%) than in the chemical burn & rototill plot (8%). The difference in the weed canopy cover 

percentage for each seedbed preparation was the most important and distinct difference between 

Site A and Site B.  
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Table 3.3: Analysis of seedbed preparation with 11 native species for species richness and 
species diversity in 2017 in field for 4 months at site A and B, GTI, Guelph, Ontario 

Seedbed Preparation1 Species Richness2 Species Diversity3 

Site A Site B Site A Site B 
Overseeding 2.2 c 2 b 0.4741 b 0.3951 b 
Rototill 4.2 a 5.2 a 0.929 a 1.1812 a 
Herbicide & Rototill 3 b 5.1 a 0.9078 a 1.1304 a 
1Overseeding is seeding the seed mixture directly into the existing turf without seedbed 
preparation. The existing turf species are Kentucky bluegrass and fescue. Rototill is removed 
the existing turf by using a tractor-mounted rototiller (Blecavator, Blec, UK) to a depth of 5 to 
8 cm. Chemical burn & rototill is treated the research area with the herbicide Roundup 
WeatherMax two weeks before seeding. After the herbicide is fully translocated into turf, the 
plots are rototilled with a tractor-mounted rototiller (Blecavator, Blec, UK) to a depth of 5 to 8 
cm. 
2Species richness is the number of different species represented in that specific area. Species 
richness is simply a count of species. The letters show the statistic comparison for each 
individual species richness on specific seedbed preparation. Different letters mean significant 
difference between each seedbed preparation. 
3Species diversity takes into account both species richness and species evenness. In this case, 
the Shannon index was used for calculating the species diversity. The letters show the statistic 
comparison for each individual species diversity on specific seedbed preparation. Different 
letters mean significant difference between each seedbed preparation. 
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Table 3.4: Analysis of seedbed preparation with existing turf, soil and weeds (top) and 11 native 
species (below) in 2017 in field for 4 months at site A, GTI, Guelph, Ontario 

Species1 Seedbed 
Preparation2 

Canopy 
Cover %3 SE4 P value5 

Existing turf 
Overseeding 75% a 0.06723 

< .0001 Rototill 10% b 0.06723 
Herbicide & Rototill 6% b 0.06723 

Soil 
Overseeding 0.08% a 0.00695 

0.4146 Rototill 0.9% a 0.00695 
Herbicide & Rototill 1% a 0.00695 

Weeds 
Overseeding 22% b 0.07911 

0.0014 Rototill 61% a 0.07911 
Herbicide & Rototill 49% a 0.07911 

     
Aster novae – anglaie Overseeding . . 

.    New England aster Rototill . . 
 Herbicide & Rototill . . 

Desmodium canadense Overseeding 0% a 0.000291 
0.3855    Showy tick trefoil Rototill 0.04% a 0.000291 

 Herbicide & Rototill 0% a 0.000291 
Panicum virgatum Overseeding 0% b 0.03962 

0.0469    Switchgrass Rototill 7% ab 0.03962 
 Herbicide & Rototill 12% b 0.03962 

Penstemon digitalis Overseeding . . 
.    Foxglove Rototill . . 

 Herbicide & Rototill . . 
Poa palustris Overseeding 0.08% a 0.001796 

0.0634    Fowl bluegrass Rototill 0.5% a 0.001796 
 Herbicide & Rototill 0.08% a 0.001796 

Rudbecki hirta Overseeding 2% b 0.05274 
0.0005    Black-eyed Susan Rototill 18% a 0.05274 

 Herbicide & Rototill 31% a 0.05274 
Schizachryium 
scoparium Overseeding 0 % a 0.01473 

0.1443    Little bluegrass Rototill 3% a 0.01473 
 Herbicide & Rototill 0% a 0.01473 

Solidago juncea Overseeding 0% a 0.01397 
0.3855    Early goldenrod Rototill 0% a 0.01397 

 Herbicide & Rototill 2% a 0.01397 
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Species1 Seedbed 
Preparation2 

Canopy 
Cover %3 SE4 P value5 

Sorghastum nutans Overseeding . . 
.    Indiangrass Rototill . . 

 Herbicide & Rototill . . 
Verbena urticifolia Overseeding . . 

.    White vervain Rototill . . 
 Herbicide & Rototill . . 

Monarda fistulosa Overseeding . . 
.    Wild bergamot Rototill . . 

 Herbicide & Rototill . . 
1Species mixture used for field study is the standard seed mixture from the local seed 
supplier. 
2Three seedbed preparations were used for experiment. They are: rototill, chemical & 
rototill, and overseeding. 
2Overseeding is seeding the seed mixture directly into the existing turf without seedbed 
preparation. The existing turf species are Kentucky bluegrass and fescue. 
2Rototill is removed the existing turf by using a tractor-mounted rototiller (Blecavator, 
Blec, UK) to a depth of 5 to 8 cm. 
2Chemical burn & rototill is treated the research area with the herbicide Roundup 
WeatherMax two weeks before seeding. After the herbicide is fully translocated into 
turf, the plots are rototilled with a tractor-mounted rototiller (Blecavator, Blec, UK) to a 
depth of 5 to 8 cm. 
3Species canopy cover is divided the total number of point quadrant (81) by each 
species number. The letters show the statistic comparison for each individual species 
canopy cover percentage on specific seedbed preparation. Different letters mean 
significant difference between each seedbed preparation. 
4SE stands for standard error 
5Significant effects (p < 0.05) are indicated in bold. 
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Table 3.5: Analysis of seedbed preparation existing turf, soil and weeds (top) and 11 native 
species (below) in 2017 in field for 4 months at Site B, GTI, Guelph, Ontario 

Species1 Seedbed 
Preparation2 

Canopy 
Cover %3 SE4 P value5 

Existing turf 
Overseeding 86% a 0.03169 

< .0001 Rototill 15% b 0.03169 
Herbicide & Rototill 3% c 0.03169 

Soil 
Overseeding . . 

. Rototill . . 
Herbicide & Rototill . . 

Weeds 
Overseeding 14% b 0.02392 

< .0001 Rototill 24% a 0.02392 
Herbicide & Rototill 8% b 0.02392 

 

Aster novae – anglaie Overseeding 0% a 0.001744 
0.292   New England aster Rototill 0.3% a 0.001744 

 Herbicide & Rototill 0% a 0.001744 
Desmodium canadense Overseeding 0% a 0.006562 

0.098   Showy tick trefoil Rototill 1% a 0.006562 
 Herbicide & Rototill 2% a 0.006562 

Panicum virgatum Overseeding 0% b 0.01638 
0.0037   Switchgrass Rototill 4% ab 0.01638 

 Herbicide & Rototill 7% a 0.01638 
Penstemon digitalis Overseeding 0% b 0.001119 

0.0385   Foxglove Rototill 0.04% ab 0.001119 
 Herbicide & Rototill 0.4% a 0.001119 

Poa palustris Overseeding 0% b 0.02302 
< .0001   Fowl bluegrass Rototill 6% b 0.02302 

 Herbicide & Rototill 26% a 0.02302 
Rudbecki hirta Overseeding 0% b 0.03674 

< .0001    Black-eyed Susan Rototill 50% a 0.03674 
 Herbicide & Rototill 54% a 0.03674 

Schizachryium scoparium Overseeding . . 
.   Little bluegrass Rototill . . 

 Herbicide & Rototill . . 
Solidago juncea Overseeding . . 

.   Early goldenrod Rototill . . 
 Herbicide & Rototill . . 
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Species1 Seedbed 
Preparation2 

Canopy 
Cover %3 SE4 P value5 

Sorghastum nutans Overseeding . . 
.   Indiangrass Rototill . . 

 Herbicide & Rototill . . 
Verbena urticifolia Overseeding 0% a 0.000582 

0.3855   White vervain Rototill 0% a 0.000582 
 Herbicide & Rototill 0.08% a 0.000582 

Monarda fistulosa Overseeding 0% a 0.000967 
0.195   Wild bergamot Rototill 0.2% a 0.000967 

 Herbicide & Rototill 0% a 0.000967 
1Species mixture used for field study is the standard seed mixture from the local seed 
supplier. 
2Three seedbed preparations were used for experiment. They are: rototill, chemical & 
rototill, and overseeding. 
2Overseeding is seeding the seed mixture directly into the existing turf without seedbed 
preparation. The existing turf species are Kentucky bluegrass and fescue. 
2Rototill is removed the existing turf by using a tractor-mounted rototiller (Blecavator, 
Blec, UK) to a depth of 5 to 8 cm. 
2Chemical burn & rototill is treated the research area with the herbicide Roundup 
WeatherMax two weeks before seeding. After the herbicide is fully translocated into turf, 
the plots are rototilled with a tractor-mounted rototiller (Blecavator, Blec, UK) to a depth 
of 5 to 8 cm. 
3Species canopy cover is divided the total number of point quadrant (81) by each species 
number. The letters show the statistic comparison for each individual species canopy 
cover percentage on specific seedbed preparation. Different letters mean significant 
difference between each seedbed preparation. 
4SE stands for standard error 
5Significant effects (p < 0.05) are indicated in bold. 

 

3.4 Discussion 

In addition to seed resources, seedbed preparation and seeding methods must also be 

considered before seeding. The goal of site preparation is to increase seed emergence, plant 

growth, and survival percentage of the plants in the seeded area. We tested three types of 

seedbed preparations: rehabilitation (directly seeding in the existing turf), reconstruction 

(chemical burn & rototill), and cultivation (rototill).  
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Millikin et al. (2016) used two types of site preparation for converting a historical 

soybean field to prairie. The first site was treated with herbicides before seeding, and the second 

site was seeded on the existing land. Based on nine years of recorded data, Millikin et al. (2016) 

found that species diversity increased in the reconstructed seedbed preparation (reconstruction is 

re-established prairie on land without prairie vegetation remaining), but there was no change in 

the rehabilitated seedbed preparation (rehabilitation is interseeding prairie with existing prairie 

vegetation). Species richness was improved by 55% in the reconstruction site compared to only 

47% in the rehabilitation seedbed preparation. For non-native species, reconstruction (the non-

native species cover percentage was 14% at the end of the project) was 5 times lower of non-

native plant cover percentage than rehabilitation (the non-native species cover percentage was 

70% at the end of the project), but the numbers did not change with time.  

In our study, we compared species diversity, species richness, and species canopy cover 

percentage by using two different sites with different soil situations. Both rototilling and 

chemical burn & rototilling seedbed preparations had higher species diversity and species 

richness than simply seeding into the existing turf in both sites. We also tested the cover 

percentage of non-native species percentages within the two different soil structure sites. For site 

A, the rototilled plot had the highest weed percentage of the three seedbed preparations, and the 

chemical burn and rototill sites had two times more weed percentage than the overseeding site. 

However, there was a different story in Site B: the chemical burn and rototill sites had only about 

8% weeds as opposed to around 20% weeds for both the overseeding and rototill sites. Our study 

includes two different sites with different soil structures building on the results from Milikin et 

al. (2016). These results suggest that rototilling or tilling the seedbed before seeding will bring 
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more positive results for prairie restoration projects with either managed or non-managed soil 

sites.  

Tucker, Rothermel, and Daskin (2017) compared species richness between no-till plots 

and till plots which were both treated with herbicide applied six weeks before seeding. They 

found that both grass and forb species richness in the no-till plots were significantly higher than 

tilled and control plots after the first year establishment. We also found significant differences in 

species richness between till and no-till plots without chemical burn but no difference between 

rototill and chemical burn & rototill. Chemical treatment in overseeding plots may be a 

necessary step to lead to short-term or quick prairie restoration success if tilling is not performed. 

A limitation of our study is that one year of data for the spring establishment is all that 

has been reported. We have not had much germination of desired species results in the 

overseeding plot yet (seeding on the existing turf): these plots may yield positive results in the 

future. Middleton (2010) tested species richness and species diversity between direct seeding and 

overseeding plots over the course of seven years and found that overseeding into an existing 

small prairie increased species richness and species diversity compared to direct seeding a new 

establishment prairie. Based on their findings and results presented here, overseeding may not be 

an appropriate seedbed preparation method for a quick conversion to small prairie although the 

plots had the fewest weeds.  

Seeding methods were also tested in our study. We found no interaction of species 

richness, species diversity, and canopy cover with seeding methods. However, Bakker et al.  

(2003) had different results for the two seeding methods used in the three-year prairie restoration 

project with two sites (valley and tableland) in Saskatchewan, Canada. Their study showed a 

significant difference between broadcast and drilled for establishment at both sites in the first 
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year. On the second year, there were no significant differences for seedling numbers per square 

meter between both sites with two seeding methods. However, broadcasting resulted in a 

significantly higher survival percentage than slot seeding in both first and second year. The slope 

of the research sites can affect the results for the restoration project within different seeding 

methods (Smith, 2010). Our study was designed as 2 seeding methods x 3 seedbed preparations 

experiment within two flat and stable sites. We did not find interactions between seeding 

methods with species diversity, species richness, and species canopy cover percentage could be 

the reason for the difference results between our studies and Bakker et al. (2003). 

3.5 Conclusion  

To improve the outcomes of prairie restoration projects, the balance between seeding 

methods and site preparation should be considered. In our study, overseeding did not yield native 

species conversion in a short-term restoration project even with rototilling of the sites. Future 

research can monitor the changes in the overseeded plots in the future. In addition, several 

studies showed different management during the restoration years can provide different results 

(Ries, et al., 2001; Van Dyke et al., 2004; Williams, et al., 2007). Offering special methods for 

the overseeding plots during the restoration years can be a way to consider improving the success 

of overseeding prairie establishment.  

Fire management was described for many studies (Clark & Wilson, 2001). Improvements 

in using fire management as a site-preparation method for species in urban green space in 

Ontario can be tested in the future. Also, we did not test the soil nutrition during the project. 

Future research should investigate the changes in the soil nutrition that occur in these different 

conditions. We also did not test a chemical-burn-only seedbed preparation. There are a lot of 
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questions that can be asked based on our study. Designing better experiments based on these 

questions is a valuable direction for future research. 
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Chapter 4: Discussion and Conclusion  

 Governments spend billions of dollars each year to control invasive non-native plants 

throughout the United States and Canada (Sheley, et al., 1999; Sheley & Half, 2006). Prairie 

restoration is a new tool for controlling invasive plants because native prairies have healthier 

plant communities (Sheley et al., 1996). A number of prairie restoration projects have shown that 

when the number of native species increases, the probability of plant invasion decreases 

(McGrady-Steele et al., 1997; Tilman, 1997). Testing the seed germination of native forbs or 

grasses is the first step in increasing the survival percentage of native species and having a 

successful prairie restoration project. 

Seed germination and seed dormancy are complex traits that are related to several plant 

hormones, and the activity of plant hormones are affected by both seed structures and 

environmental factors (Koornneef et al., 2002). A thicker seed coat reduces seed dormancy 

(Debeaujo et al., 2000), and the seed structures surround the embryo can affect seed dormancy 

and germination (Koornneef et al., 2002). In addition, the availability of essential minerals, 

nutrients, and soil microflora are affected by soil pH, which thus influences the development of 

plants (Adams, 1984). Seeding depth also affects germination and seedling emergence by 

controlling the amount of light the seed receives (Benvenuti, 1995; Benvenuti et al., 2001). 

Temperature is related to seed dormancy, hormonal activity, and photosynthesis pathways (C3 or 

C4 plants; Roberts, 1988).  

However, there are few studies on increasing the germination or survival of native forbs 

and grasses in the context of North American prairie restoration projects. In the current study, we 

tested the optimum germination environment for 17 plant species that local prairie seed suppliers 

typically sell to the public. This was the first and most useful step to increase the success of 
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Ontario prairie restoration. When the optimum germination sand types, seeding depth, 

temperature, and pre-treatment requirements are known, the most effective seeding time, seeding 

methods, and site preparations can be designed.  

Williams (2010) and Smith (2010) provide widely-used germination information about 

native species in North American. However, they only offer some general information that does 

not include the optimum germination pH, seeding depth, and temperature for these native 

species. Germination studies have been conducted for some species, but there are still many 

unknown aspects.  

In addition to the choice of plant species, seed sources, and soil nutrients, planting 

methods and seedbed preparation are also important factors that can influence plant 

establishment (Montalvo, McMillan & Allen, 2002). Economical planting methods that will 

achieve the highest reintroduction of native plants and treating the sites with the best methods to 

reduce the need for future management are two goals in choosing the right seeding method and 

seedbed preparation method. Broadcast and slot seeding are two commonly-used seeding 

methods for seed mixtures (Munshower, 2018). Seeding time is an essential factor for 

determining the optimum seeding methods. Comparing summer broadcast with summer drilled 

planting for their tallgrass prairie restoration for species richness, there was no statistical 

difference for species richness between two seeding methods (Larson et al., 2011). However, 

Larson et al. (2011) found that the dormant broadcast (applied when ground was frozen, around 

December 2004 – March 2005) have significantly higher species richness than summer broadcast 

and summer drilled planting. Besides, the slope of a site is another factor in determining the 

optimum seeding methods, if the sites with a slope will mostly require slot seeding (Smith, 

2010). Some species require deeper burying, which can be accomplished with slot seeding, but 
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others must be at the soil surface, and slot seeding can be a problem for these species (Montalvo, 

McMillan, & Allen, 2002). Seedbed preparation before planting also affects success. For 

example, deep rototilling has been shown to increase the growth of crops (Schmidt & Belford, 

1993) and trees (Anderson, 1988; Ashby, 1997). Soil characteristics such as nutrient 

composition, organic matter, soil texture, and density of soil may also be affected by different 

seedbed preparation methods (Montalvo et al., 2002). 

Montalvo, McMillan, and Allen (2002) tested the relationship between plant growth with 

three seeding methods (wet broadcast, drilling, and imprinting seeding), with drilling to a depth 

of 6-12 mm and imprinting seeding weighted to achieve 10 cm deep, with different levels of 

seeding depth in a two-year restoration project with a native seed mixture. They found that small 

seed species had higher density in imprinted and wet broadcast than drilled treatments, and the 

large seed species had higher species canopy percentage in imprinted and drilled than wet 

broadcast treatments. They did not include the overseeding plots in their study. Our results lead 

to two main conclusions. First, it is necessary to test seed germination in terms of pH, seeding 

depth, and temperature for a successful prairie restoration project. A new and better seed mixture 

can be designed by using the results of greenhouse germination studies. Second, for a small-scale 

and short-term prairie restoration, seedbed preparation is necessary to achieve quicker positive 

results. Broadcasting is a better and lower-cost method in this case.  

However, there are several limitations of our studies. We could not test more species in 

the greenhouse studies because of time limitations, and time limitations also prevented us from 

making more long-term recommendations for the field studies. However, the field studies are 

still running. More information and study is needed on how to introduce prairie plants to specific 
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public areas in order to create more useful and cost-effective ways to manage invasive weeds and 

support more natural habitats for native pollinators. 
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Chapter 5: Recommendations  

5.1 Designing Seed Mixture  

 In prairie restoration, seed source and seed quality are important because of how they 

affect germination. A high percentage of native forbs need to break seed dormancy before 

planting. Local seed suppliers are often the best choice to have a successful prairie restoration 

due to knowledge and access to species that have been successful in the past.  

 A well-planned seed mixture creates a plant community that is both diverse and stable. 

Testing the site environment, including soil structure, soil type, slope, sunlight, and soil fertility, 

is necessary in order to choose the most appropriate native plants for the project. Soil pH can 

have an effect on germination and subsequent prairie composition. Native plants selected should 

include grasses and forbs (both legume and non-legume species). The seed mixture should 

include annual, biennial, and perennial species to ensure successful early establishment and 

maintain long-term species diversity. Although a higher percentage of grass species in the seed 

mixture will cause quicker prairie growth, it will also result in a grass-dominated prairie. 

Including forb species in the mixture will result in higher species diversity and positive results 

for both short-term and long-term restoration projects. 

A ratio of about 40% grasses to 60% forbs is recommended for a small-scale, short-term 

prairie establishment project. Proper species ratio will result in a shorter restoration timeline and 

create a stable and diverse prairie in the future. For better long term results, annual and biennial 

forbs should make up less than 10% of the total forb seed (Smith, 2010). Seeding in the late fall 

with germination occurring in the following spring is ideal to overcome issues with seed 

dormancy. If the seeding must occur during late spring or earlier summer, then a second seeding 

in late fall should be planned as an overseeding event. This will allow natives without seed 



 
102 

dormancy to dominate the site over the first season and also allow the diversity of the species 

with seed dormancy requirements to establish in the second year. Seeding to a depth of 1-2 cm is 

recommended because of potential seed predation by birds. If surface seeding by broadcast 

methods is used, increase the amount of seeds by 30% (Smith, 2010). 

Costs also need to be considered in a successful prairie establishment project. Selecting 

the proper species for the environment and seeding method is important to maximize resources 

during prairie establishment project. For example, including species such as blazing star is an 

added expense with limited chance of success due to seed dormancy and low germination 

percentage. If the site has slope, the seeding rate must be increased to account for potential seed 

loss due to run-off. 

5.2 Site Preparation for a Short-term, Small-scale Prairie Restoration  

 Killing the established non-native species is the goal of site preparation in short-term, 

small-scale prairie restoration. Multiple herbicide applications and/or multiple tillage operations 

may be needed to kill non-native perennial plants but, rototilling alone has similar native species 

diversity and richness even if some sites may have higher weed populations without herbicide 

application. For small scale homeowners, rototilling by hand will be an effective method before 

planting. For landscape managers, the optimum design of seedbed preparation methods must be 

based on soil test results, capacities for future management, and project budget. Seeding methods 

are dependent on the site slope, equipment availability, and size of the re-establishment project. 

For homeowners and landscape managers working on a small scale with limited equipment, 

broadcasting is the most economical seeding method. However, if there are many birds in the 

area during the summer seeding, seeding in the late fall is essential.  
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 Based on our studies, there is a need for more research to develop a better standard seed 

mixture for Ontario prairie restoration projects. More research is also needed to investigate 

seeding methods and seedbed preparations that will result in economical and successful prairie 

establishment projects. The existing information in the public realm is often contradictory and 

leads to confusion on the best ways to establish native prairies in Ontario. 
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APPENDICES 

Table 6.1 Forbs that could be used for Ontario restoration projects 

Common Name Scientific Name Plant Habit1 

Sneezeweed Helenium 
autumnale 

Prefer full to partial sun, wet to moist conditions. 

Saw tooth 
Sunflower 

Helianthus 
grosseserratus 

Prefer full sun, moist soil. 

Cup plant Silphium 
perfoliatum 

Prefer full or partial sun, and moist loamy soil. 

Green headed 
coneflower 

Rudbeckia 
laciniata 

Prefer wet soil and full sun, but tolerates light shade. 

Blue vervain Verbena hastate Prefer wet to moist soil and full sun. 

Blue lobelia Lobelia 
siphilitica 

Prefer wet to moist soil and full sun to part shade. 

Turtlehead Chelone Prefer full sun to part shade and wet to moist soil. 

Common boneset Eupatorium 
perfoliatum 

Prefer full or partial sun, and wet to moist conditions. 

Nodding ladies 
tresses 

Spiranthes 
cernua 

Prefer wet areas. 

Swamp milkweed Asclepias 
incarnata 

Prefer full sun and part shade and wet to moist soil. 

Joe pye weed Eupatorium 
maculatum 

Prefer full sun to part shade and wet to moist soil. 

Cardinal flower Lobelia 
cardinalis 

Prefer full sun to part shade and medium to wet. 

Ironweed Vemonia 
fasciculata 

Prefer full sun and medium to wet water. 

1Plant habit is the plants would prefer moist soil to grow. The plants list inside of the table are 
wet adapted species. The resources are from the Ontario Tallgrass website.  
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Table 6.1: Forbs that could be used for Ontario restoration projects 
Common Name Science Name Plant Habit2 

Gray goldenrod Solidago nemoralis Prefer very dry open fields. 
Beardtongue Penstemon Prefer full sun and dry to medium water. 

Round headed 
bush clover 

Lespedeza capitata Prefer full sun and part shade and dry to medium 
water. 

Nodding wild 
onion 

Allium cernuum Prefer full sun to part shade and dry to medium 
water. 

Common 
milkweed 

Asclepias syriaca Prefer full sun and dry to medium water. 

Purple 
coneflower 

Echinacea 
purpurea 

Prefer full sun to part shade and dry to medium 
water. 

Rough blazing 
star 

Liatris aspera Prefer full sun and dry to medium water. 

Wild bergamot Monarda fistulosa Prefer full sun to part shade and dry to medium 
water. 

Wild lupine Sundial lupine Prefer full sun to part shade and dry soil. 
Butterfly 
milkweed 

Asclepias tuberosa Prefer full sun and dry to medium soil. 

2Plant habit is the plants would prefer dry soil to grow. The plants list inside of the table are dry 
adapted species. The resources are from the Ontario Tallgrass website.  

 
 
 
Table 6.1: Forbs that could be used for Ontario restoration projects 

Common Name Science Name Plant Habit3 

Gray-headed 
coneflower 

Ratibida pinnata Dry to mesic soil types, in full sun or part shade. 

Black-eyed 
susan 

Rudbeckia hirta Easy to grow in average, medium moisture, well-
drained soils in full sun. Best in moist, organically 
rich soils. 

Lanceleaf 
coreopsis 

Coreopsis 
lanceolata 

Dry to medium, prefer in full sun. 

Wingstem Verbesina 
alternifolia 

Prefer medium water, prefer full sun to part shade. 

Oxeye or false 
sunflower 

Helopsis 
helianthoides 

Dry to medium, prefer in full sun. 

Hoary puccoon Lithospermum 
canescens 

Prefer full sun, mesic to dry conditions, and soil 
containing loam, rocky material, or sand. 

Tall coreopsis Coreopsis tripteris Prefer full sun, from dry to medium. 
Woodland 
sunflower 

Helianthus 
divaricatus 

Dry to medium, prefer part shade. 

Monkey flower Minulus 
aurantiacus 

Moist but well-drained, and prefer full sun or partial 
shade. 

Compass plant Silphium 
laciniatum 

Prefer full sun and moist to slightly dry conditions. 
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Common Name Science Name Plant Habit3 
Stiff goldenrod Oligoneuron 

rigidum 
Prefer full sun and moist to slightly dry conditions. 

Ohio spiderwort Tradescantia 
ohiensis 

Prefer full or partial sun, and moist to slightly dry 
conditions.  

Sky blue aster Symphyotrichum 
oolentangiense 

Prefer full or partial sun and mesic to dry conditions. 

Tall bellflower Campanula 
americana 

Prefer part-shade or all shade, and mesic to dry 
conditions. 

Virginia 
mountain mint 

Pycnanthemum 
virginianum 

Prefer full sun and medium water. 

Culvers root  Veronicastrum 
virginicum 

Prefer full sun and part shade, and mesic to dry 
conditions. 

Pearly 
Everlasting 

Anaphalis 
margaritacea 

Prefer full sun to part shade, and medium water. 

Obedient plant Physostegia 
virginiana 

Prefer full sun and medium water. 

Pale purple 
coneflower 

Echinacea pallida Prefer full sun to part shade and dry to mesic. 

New England 
aster 

Symphyotrichum 
novaeangliae 

Prefer full sun and medium water. 

Dense blazing 
star 

Liatris spicata Prefer full sun and medium water. 

Showy tick 
trefoil 

Desmodium 
canadense 

Prefer full sun to part shade, and mesic to dry water. 

3Plant habit is the plants do not have specific requirements for soil moisture. The plants listed 
inside of the table are wet or dry adapted species. The resources are from the Ontario Tallgrass 
website. 



 
120 

Table 6.2 Analysis of Variance (ANOVA) for the germination percentage and days to germination of sand type, sand type with CMS, 
temperature, temperature with CMS and seeding depth. Species is the species of native forbs and native grass used. 17 species are 
used. 

 
Interactions 

 
Source of 
Variation 

Sand Type1  Sand Type with CMS2  Temperature (°C)3  Temperature (°C)3 with 
CMS2  Seeding Depth4 (cm) 

Df
5 

Wald 
Chi-

Square 

P> 
ChiSq6 

 
Df

5 

Wald 
Chi-

Square 

P> 
ChiSq 

 
Df
5 

Wald 
Chi-

Square 

P> 
ChiSq 

 
Df

5 

Wald 
Chi-

Square 

P> 
ChiSq 

 
Df

5 
Wald Chi-
Square 

P> 
ChiSq 

Germinatio
n 
Percentage 

Species 16 1907.98
5 < .0001  8 628.183

6 < .0001  16 1417.43
7 < .0001  8 564.305

6 < .0001  16 634.4322 < .0001 

Treatmen
t 1 0.0396 0.8422  1 174.150

3 < .0001  3 452.584
9 < .0001  1 480.899

6 < .0001  4 254.461 < .0001 

Species* 
Treatmen

t 
16 391.372 < .0001  8 135.148 < .0001  48 293.734

7 < .0001  8 157.791
2 < .0001  64 1503.727

9 < .0001 

                     

Germinated 
Days 

Species 16 280.157 < .0001  8 236.368
2 < .0001  16 155.497

8 < .0001  8 40.5715 < .0001  16 89.2497 < .0001 

Treatmen
t 1 5.3036 0.0213  1 0.9144 0.3389  3 12.2338 0.0066  1 0.5797 0.4464  4 4.6257 0.3279 

Species* 
Treatmen

t 
16 87.6536 < .0001  8 24.9723 0.0016  48 189.449

3 < .0001  8 29.1903 0.0003  63 88.6868 0.0182 

1Sand Type is the two types of sand, calcareous sand and granitic sand. Calcareous is alkaline sand with higher level pH (around 7.5-
8.5), the table 2.2, 2.3 and 2.4 show inside of the chapter 2. Granitic sand is acid sand with lower level pH (around 5.5-6.5). The sand 
type studies all processed in greenhouse. 
2CMS is stand for cold-moist stratification. The cold-moist stratification means putting the seeds into the petri dishes with moist soil, 
and putting the petri dishes into the 4 °C refrigerator with dark environment for 35 days. 9 of 17 species used for the CMS studies 
because the CMS studies choose the species other researches have not tested. 
3Temperature is within four levels of temperature: 8°C, 12°C, 16°C, and 22°C. Temperature studies tested by using growth chamber 
and watering when needed. 
4Seeding Depth is within five levels of seeding depth: 0 cm, 1.0 cm, 2.0 cm, 4.0 cm, and 8.0 cm. 
5Df stands for degrees of freedom. 
6Significant effects (p < 0.05) are indicated in bold. 
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Figure 6.1 The peak regression of four levels of temperature for each species. Data scale seed germination percentage of each species 
on 17 varieties of native species by temperature as affected by germination percentage in a greenhouse study at Guelph, ON. 
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Table 6.3 Analysis of Variance (ANOVA) for the species richness, species diversity, and species canopy cover of site A and site B, 
GTI, Guelph. 

 Source of Variation Species Richness2  Species Diversity3  Species Canopy Cover4 

 Df6 F Pr >  F7  Df6 F Pr >  F7  Df6 F Pr >  F7 

Site A1 

Block5 4 1.46 .  4 0.18 .  4 0.05 . 
Seedbed preparation8 2 40.43 < .0001  2 9.71 0.0011  2 5.52 0.0055 
Seeding method9 1 0.53 0.4692  1 0.85 0.3678  1 0.54 0.4651 
Seedbed preparation * 
Seeding method 2 2.13 0.1298  2 0.51 0.6069  2 0.62 0.5382 

             

Site B1 

Block5 4 2.87 .  4 1.73 .  4 0.01 . 
Seedbed preparation8 2 203.48 < .0001  2 103.75 < .0001  2 6.57 0.002 
Seeding method9 1 1.84 0.1805  1 0.45 0.508  1 0.03 0.8664 
Seedbed preparation * 
Seeding method 2 0.61 0.5448  2 0.25 0.781  2 0.05 0.9529 

1Site A and site B are two different areas located on Guelph Turfgrass Institute, Guelph, Ontario. Site B is used for research as a management 
area for a long time, and supposes with higher soil organic matter. Site A is less management area than site B, and supposes with lower soil 
organic matter. 
2Species richness is the number of different species represented in that specific area. Species richness is simply a count of species. 
3Species diversity takes into account both species richness and species evenness. In this case, the Shannon index was used for calculating the 
species diversity. 
4Species canopy cover is divided the total number of point quadrant (81) by each species number. 
5The experiment is a randomized complete block design with 2 seeding methods x 3 seedbed preparations with 5 blocks in two sites. 
6Df stands for degrees of freedom. 
7Significant effects (p < 0.05) are indicated in bold. 
8Three seedbed preparations were used for experiment. They are: rototill, chemical & rototill, and overseeding. 
9Two seeding methods were used for experiment. They are: broadcast and slot seeding. 

 
 


