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ABSTRACT 

THE EFFECTS OF FERTILIZER APPLICATION METHOD ON SPECIES 
COMPOSITION OF A PUTTING GREEN 

Kelly O'Connor Advisor: 
University of Guelph, 2009 Dr. E. M. Lyons 

Three experiments were designed to examine whether foliar fertilization had an 

effect on the invasion and establishment of annual bluegrass (Poa annua L.) (AB) and 

silvery thread moss (Bryum argenteum Hedw.) (STM) onto creeping bentgrass {Agrostis 

stolonifera Huds.) (CB) putting greens in temperate climates. Greenhouse experiments 

showed that foliar fertilizer increased the nitrogen concentration of both AB and CB 

compared to soil-applied fertilizer. Foliar fertilizer also promoted the invasion and 

establishment of STM in the greenhouse compared to granular and soil-applied liquid. 

Fertilization using ammonium sulphate as the nitrogen source resulted in plants with a 

higher root and shoot mass compared to a fertilizer with urea as the nitrogen source. The 

field study conducted at the Guelph Turfgrass Institute (GTI) found that overseeding with 

CB T-l and applied granular fertilizer resulted in a higher CB population compared to 

foliar. Soil-applied fertilizer resulted in the highest root production for both AB and CB 

at 3-6 cm and 6 cm and below in the soil profile. Microscopic examination revealed that 

AB may have the ability to absorb foliar fertility through barb-like extensions on the 

margins of the leaf, while CB cannot. 
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CHAPTER ONE 

LITERATURE REVIEW 

1.0 GENERAL INTRODUCTION 

The invasion of annual bluegrass (AB) {Poa annua L.) and silvery thread moss 

(STM) (Bryum argenteum Hedw.) on creeping bentgrass (CB) {Agrostis stolonifera 

Huds.) greens is a major problem on golf courses. Lower mowing heights and a 

reduction in nitrogen fertility has led to weakened turf and promoted weed invasion 

(Burnell et al., 2004). Superintendents regard both AB and STM as weeds and their 

elimination from golf greens would be favourable (Lush, 1989; Burnell et al., 2004). 

Creeping bentgrass is the desirable species on a golf green because it can withstand low 

mowing heights, have consistent uniformity of playing surface and good colour. 

Creeping bentgrass is also relatively tolerant to pathogen and insect pressures under golf 

course conditions. The invasion of weeds such as AB and STM reduce the quality of the 

putting green and can become more costly (Beard, 2002). 

1.1 TURF QUALITY 

The quality of the putting green or turf quality refers to a number of 

characteristics that make it useful (Turgeon, 2005). There are two main components of 

turf quality: 1) visual quality (or the aesthetic value of the turfgrass) and 2) functional 

quality (or physical purpose of the turfgrass). Certain aspects are more important than 

others depending on their use (Turgeon, 2005). For example locations where drought 

and heat are an issue a grass adapted to moist shady conditions would not been chosen. 

Different turfgrasses are used for the various locations on a golf course depending on 
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conditions and use. The putting green turfgrasses are required to withstand extremely 

low mowing heights and compression of traffic. These grasses must maintain good 

quality while growing under these conditions. 

1.1.1 Visual Turf Quality 

The characteristics examined for visual quality are: density, texture, colour, 

growth habit, uniformity and smoothness. Density is the measure of the number of 

tillers or shoots there are per unit area. High-density turfgrass has a low potential for 

weed encroachment and insect pressure (Bread, 2002). Both AB and CB can achieve 

high tiller densities through close mowing and high fertility (Turgeon, 2005). Texture is 

the measure of width of the turfgrass blades and is designated as coarse (wide leaf) or 

fine (narrow leaf). Both AB and CB have the same fine textured blade that is desirable 

on a putting green. Colour is the measure of light quality reflected off the grass. This 

can change depending on fertility, season and health of the plant (Turgeon, 2005). It is 

also greatly affected by species and growth habit (Turgeon, 2005). Annual bluegrass has 

a bunch type growth habit, while CB has a stoloniferous growth habit. These different 

growth habits result in patches of AB, which happens to have a lighter green colour 

compared to CB and patches of CB with a darker colour. This patchiness affects the 

smooth appearance of the putting green. Smoothness is the even surface appearance and 

uniformity of the turfgrass. Seed heads, brown tips and low lying plants disrupt 

smoothness. Finally the uniformity is the estimate of the even appearance of the 

turfgrass, which is a combination of all the other characters. 
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1.1.2 Functional Turf Quality 

The functional components of turf quality can affect the visual aspects and 

comprise: rigidity, elasticity, resiliency, yield, verdure, stability and recuperation. 

Rigidity is the ability of the turfgrass to grow vertically on the putting green. Creeping 

bentgrass has horizontal stems called stolons that originate from the base of the crown 

and can vegetatively produce new plants. Stolons are long and lay on top on the turf 

stand. These stolons require vertical mowing (verticutting) in order to uniformly remove 

stolons and allow a more vertical growth from tillers. Elasticity and resiliency are the 

measure of how the turfgrass stands up to compression by traffic. Both turfgrass 

species, mainly due to high tiller density, are able to recover immediately after foot 

traffic and "pop-back-up" when they are healthy. Yield is the mass of plant removed 

after mowing, also called clippings. Clipping yield can indicate the health of the turf 

stand as well as tell a turf manager whether fertility is too high (Turgeon, 2005). 

Clippings can be returned to the green to break down and allow for re-absorption of 

nutrients, however, clippings can also contain viable AB seed (Gaussoin, 1988). 

Verdure is the opposite of yield; it is the rest of the plant that remains. Typically 2/3 of 

the shoots should remain after mowing to prevent damaging the plants (Turgeon 2005). 

Stability of the plant is related to root mass since roots anchor the plant. Deeper roots 

are important for heat and drought stress since they can access water deeper in the soil. 

Higher root mass is also related to resiliency and elasticity. The final aspect of 

functional quality is recuperative capacity, which is the ability for the turfgrass to 

recover from damage (Turgeon, 2005). This is very important on a putting green since 

plants are exposed to compression and physical damage daily. Turfgrasses are 
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particularly ideal for putting greens because they have evolved under constant 

defoliation and compression by grazing animals. 

1.2 TURFGRASS 

The Poaceae {Gramineae) family contains about 600 genera and 7500 species 

(Smith, 1977). Members of this family are found in every continent on earth. Many 

members of this family are among the first to colonize an area after severe disturbance 

such as fire, volcanic activity and flooding (Beard and Green, 1994). Grasses are 

monocotyledonous, which means they possess only one cotyledon or embryonic leaf 

when plants germinate. The vascular bundles inside monocots are not in a pattern 

arranged in a circle like the dicots. Turfgrasses in particular have a vertically 

compressed stem called the crown that permits defoliation without causing serious 

damage to the grass plant. The grass family is one of the most important families 

economically for humans. Cereals such as corn {Zea mays L.), rice (Oryza sativa) and 

wheat {Triticum aestivum) are important staple foods for the world's population. 

Bamboo {Bambusa spp., Dendrocalamus spp., and Phyllostachys spp.) is important 

building material and some grasses are a large source for alternative fuels like methanol 

(Beard and Green, 1994). 

1.2.1 Creeping bentgrass 

1.2.1.1 Biology 

From the subfamily Festucoideae and the tribe Aveneae, CB is the most widely 

used cool season turf for putting greens (Beard, 2002). Most of the breeding done with 

CB involves deeply rooted cultivars to improve drought and heat resistance. Under 
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close mowing conditions, CB forms a uniform surface with high shoot density and no 

seed heads (Beard, 1973). It is a fine textured, long-lived perennial that can persist in 

the heat of summer when other grasses go dormant (Beard, 1973; Fry and Huang, 

2004). 

1.2.1.2 Historical Developments 

Historically, golf courses had been seeded to a mixture called "South German 

Mixed Bentgrass", which consisted of a mixture of colonial bentgrass {Agrostis 

capillaris L.), velvet bentgrass (Agrostis canina L.) and creeping bentgrass (Agrostis 

stolonifera Huds.j. This mixture, harvested from fields from Germany, Holland, 

Belgium and England, was the standard until the 1930s (Hurley and Murphy, 1996). 

However, golf course superintendents noticed how the turfgrass was not uniform. That 

is because these grasses have very different growth habits, blade texture and colour. 

Organizations such as the United States Department of Agriculture (USDA) and the 

United States Golf Association (USGA) began collecting clone specimens from the 

desirable patches. The results of this painstaking process proved that CB was the best 

adaptable species for most locations (Hurley and Murphy, 1996). Since the release of 

Arlington (C-l) as a suitable turfgrass for putting greens by the USDA in 1927 (Huff, 

2004; Samples and Sorochan, 2007), CB has been the main focus for putting green 

selection and breeding programs. The initial testing of the new CB varieties was 

conducted at the Arlington Turf Gardens in Virginia, in collaboration between the 

USDA and USGA. The subsequent varieties were named C for CB and a number 

(Hurley and Murphy, 1996). By 1937 43% of experimental plots at the Arlington 

Experimental turf garden in the United States were new CB varieties (Hardit, 1938). 
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Creeping bentgrass cultivars were vegetatively propagated through stolons until 1955 

when the first seeded varieties emerged (Hurley and Murphy, 1996). Seed varieties have 

become the standard because seeded types have a higher genetic diversity compared to 

vegetative clones (Hurley and Murphy 1996). 

1.2.1.3 Current Developments 

Many cultivars of CB have been developed since the 1980s including the 

cultivar L-93. Named after the date of release from Lofts Seed, L-93 is a popular CB 

cultivar (Overbeck, 2003; Jenson, 2003) and is the product of crosses between a number 

of parent samples collected from older golf courses in New York, New Jersey, 

Pennsylvania, Arizona and California during the 1980s (Hurley and Murphy, 1996; 

Overbeck, 2003; Samples and Sorochan, 2007). L-93 is considered to be heat tolerant 

compared to other cultivars of CB (Huang et ah, 2001) due to its superior root depth. 

Shallow roots experience warmer temperatures that can damage roots compared to 

deeper roots. L-93 is planted by seed to produce a uniform playing surface and requires 

low nitrogen and pesticide inputs compared to AB (Hurley and Murphy, 1996). It is an 

aggressive, upright variety with high density and a fine leaf texture (Samples and 

Sorochan, 2007). L-93 is also somewhat resistant to dollar spot (caused by the fungus 

Sclerotinia homoeocarpa L.), which is a major problem for turfgrass managers (Hurley 

and Murphy, 1996). Dollar spot causes brown spots about the size of a dollar coin to 

appear on CB turfgrass. These necrotic spots result in turf quality problems such as 

undesirable colour and uneven smoothness. 

Most recently newer varieties have been developed to withstand very low 

mowing heights. T-l (Tee-One) was developed in 2004 as the next generation of CB 
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cultivars (Brede, 2007). T-l is derived from 1000 plants belonging to 11 clone lines, 

including the known and proven cultivars 'Providence' and 'Putter' (Brede, 2007). T-l 

is a blue to dark green colour with a high shoot density under close mowing below 4mm 

(Brede, 2007). T-l has been shown to aggressively compete with established stands of 

AB and reduce encroachment (Samples and Sorochan, 2007; Brede, 2007). T-l has also 

been shown to establish from seed very quickly when interseeded in an AB green 

(Brede, 2007), which is often very difficult because the young seedlings must compete 

with mature plants. 

1.2.2.1 Annual Bluegrass 

1.2.2.2 Biology 

From the subfamily Festucoides and tribe Festuceae, AB is an aggressive 

colonizing species that invades, most likely by seed, into established stands of 

weakened CB. It can be found on every continent on earth and every climate from hot 

deserts to the islands off the Antarctica (Huff, 2004). Annual bluegrass is believed to be 

the product of hybridization between supina bluegrass (Poa supina Schrad.), a prostrate 

perennial and early meadow grass {Poa infirma Kunth.), an upright annual species 

(Tutin, 1957). This hybrid then spontaneously doubled its chromosome number to 

become a fertile tetraploid (Darmency and Gasquez, 1997). The resulting species AB, 

has been described as having two ecotypes; a true annual and short lived perennial 

(Lush, 1989; Darmency and Gasquez, 1997), although it is also thought that genotypes 

exists across the range of reproductive strategies (Huff, 2004; Zontek, 1987). 
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1.2.2.3 Annual Bluegrass as a Weed 

The annual type produces an abundance of seeds, especially under unfavourable 

growing conditions, leading to inconsistency on golf greens (Lush, 1989). Annual 

bluegrass is a day neutral species with a bunch type growth habit and bright green 

colour (Hutchinson and Seymour, 1982; Lush, 1989). Annual bluegrass has a shallow 

root system compared to CB, making this species less drought and heat tolerant (Lyons, 

2004). This sensitivity results in summer dormancy when temperatures are high and 

precipitation is low (McGuan et ah, 2004; Hutchinson and Seymour, 1982). Summer 

dormancy is when the growth of a plant is slowed down to almost nothing (Bell et ah, 

1999). Dormancy can be a problem since AB and CB may not go dormant at the same 

time and colour is changed, resulting in a disruption of uniformity. Another concern 

with dormancy is the inability of the turfgrass to recuperate after injury. Continued use 

throughout the summer without adequate growth for recuperation may result in turf 

death. In addition, AB is sensitive to cold temperatures (Beard, 1973) especially near 

the crown making it more susceptible to winter kill compared to CB, which results in 

patchiness on the greens (Dionne et ah, 2001). 

Annual bluegrass invades by seed most likely from areas near the green, namely 

fairways and roughs (Lush, 1989). Neither of these areas are managed closely to control 

AB, allowing the population to maintain itself and be a continual source of seeds (Lush, 

1989). Annual bluegrass can be a prolific seeder, depending on biotype and can produce 

seed heads below 4mm (Beard, 2002). These seeds are viable days after pollination and 

seeding can occur again after mowing when seed heads are cut off and seeds are 

dispersed (Lush, 1989; Beard, 1973). Annual bluegrass also has a high genetic 
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variation, which allows for distinct populations, sometimes on the same green (McGuan 

et ah, 2004; Lush, 1989; Huff, 2004). 

1.4 MOSSES 

'Musci' is Latin for moss were not used for medicinal purposes and were 

therefore not described until much later when the science of Botany became popular 

(Richardson, 1981). The earliest fossil records date mosses back to the Silurian period 

almost 440 million years ago (Richardson, 1981). The class Bryopsida ('True Mosses') 

may have evolved as early as 350 million years ago. There are over 14000 species, 

which include the class Bryidae (Richardson, 1981). The greatest abundance of Bryidae 

is located in the northern hemisphere and tropical latitudes. There are two types of 

growth habits in this group; soft carpet growth habit (pleurocarpous) or tufts growth 

habit (acrocarpous) (Richardson, 1981). The Bryidae have a primitive root system 

located below un-branched stems that allow them to be epiphytes. The Bryidae can be 

classified further based on reproductive parts called the capsule; the Polytrichideae, 

Buxbaumiideae and the Eubryideae (which includes the genus Bryum) (Richardson, 

1981). 

1.4.1 Moss Anatomy 

Mosses have many similar structures to those found in higher plants, which are 

more evolved, compared to moss parts. Most mosses are typically non-vascular plants 

and lack proper xylem and phloem (Richardson, 1981). Water and nutrients must come 

into direct contact with the stomata on the surface of the moss (Webber and McAvoy, 

2003; Charbonneau, 2004). Stomata are located on the phyllidia, which are analogous to 

leaves (Schofield, 1985). Phyllidia can change their orientation with respect to the sun 

9 



or in times of water stress. The phyllidia are attached to the caulid, which is similar to a 

stem. Caulids are not lignified and typically do not have vascular tissue (Schofield, 

1985). Below the caulid is the rhizoid, similar to plant roots in that it anchors the moss 

plant to the surface. The rhizoid is the black and brownish tissue on the base of a moss 

or around an expanding moss colony. Unlike roots however, the rhizoid does not absorb 

nutrients or water (Richardson, 1981). The lack of root system allows mosses to 

colonize areas where other plants cannot such as rocks or compacted soils (Webber and 

McAvoy, 2003). Some mosses have primitive non-continuous conductive tissues called 

hydroids and leptoids. These mosses are endohydric, meaning they have the limited 

ability to transport water inside the plant (Richardson, 1981). The other main type of 

water movement in mosses is ectohydric. Ectohydric mosses cannot move water within 

the plant and therefore, all water and nutrients must be absorbed by direct contact 

(Webber and McAvoy, 2003). 

1.4.2 Silvery Thread Moss (STM) 

Moss invasion has become a serious problem in the last 20 years on putting 

greens in North America (Burnell et ah, 2004). The increase in moss populations has 

been attributed to lower mowing heights, reduced nitrogen inputs and the banning of 

mercury fungicides (Burnell et ah, 2004; Charbonneau, 2004; Webber and McAvoy, 

2003). Silvery thread moss (STM) is commonly found on golf courses in North 

America (Burnell et ah, 2004). Silvery thread moss (Bryum argenteum (Hedw.) is also 

known as B. argenteum Hedw. lanatum (P. Beauv.) Hampe, B. argenteum Hedw. Var. 

majus Schwaegr. and B. lanatum (P. Beauv.) Brid. (USDA, 2007). Silvery thread moss 

prefers disturbed sites, similar to AB (Longton, 1981; Burnell et al., 2004). It is a 
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cosmopolitan species that is one of the 15 species of mosses known to inhabit 

Antarctica (Selkirk et al, 1998; Longton, 1981). However, it is believed that one species 

of moss may be identified numerous times as different species especially since under 

lab conditions STM may grow differently compared to in the field (Longton, 1981). 

Silvery thread moss is a native plant to North America according to the United States 

Department of Agriculture's Natural Resources Conservation Service (USDA, 2007). 

Silvery thread moss has a different texture compared to turfgrass and has a bright green 

to silvery colour, depending on water status. Silvery thread moss is a poikilohydric 

species, which means that it can dehydrate and then regain metabolic function when re-

moistened (Richardson, 1981; Charbonneau, 2004). This allows STM to colonize an 

area before flowering plants because it does not need to generate roots to survive 

(Richardson, 1981). Moss can also maintain a low level of photosynthesis when water 

levels are reduced, while angiosperms will halt photosynthesis when cell water potential 

decreases (Richardson, 1981). Conversely, moss requires free surface water on the plant 

itself, not bound up in soil, in order to establish. This water collects at the surface 

especially where there is a lot of organic matter to hold the water at the surface (Rossi, 

2002; Charbonneau, 2004). Silvery thread moss is dioecious and can reproduce sexually 

via sporophytes that can be carried by the wind, through water and by traffic to all areas 

of the golf course (Happs, 1998; Burnell et al., 2004). Sexual reproduction in STM 

prefers long day photoperiod and a temperature range between 10°C and 25°C (Chopra 

and Bhatla, 1981). Silvery thread moss can also reproduce asexually through fragments 

of the plant. These vegetative pieces of STM can be carried all over the golf course by 

mechanical and foot traffic as well as water and wind (Richardson, 1981). 

11 



The presence of STM typically indicates a problem the putting green 

environment and contributes to poor turf quality. Silvery thread moss usually grows into 

small raised mounds that have suffered repeated scalping (Burnell et al., 2004; 

Hutchinson and Seymour, 1982). The presence of STM can weaken turf vigour further 

and allow the invasion of other weed species (Burnell et al., 2004). There has been 

some success with the use of iron-containing fertilizers, which has the added benefit of 

darker turfgrass colour as well (Burnell et al., 2004). 

1.5 GOLF GREEN CONSTRUCTION 

New greens are often constructed using the USGA standards of 10 cm of gravel 

and 30 cm of a sand mix with no more than 5% soil organic matter (USGA Green 

Section Staff, 1993). A sand based root zone is preferred in order to reduce the impact 

of compaction and water logging on the green and promote a high quality turfgrass 

(Christians, 1998; USGA Green Section Staff, 1993; Beard, 2002). The ratio of particle 

sizes recommended for the root zone allows high porosity to promote water movement 

downward and allow for root production (USGA Green Section Staff, 1993). A 

primarily sand based root zone however, contains low organic matter and clay content, 

which reduces water and nutrient retention (McClellan et al., 2007). When soluble 

liquid nutrients are applied to the sand the solution quickly infiltrates and very little of 

the solution is retained. Plant roots are in direct contact with the nutrient solution while 

it flows through the soil (Marschner, 2002). The pH of the root zone can also cause 

problems with the availability of ions to the roots. Calcareous sands, which have a high 

proportion of calcium, can increase the pH of the root zone and can bind phosphorus so 
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it is unavailable to the roots (Johnson et al., 2003; Marschner, 2002). A lack of nutrient 

and water holding capacity makes it necessary to irrigate and fertilize more frequently. 

1.6 MANAGEMENT PRACTICES 

Putting greens occupy less than 2% of the total area on the average golf course 

(Schlossberg and Schmidt, 2007) and are the most intensely managed part of the golf 

course. Management practices include: mowing, irrigation, aeration, top-dressing, 

overseeding and fertilization. These management practices can become more costly 

when invasion of AB and STM convert species cover. Close mowing has been shown to 

transfer STM into areas where it is not prevalent (Burnell et al., 2004; Charbonneau, 

2004). Mowing can also remove more seed heads from AB resulting in an increase in 

AB seedling germination and growth when clippings are returned to the golf green 

(Gaussoin, 1988). Frequent light irrigation favours AB and STM and has been shown to 

increase invasion (Bell et al., 1999; Hudner, 2007). Low fertility, particularly nitrogen, 

has also been shown to increase the invasion potential of STM (Charbonneau, 2004). 

Management practices play an important role in minimizing the susceptibility of a 

putting green to invasion by AB and STM (Gaussoin, 1988; Zontek, 1987). 

1.6.1 Mowing 

Benefits of mowing include: increased shoot density and chlorophyll content per 

unit area (Beard, 1973). Mowing is the most basic and influential practice on the golf 

green (Turgeon, 2005). It can be the most stressful management practice for the 

turfgrass plants. A small portion of the leaf blade is removed each time the plant is cut. 

Over the last 30 years the height of cut on a putting green has been lowered steadily 
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from a height of 6mm (0.25in) (Beard, 1973) to a height of about 2.5mm (l/10in) to 

increase the ball roll distance (Turgeon, 2005; Nelson, 2004). Players prefer a shorter 

turfgrass because it results in a faster green. This means that the ball will move further 

when hit with the same force. However, low height of cut is very stressful to the plants 

and due to this stress weedy species can move into the area. To reduce the stress to the 

plant the 1/3 rule is used by golf course managers. The rule states that no more than 1/3 

of the total plant height can be removed at each cutting. The 1/3 rule indicates that 

frequent mowing is more desirable because less of the blade is removed each time, 

which is less stressful to the plant and permits continual growth during periods of stress 

(Turgeon, 2005). Under close mowing there is a reduction in root growth in the upper 

portion of the root zone (Liu and Huang, 2002) and carbohydrate storage and synthesis 

during the summer (Beard, 1973; Liu and Huang, 2002). Close mowing can also 

increase the potential for pathogen infection (Turgeon, 2005). 

1.6.2 Irrigation 

Irrigation is necessary to provide adequate moisture to the roots to reduce stress 

on the plants. Plants that have deeper roots require deep, less frequent irrigation, while 

shallow rooted plants require more frequent light irrigation (Turgeon, 2005). Creeping 

bentgrass typically has deeper roots than AB, which allows this species to exploit water 

deeper in the profile. Annual bluegrass and moss have shallow roots and no roots 

respectively and therefore require more frequent irrigation to maintain growth. During 

summer heat stress, turf plants will lose a great deal of root mass and therefore require 

more supplemental irrigation than in the spring and fall (Turgeon, 2005). Syringing (or 

light misting irrigation) can be used to reduce summer heat stress for sensitive species 
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or newly established greens (Turgeon, 2005). Excessive irrigation can also be 

detrimental because it can promote disease and create an anoxic zone near the crown of 

the plants. 

1.6.3 Thatch Control 

Aeration and topdressing are necessary in reducing thatch and reducing the 

impact of compaction on roots (Turgeon, 2005). Thatch is defined as the dead plant 

material that collects on the surface of the soil. Thatch can create a hydrophobic zone 

around the crown of the plant preventing water from infiltrating the soil profile. There 

are two main types of aeration (and combinations of the two). In core aeration cores are 

cut out of the soil profile and removed. These cores are either removed from the site or 

spread over the putting green. The other type of aeration is when tines are pushed into 

the soil profile and nothing is removed (sold tine aeration). The creation of small 

openings through the thatch can also promote water infiltration, and oxygenate the roots 

(Turgeon, 2005). These opening in the turf can also promote vigour in the turfgrass. 

Top dressing is when a thin layer of sand or native soil (depending on the putting green 

type discussed above) is spread over the surface of turfgrass plants. This layer of 

material allows a place for the microbes to live and breakdown the thatch layer. 

Vertical mowing can also reduce the thatch layer by cutting it up into smaller 

pieces allowing water and oxygen through. Vertical mowing can also be used to 

improve the growth of CB by cutting up stolons and promoting new plant production. 

1.6.4 Overseeding 

Overseeding is typically used to strengthen an already established stand of turf. 

There has been little success, however, in the conversion of a predominantly AB green 
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to a predominantly CB stand. Henry et al. (2005) reported a conversion of 8% to CB by 

overseeding with the CB cultivar 'Penncross'. Creeping bentgrass seedlings have also 

been found to be a poor competitor with already established stands of turfgrass 

(Kendrick and Danneberger, 2002). Some of the newer varieties have some promise for 

overseeding in an established stand of turfgrass. The CB cultivar 'T l ' is thought to be 

the most competitive and aggressive cultivar of CB on the market (Brede, 2007). 

Characteristics of invading weeds such as AB and STM require an increase in 

management inputs to maintain putting green quality (Beard, 1973). Overseeding can 

reduce weed population by increasing the population densities (Elford et al., 2008). 

Increased management practices are more costly and potentially environmentally 

unsound (Orbovic et al., 2001; Dong et al., 2005). 

1.6.5 Fertilization 

Fertilization is one of the most important methods golf course managers use in 

order to maintain the health of the turfgrass plants. Typically in Ontario slow release 

fertilizers are applied twice yearly for a baseline fertility. This baseline allows the 

manager to 'spoon feed' the turf for maximum control of growth. The term spoon­

feeding refers to the quick release fertilizer sprayed every 10-17 days, which can 

maintain a growth level of 90% of maximum growth rate (Turgeon, 2005; Fry and 

Huang, 2004). Control of growth is very important with relation to mowing frequency. 

Turf plants with high fertility levels will grow faster and taller, which will require more 

mowing. Therefore a balance is needed to maintain growth with acceptable turf quality 

but without excessive growth. Fertility is very important on a sand based root zone 

because sand has very little nutrient retention (McClellan et al., 2007). Fertilizers 
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consist of a ratio of nitrogen (N), phosphorus (P) and potassium (K) and a mixture of 

micronutrients, which can be applied as a liquid or a granular form. Nitrogen 

availability is important for root growth and distribution. Increasing the nitrogen 

fertility can reduce root growth, which may be detrimental in stress tolerance (Fry and 

Huang, 2004). The application of nutrients is a balancing act between the needs of the 

desired species and pests. Annual bluegrass prefers a higher level of nitrogen, while 

both CB and STM thrive under lower nitrogen levels (Zontek, 1987; Schofield, 1985; 

Bread, 2002). 

1.6.5.1 Nitrogen 

In the turfgrass plant nitrogen is used for DNA synthesis, enzymatic function 

and amino acid synthesis. It is essential for plant growth and functions. Turfgrasses can 

consume more nitrogen than is necessary for optimal growth, which can result in a 

reduction in root mass on a putting green (Turgeon, 2002). Higher nitrogen application 

increases thatch accumulation because there is an increase in growth, while decreasing 

root growth (Hudner, 2007), thereby reducing tolerance to heat and drought stress. The 

osmotic potential of the cells is also affected by increased nitrogen uptake, resulting in 

an increase in water content and reduced cell wall thickness (Fry and Huang, 2004). 

This renders the plant more susceptible to fungal disease pressures such as brown patch 

{Rhizoctonia solani) and other diseases like Anthracnose {Colletotrichum graminicola) 

(Turgeon, 2002; Fry and Huang, 2004). 

1.6.5.2 Phosphorus 

Phosphorus is important for energy synthesis (ATP), enzymatic function and 

DNA synthesis. It is also essential for the production and synthesis of phospholipids, 

17 



which are the principle component of plasma membranes. Phosphorus is relatively 

immobile in the soil and is therefore less prone to leaching on established greens. As an 

immobile nutrient it can be more difficult to absorb for plant roots and there may be 

increased competition for this nutrient. In traditional nutrient application programs 

when fertilizer is applied to the soil, phosphorus can get bound up and made unavailable 

to the plant (Marschner, 2002; Turgeon, 2005). 

1.6.5.3 Potassium 

Potassium in the plant is used as an osmotic regulator i.e. controls the opening 

and closing of the stomata, as well as to change the electrical conductivity of the cell 

(Marschner, 2002). Potassium is intimately involved in photosynthesis. Potassium 

deficiencies increased respiration, likely due to a lower available of CO2 for RubisCO 

(Marschner, 2002; Turgeon, 2005). 

1.7 NUTRIENT APPLICATION METHOD 

Roots have two main functions; first to anchor the plant to surface and secondly 

to take up water and nutrients. There are three methods by which roots can take up 

nutrients from the soil: diffusion, interception and mass flow. Diffusion is a passive 

process that allows the movement of ions through the soil and into the plant based on a 

concentration gradient. This gradient moves from a high concentration to a low one. 

With interception, root growth increases in an area of high nutrient concentration. This 

method of obtaining nutrients only occurs when the plant is deficient in a particular 

element. An example of a nutrient that maybe absorbed this way is phosphorus. 

Phosphorus is a relatively immobile nutrient that does not move in the soil. The third 
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and likely most common method of nutrient uptake is called mass flow. A large amount 

of nutrients moves towards the plant where the roots are already located (Marschner, 

2002; Casper and Jackson, 1997). 

Nutrients, however, can be lost to leaching and run off when applied to the soil 

(Griggs, 1999). Fertilizers applied directly to the leaves have been used from many 

years in conventional agriculture to provide additional elements lacking in the soil 

(Wesely et al, 1985). More recently turfgrass managers have adopted the practice of 

foliar fertilization (Totten et al, 2008). It can be more cost effective and less labour 

intensive to apply foliar nutrients (Totten et al, 2008). However, with foliar fertility 

comes a new set of problems related to species competition both above and 

belowground. Foliar fertilizers have been correlated to the presence of STM on golf 

courses in British Columbia (Charbonneau, 2004) and potentially with invasion of AB. 

1.7.1 Foliar Fertilization and the Cuticle 

Plants absorb most of their nutrients and water from the soil through the roots; 

however, plants can obtain some nutrients from the leaves and shoots (Franke, 1967; 

Dong et al, 2005). The cuticle is the primary barrier for foliar fertilizers, which affects 

the uptake of solutes through the leaves (Marschner, 2002; Bondada et al, 2006). The 

cuticle is heterogeneous in structure, composition and thickness and is dependent on 

species and organ (Bargel et al., 2006). 

Cutin is a framework of saturated Ci6 and unsaturated Cis fatty acid monomers 

(Bargel et al, 2006) suberin, glycerol and glyceryl esters (Bergel et al, 2006). The 

waxes are embedded into the cutin matrix to waterproof the membrane forming specific 

shapes such as platelets, rodlets, and tubules that are characteristic of certain species 
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(Bargel et al, 2006; Riederer, 2006). The cuticle is composed of layers, the properties 

of which determine the uptake rate of different plants (Wesely et al, 1985; Tyree et al, 

1990; Franke, 1967): 

1) The outer most layer, called the cuticle proper, is composed of epicuticular 

waxes consisting of long alcohols, ketones and ester fatty acid chains. Cuticle 

proper is a thin layer less than 200nm (Bargel et al., 2006). This layer is the 

most hydrophobic layer of the cuticle and responsible for 99% of the waterproof 

barrier (Marschner, 2002; Bargel et al, 2006). 

2) The second layer is composed of intracuticular waxes, which consist of long 

fatty acid chains embedded in a cutin matrix. This cutinised layer is the most 

hydrophilic layer of the cuticle. 

3) Below the intracuticular layer are the pectin and cellulose layer (Marschner, 

2002). The thickness and composition of these layers are primary factors in rate 

of absorption of the leaves (Bondada et al, 2006). 

Even with the presence of these layers the cuticle is not impermeable. There are 

small hydrophilic pores called ectodesmata estimated to be about lnm in diameter, 

which allow water and soluble materials to pass through the cuticle Urea is easily taken 

up because the molecule has a diameter of 0.44 nm and is uncharged and non-polar 

(Marschner, 2002; Bowman and Paul, 1992; Tyree et al, 1990). The ectodesmata are 

lined with negative charges so cations are absorbed more readily compared to anions 

(Marschner, 2002; Bowman and Paul, 1992; Tyree et al, 1990). Ectodesmata are 

composed of polyuronic acids associated with the pectin and cellulose layers (Tyree et 

al, 1990; Franke, 1967), cutin and some epicuticular waxes (Tyree et al, 1990). The 
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number of ectodesmata are highest around the guard and subsidiary cells of stomates, 

which have been positively correlated with absorption of urea (Marschner, 2002; Tan et 

al, 1999). 

Other factors that affect the rate of absorption through the cuticle are leaf age 

and nutrient status of the plant. Absorption of through the cuticle is reduced on older 

leaves, which typically have a thicker cuticle due to accumulation of epicuticular waxes 

(Marschner, 2002; Orbovic et al, 2001). Conversely, previous studies on CB have 

found that the older leaves absorb urea faster than younger leaves (Nicoulaud and 

Bloom, 1996; Bowman and Paul, 1992). Reasons for this are yet unknown; it may be 

related to increased respiration rates in younger leaves associated with growth (Fry and 

Huang, 2004). The rate of uptake for a foliar fertilizer is higher when plants are mineral 

deficient compared to plants that have adequate nutrition supplied via the roots 

(Marschner, 2002).The pattern of the epicuticular waxes can affect how much of the 

foliar spray comes into contact with the leaf surface. It can also aid in the movement of 

liquid in the direction of the pores. 

1.8 COMPETITION 

Grime (1979) defines competition as, "The tendency of neighbouring plants to 

utilize the same quantum of light, ion of a mineral, molecule of water, or volume of 

space". Plants compete above ground for sunlight and space and below ground for 

water, nutrients and space. Turfgrass evolved to tolerate constant defoliation (grazing in 

the past and mowing at present) and will produce new plants in the form of tillers 

(Grime, 1979). This allows grasses to repair and form a dense canopy quickly (Grime, 
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1979). Plants compete when they are exposed to a stress that limits dry mass production 

(Grime, 1979). Stresses on a golf putting green include: constant defoliation by 

mowing, compaction due to traffic and damage caused by a variety of management 

practices and human interference. Plants with a high competitive index in a high-density 

community must be present as a result of disturbance either through defoliation or 

environmental stress such as nutrient deficiency (Grime, 1973). These factors will 

prevent the individual from reaching full height and vigour, which allows plants with a 

low competitive ability to grow and reproduce (Grime, 1973). The community found on 

golf greens is a mixture of the preferred species CB, and the weeds AB and STM (Lush, 

1988; McGuan et ah, 2004; Burnell et al., 2004). Annual bluegrass is more aggressive 

and can colonize when CB is dormant and slowly take over a green (McGuan et al., 

2004). Under the right conditions, AB can successfully become the dominant species on 

a golf green in less than five years. Annual bluegrass can invest 20-50% of its weight in 

seed production (Lush, 1988) as seeds of AB weigh about 0.55mg while seeds of CB 

weight only about 0.07mg (Turgeon, 2002; Lush, 1989). This extra source of energy 

allows AB to colonize faster without having an established root system or access to 

sunlight (Cattani et al., 2002). Both AB and STM have high genetic variation that 

allows these species to adapt to different environments (McGuan et al., 2004; Longton, 

1981). Silvery thread moss has morphological characters such as no cuticle and no root 

system (Charbonneau, 2004), which allows STM to absorb nutrients through epidermal 

cells. The limited use of toxic pesticides such as mercury-based fungicides have 

allowed moss to proliferate (Charbonneau, 2004; Burnell et al., 2004). However, to 

further complicate this community, foliar fertilization has become more popular in the 
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golf course industry (Totten et al., 2008). Many studies have examined competition in 

mixed communities and have found that below ground competition was more important 

compared to shoot competition (Wilson, 1988). While it is clear that a reduction in 

certain pesticide use promotes the proliferation of weeds, it is yet unclear how foliar 

fertilization affects weeds. Much of the information known about foliar fertilization has 

been conducted on tree fruit and monoculture crops. In the first instance, trees store the 

foliar nitrogen for spring growth and most studies focus on flower production and fruit 

weight (Johnson et al., 2001) qualities not associated with turfgrass. In the second 

instance, root development is not generally examined in monoculture crops. Instead 

studies focus on yield and dry weight production, which are not qualities associated 

with turfgrass. Qualities more important for turfgrass are root production, root depth, 

tiller number and turf quality. With these goals in mind a preliminary study was 

conducted in the spring of 2006 to examine whether there was a difference in growth 

between AB and CB when foliar liquid fertilizer was applied compared to liquid soil 

applied fertilizer. 

1.9 PRELIMINARY RESULTS 

In February 2006 a two-month study was conducted to determine if foliar 

fertilization was a factor in competition between AB and CB. The results showed a 

significant reduction in root mass in the soil profile when nutrients were foliar applied 

compared to soil applied (See appendix A). This suggested that there was a below 

ground effect for both species. Root architecture changed under different fertility 

methods potentially due to variable nutrient concentration in the soil profile. Plants will 
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grow and proliferate into patches of high nutrient concentration in order to maximize 

absorption (Lyons et al., 2008). Bowman et al. (1998) found that NO3 pulses could stay 

in contact with roots longer in deeper roots. Therefore, plants with deeper roots should 

be in contact with nutrients longer than shallower rooted plants. The results from this 

experiment suggested that foliar fertilizers may have promoted the growth of AB while 

soil applied fertilizers may promote the growth of CB. 

1.10 HYPOTHESES 

The results from the preliminary study showed that AB grew well under foliar 

applied nutrients, which led us to the hypothesis: 

• Foliar fertilizers promote the growth of AB and STM compared to CB because of a 

shallow or non-existent root system respectively. Soil applied fertilizers will 

promote the growth of CB because of the extensive root system. 

• Foliar fertilizers will promote the growth of AB and STM compared to CB because 

of cuticular differences or a lack of cuticle respectively. 

1.11 OBJECTIVES 

A series of experiments were designed to test the hypotheses above and achieve the 

following objectives: 

• To examine whether there is a competitive advantage of AB and STM over CB 

when nutrients are foliar applied. 

" To examine the leaf morphology and cuticle thickness of AB and CB. 
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1.12 EXPERIMENTS 

A series of experiments were conducted to determine the ideal conditions; 

timing and fertilizer would work best for this experiment. 

1. Fertilizer type - This experiment was conducted to determine which fertilizer is 

most appropriate under soil and foliar conditions. 

2. Moss amount - This was designed to determine what mass or amount of moss 

(in powder form) was necessary to inoculate pots in order to simulate conditions 

found a golf course putting green. 

3. Competition and fertilizer method - This experiment was designed to observe 

whether species composition could be altered or affected by nutrient application 

method under greenhouse conditions and field conditions. 

4. Microscopy work - This was used to examine the characteristics of the leaves of 

both AB and CB to determine differences based on morphology or the leaf and 

waxes. 
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CHAPTER TWO 

THE ABSORPTION OF UREA COMPARED TO AMMONIUM 
SULPHATE WHEN NUTRIENTS ARE FOLIAR-APPLIED 

COMPARED TO SOIL-APPLIED. 

2.1 INTRODUCTION: 

The benefits of foliar fertilizers have been demonstrated since the 1950s 

(Wesely et ah, 1985). In fruit and row crops, foliar fertilizers have been shown to 

improve nitrogen use efficiency (Wesely et ah, 1985; Dong et ah, 2005) and potentially 

reduce environmental impact (Orbovic et ah, 2001). The most commonly used foliar 

fertilizer worldwide is urea, due to its rapid foliar absorption and low cost (Bowman 

and Paul, 1992; Orbovic et ah, 2001; Wesely et ah, 1985; Witte et ah, 2002). The 

physical and chemical properties that may allow urea to be quickly absorbed by the 

cuticle include the small size of the urea molecule (Schonherr, 1976) and its neutral 

charge (Toselli et ah, 2004). It has also been suggested that urea is absorbed faster than 

other foliar fertilizers such as ammonium sulphate or nitrate (Bowman and Paul, 1992) 

and this may be beneficial because more nitrogen can be absorbed before the fertilizer 

dries on the leaf (Toselli et ah, 2004). Remaining fertilizer on the leaves of rurfgrass 

may be washed into the soil after irrigation is applied as part of normal golf green 

management practices (Totten et ah, 2008). Foliar fertilization may be a way to supply 

nutrients despite soil pH that could render nutrients unavailable (Griggs, 1999; 

Olsthoom et ah, 1991). 

On a golf course, foliar fertilizers are applied every 10-17 days, which has been 

termed 'spoon-feeding' (Totten et ah, 2008). This allows for more precise control of 
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plant growth and a reduced amount of fertilizer being applied throughout the year. 

Other advantages of foliar fertilizers include rapid colour change and the ability to 

couple application with pesticides or plant growth regulators (Totten et al., 2008). 

However, urea lacks some essential nutrients that may be required, namely sulphur 

which is considered as important as phosphorus for turfgrass growth (Goss, 1975; 

Harivandi, 1988). Some studies have suggested that the sulphur in ammonium sulphate 

may reduce the competitive ability of annual bluegrass (AB) (Poa annua L.) compared 

to creeping bentgrass (CB) {Agrostis stolonifera Huds.) (Bell et al., 1999; Goss, 1975). 

However, evidence for these hypotheses is contradictory since high applications can 

reduce AB, but can also burn foliage (Tan et al., 1999; Orbovic, 2001), while a lower 

application rate can promote AB. 

Few scientific studies have examined how urea and ammonium sulphate 

compare with each other specifically under a foliar regime. There is limited research 

that has examined changes in root growth, nitrogen status and density in relation to 

foliar fertility. Turfgrass on putting greens is heavily managed through irrigation, close 

mowing and regular fertility that allows for a highly dense, uniform surface for play. 

Although foliar fertilization has been used extensively in agriculture; little information 

exists on the effects on root growth and architecture. 

The objective of this experiment was to examine the changes in plant growth 

when turfgrasses were exposed to foliar and soil applied urea and ammonium sulphate. 
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2.2 MATERIALS AND METHODS: 

A preliminary experiment was conducted to determine which fertilizer might 

work best as a foliar fertilizer and a repetition was conducted with refined methods to 

confirm the results of the preliminary study (See appendix B). 

The repetition used 32 polyvinyl chloride (PVC) tubes that were 40cm long and 

8cm wide with an area of 50.24 cm2 contained 10cm of gravel and 30cm of silica sand 

to mimic a putting green root zone. A single tiller of CB L-93 was planted in 16 tubes 

and a single tiller of AB was planted in the remaining 16 tubes. Tubes were all covered 

with aluminium foil and a 15cm plastic tube was inserted to the soil level to allow 

application of water and fertilizer (Figure 2.1). Tubes were fertilized with either a urea 

or ammonium sulphate based nutrient solution with an 18-3-18 (N-P-K) ratio of 

nutrients. Fertilization treatments began 7 days after transplant and continued weekly 

for 9 weeks before harvesting. Tillers were washed, counted and dried at 70°C for 6 

days. Roots were washed and dried also at 70°C for 6 days. Plant material was 

weighed. 

2.2.1 Plant Material 

Creeping bentgrass L-93 was seeded into trays of silica sand in March 2007. 

Cores of AB were harvested from a golf green at the Guelph Turfgrass Institute, which 

contained approximately 80% AB and 20% CB. Tillers of AB were identified and 

transplanted in different tray with silica sand. Single tillers were planted in each tube as 

mentioned above. Newly planted tillers were allowed to establish with misters for 7 

days without additional fertilizer. Plants were not clipped to allow tiller production. 
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2.2.2 Fertilizer 

Two 18-3-18 fertilizer solutions were prepared for the experiments, a urea-based 

fertilizer and an ammonium sulphate-based for the nitrogen source, mono-potassium 

phosphate for the phosphorus source and potash for the remaining potassium content. 

Fertilizer was applied at a rate of 3.79L/100 m2 (1 gal/1000 sqft) at a concentration of 

45.56 g (N)/L (1/10 lbs (N) /1000 sqft). All application methods received the small 

amount of nitrogen per application throughout the experiment. During the experiment 

the plants fertilized with urea (both foliar and soil applied) experienced symptoms that 

resembled a sulphur deficiency such as yellowing leaves and stunted short plants not 

observed with plants fertilized with ammonium sulphate. Therefore, 0.6% (w/v) 

aqueous magnesium sulphate was added to all pots 4 weeks into the experiment. Three 

days later the deficiencies were no longer observed with plants fertilized with urea. For 

foliar applied fertilizer, 50 ml of deionized water was injected into the plastic tube 

before approximately 0.2 ml of fertilizer solution was spray over plants. The aluminium 

foil ensured that most of the fertilizer remained on the plants and not in the soil. For 

soil-applied fertilizer 50 ml of deionized water and 0.2 ml of fertilizer were mixed 

together and injected into the plastic tube. The amount of fertilizer supplied by the spray 

bottle was measured before-hand by weighing a circle of paper towel before and after 

spray application. The difference between the weight was the volume of spray. 

2.2.3 Sampling and Measurements 

The experiment ran for eight weeks prior to harvesting. The aluminium foil was 

removed and plants were cut with scissors just below the root-shoot junction. Tillers 

were counted and washed under tap water to remove any residual fertilizer and other 
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particles, then placed in a paper envelope and dried at 70°C for 6 days. Roots were 

washed thoroughly using a 1mm sieve and placed in a paper envelope and dried at 70°C 

for 6 days. The dry weight of shoots and roots was recorded. Total Kjeldahl Nitrogen 

(TKN) concentration for shoot tissues was determined using lOOmg of dried tissue and 

placed into 75ml test tubes. After the tissue was placed into the tubes about fifteen 

Chemware Ultra-pure PTFE boiling chips (Saint-Gobain Performance Plastics, 

Poestenkill, NY) and one Kjeldahl tablet formulated to 1.5g K2S04 + 0.15gCuSO4 with 

a nitrogen content <0.005% (Fisher Scientific Company, Ottawa, ON) were added to 

each tube. Finally 5ml of concentrated sulphuric acid (ACS reagent grade 95-98%, 

Fisher Scientific Company, Ottawa, ON) was added to each tube using a Brinkmann® 

ChemSaver® bottle top dispenser (Fisher Scientific Company, Ottawa, ON) and then 

topped with a hollow glass teardrop stopper. Tubes were placed in a 50 tube cooling 

rack and placed onto the AIM 600 digestion block (Ai Scientific, Queensland, 

Australia). Included in the digestion runs were blanks, which contained only boiling 

chips, the Kjedahl tablet and 5ml of the concentrated sulphuric acid. The protocol for 

the digestion was obtained from Ai Scientific - Application Notes: Total Kjeldahl 

Nitrogen and Total Phosphorus in Plant Tissue (AI Scientific 2002). After digestion 

was completed, samples were pulled above the block digester and allowed to cool until 

the digester reached a temperature of less than 270°C. Samples were then removed 

from the cooling rack and placed into a test tube holder where glass tops were removed 

and ultrapure water (18mfi Barnstead™ NANOpure® Diamond System from Thermo-

Fisher Scientific, Ottawa, ON) was added to each tube slowly until the solution had a 

final volume of 75ml. A piece of Para film sealed the top of check tube while tubes 
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were inverted 5 times to mix the solution evenly. Check tube was then poured into acid 

resistant LDPE bottles (Nalgene International, Rochester, NY) and stored in a 

refrigerator at 4C until the analysis was preformed. 

Nitrogen content was then measured using the Astoria A2 auto-analyzer (Astoria 

Pacific International, Oregon, USA) according to the procedure outlined in the manual 

provided with the Astoria A2. Samples that were obtain from the TKN digestions were 

poured into 2ml tubes and placed in a test tube rack. The blanks created in the 

digestions above were used as the base for the wash solution and the calibrants to match 

the matrix of the samples. The A2 used calibrants with a known nitrogen content to 

create a curve against which all samples were measured. Calibrants and reagents 

needed for the A2 and the wash created early were supplied to the machine for 20 

minutes. Nitrogen gas was supplied to the machine to provide air bubbles between 

liquid samples. Once the calibrant curve was obtained 5 samples were run in between 

re-tests of the 80mg/L calibrant and the blank calibrant. The probe was dipped into the 

blank in between each sample. The Astoria printed a page of the calibrants and samples 

in mg/L of nitrogen. To obtain the percent nitrogen the following equation was used: 

Eq. 2.1 Percent Nitrogen Kfrng/Ll^n^ x 0.075L ) x 100 

Masssampie 

The experimental design was a three-way factorial (species x application x 

fertilizer) randomized complete block design with four replications. Data were assessed 

using PROC MIXED and analysed using ANOVA in SAS version 9.1 (Carey, NC). 
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2.3 RESULTS: 

2.2.3 Tiller Count and Shoot Growth 

Shoot growth was affected by application method and nitrogen type for both 

species (Figure 2.2). Annual bluegrass had more tillers on average compared to CB 

(P=0.0262). Plants fertilized with ammonium sulphate had a higher tiller number 

compared to plants fertilized with urea (P=0.0002) and CB in particular performed very 

poorly under urea compared to ammonium sulphate. In addition, there was an increase 

in the mean shoot weight in plants fertilized with ammonium sulphate compared with 

urea (P=0.0009) (Figure 2.3). Creeping bentgrass showed a 60% increase in mean shoot 

weight when fertilized with ammonium sulphate compared to urea and AB experienced 

an increase of 35% in mean shoot weight. Plants grown with foliar fertilizers had 

significantly less shoot growth compared to soil applied fertilizer (P=0.0463) (Figure 

2.4). In the soil-applied treatments, CB had a mean shoot weight of 0.54g (SE=0.11), 

however, under foliar fertilizers CB had a decrease in shoot weight of 35% to 0.35g 

(SE=0.11). 

Nitrogen analysis revealed a significant increase in shoot nitrogen for plants 

grown with foliar applied fertilizer compared to soil applied fertilizer (P=0.0249). Foliar 

applied plants had a nitrogen concentration of 2.17% compared to soil applied plants, 

which had a content of 1.78%. 
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Table 2.1 Effects of fertilizer type and method of application on the nitrogen 
concentration of shoots of creeping bentgrass and annual bluegrass. Each value 
represents the average of four replications with standard error in parenthesis. 

Urea Ammonium Sulphate 

Species Foliar Soil Foliar Soil 

Creeping bentgrass 1.9(0.1) 2.0(0.1) 2.3(0.3) 1.2(0.1) 

Annual bluegrass 2.6(0.4) 2.1(0.1) 2.0(0.3) 1.8(0.1) 

2.3.2 Root Growth Above and Below 6cm 

Root mass distribution was significantly affected by species (P=0.0046). 

Creeping bentgrass had half of its total root mass in the top 6 cm of the soil profile 

0.171g (SE=0.03) compared to AB, which had 66% of its total root mass (0.117g 

(SE=0.025)) in the upper 6cm of the soil profile. Plants grown with ammonium sulphate 

had a 20% increase in root mass compared to urea fertilized plants (P=0.0008) (Figure 

2.5). Creeping bentgrass had an increase in root weight in the upper portion of the soil 

profile from 0.14g (SE=0.01) with urea to 0.20g (SE=0.039) with ammonium sulphate. 

Creeping bentgrass showed an 11 % increase in the proportion of root mass in the upper 

portion of the soil profile when fertilized with ammonium sulphate. In the upper 6cm, 

AB was not significantly affected by application method; however, CB had a 35% 

reduction in root growth under foliar fertility 0.13g (SE=0.01) compared to soil applied 

fertilizer 0.20g (SE=0.03) (P=0.0341) (Figure 2.5). 

Significant root mass differences were found between species in the lower 

portion of the soil profile (P = 0.0083). Roots in the lower portion of the soil profile 

fertilized with ammonium sulphate had a 19% increase in root mass compared to 

urea(P=0.0024) (Figure 2.6). Creeping bentgrass showed a 54% decrease in root 

production and AB showed a reduction of 40% when fertilized with urea. Annual 
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bluegrass showed little difference in root weight under foliar and soil applied fertilizers, 

however, CB was affected by foliar applied fertilizer (P=0.0238) (Figure 2.6). Creeping 

bentgrass had a 52% decrease in root mass from 0.2 lg (SE=0.05) under soil applied 

fertilizer to 0.1 lg (SE=0.01) under foliar applied fertilizer. 

Both AB and CB grown with soil applied ammonium sulphate had an increased 

root weight compared to all other conditions (P=0.0432). Creeping bentgrass grown 

with soil-applied ammonium sulphate had a higher root weight at 0-6cm (P=0.0044) 

compared to all other conditions (Figure 2.5). Annual bluegrass had a higher root mass 

under soil-applied ammonium sulphate compared to foliar applied urea. Below 6cm CB 

again had a higher root mass under soil-applied ammonium sulphate compared to all 

other conditions, as did AB (P=0.0121) (Figure 2.6). 

The total biomass also showed that CB had a higher total mass under soil-

applied ammonium sulphate compared to all other conditions (Figure 2.7). 
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Figure 2.1 The design and set up of the experiment in the Bovey greenhouse in 
March 2008. There are 32 polyvinyl chloride (PVC) tubes that were 
planted to a single tiller of either creeping bentgrass (CB) or annual 
bluegrass (AB) Sixteen tubes were treated with a 18-3-18 ammonium 
sulphate based fertilizer, 8 foliar and 8 soil-applied, and the other 16 
tubes were treated with a 18-3-18 urea based fertilizer 8 foliar and 8 soil-
applied. 
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ure 2.2 The tiller number of creeping bentgrass (CB) and annual 
bluegrass (AB) when fertilized with urea and ammonium 
sulphate. Bars with different small letters indicate a 
difference between species, while different capital letters 
indicate a difference between fertilizer type at a = 0.05 
where n = 4. 
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Figure 2.3 The shoot mass of creeping bentgrass (CB) and annual 
bluegrass (AB) when urea and ammonium sulphate are 
applied. Bars with different captial letters indicate a 
difference between fertilizer types, while different small 
letters indicate a difference between species at a = 0.05 
where n = 4. 
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Figure 2.4 The shoot mass of creeping bentgrass (CB) and annual 
bluegrass (AB) when fertilizer is foliar and soil-applied. 
Bars with different small letters indicate a difference 
between species, while different capital letters indicate a 
difference between fertilizer application method at 
a = 0.05 where n = 4. 
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Figure 2.5 The root mass in the top 6cm of the soil profile of creeping 
bentgrass (CB) and annual bluegrass (AB) when foliar and 
soil-applied urea (U) and ammonium sulphate (NH). Bars 
with different letters indicate a difference between species 
and capital letters indicate a difference between fertilizer 
application method at a = 0.05 where n = 4. 
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The root mass 6cm and below in the soil profile of 
creeping bentgrass (CB) and annual bluegrass (AB) 
under foliar and soil-applied urea (U) and ammonium 
sulphate (NH). Bars with different letters indicate 
differences between species and capital letters indicate 
significant differences between fertilizer type at a = 0.05 
where n = 4. 
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Figure 2.7 The total mass of creeping bentgrass (CB) and annual 
bluegrass (AB) when grown under soil-applied and foliar 
applied ammonium sulphate (NH) and urea (U). 
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DISCUSSION: 

Plants grown under foliar fertilizer were smaller compared to plants grown with 

soil-applied fertilizer. The ability for the cuticle to absorb solutes depends on two 

pathways called the lipophilic pathway and the polar pathway (Schreiber, 2005; Bargel 

et ah, 2006; Riederer and Muller, 2006). The lipophilic pathway permits the movement 

of non-ionic molecules (except water) across the cuticle into the apoplastic space 

(Schreiber, 2005). This pathway is size dependent, typically allowing small molecules 

through. More recently however, evidence in support of a polar pathway have emerged 

such as the increased movement of water through the cuticle under 100% humidity 

(Schreiber, 2005). Other more compelling evidence includes the movement of silver 

nitrate across the cuticle at specific sites called ectodesmata located near the guard cells 

and trichomes (Schlegel et ah, 2005; Franke, 1967). Fatty acid chains composed of 

carboxyls and hydroxyls in the hydrophobic portion of the cuticle disassociate leaving 

an open space (the ectodesmata) for molecules to enter (Schonherr, 1976; Tyree et ah, 

1990; Schreiber, 2005). When the pH of a solution is high on the cuticle more 

ectodesmata are revealed (Schonherr, 1976). The number of ectodesmata depends on 

the cuticle type, number of stomata or trichomes and pH of the solution applied to the 

cuticle (Schonherr, 1976; Tan et ah, 1999; Schreiber, 2006). Both urea and ammonium 

sulphate acidify the soil when ammonium (NH+4) is converted to nitrate (NO3) through 

nitrification (Olsthoorn et ah, 1991; Harivandi, 1988; Goss, 1975). Ammonium and 

sulphur containing compounds have been used for the last 20 years to acidify sandy 

soils as well as provide nutrients to the turfgrass (Harivandi, 1988; Goss, 1975). Goss 

(1975), however, describes the use of urea to lower pH further than sulphur over a 
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seven-year period. When ammonium sulphate or urea is applied to the leaves as a liquid 

solution a lower pH will result. The lowering of the pH on the leaf surface results in a 

reduction of the number of pores open on the cuticle under foliar applications 

(Schonherr, 1976). Tan et al. (1999) found that a higher pH of 7.5 was the most ideal 

for ammonium absorption through the leaves. Schonherr (1976) also showed that citrus 

cuticles exposed to a pH of 8.5 had the most groups of pores open. 

In all treatments ammonium sulphate increased the total plant weight compared 

to urea. This was unexpected because urea is considered a neutral molecule and easier 

to absorb by foliage compared to ammonium sulphate (Bowman and Paul, 1992; 

Schonherr, 1976). These results are consistent with the results of both Nicoulaud and 

Bloom (1996) and Bowman and Paul (1992) who found that tomato and perennial 

ryegrass (respectively) treated with foliar urea accumulated less dry mass compared to 

plants fertilized with ammonium-based fertilizers. In Bermuda grass (Cynodon dactylon 

X.C transvaalensis L. 'Tifgreen') Picchioni and Quiroga-Garza (1999) also found more 

efficient uptake of ammonium sulphate compared to urea when applied to the soil. 

These results agree with this study that found plants fertilized with soil applied 

ammonium sulphate were much bigger compared to all other treatments. This suggests 

that other treatments were somewhat sulphur deficient. Sulphur deficiency manifests 

itself in turfgrass as a stunted plant with spindly stems and leaves (Harivandi, 1988). 

This deficiency is similar and often mistaken for a nitrogen deficiency. The stunted 

growth of plants treated with urea is consistent with these findings. Goss (1975) noted 

that sulphur is particularly deficient in silica sand and many turfgrasses show severe 

deficiencies and even death due to the sand type without sulphur amendments. 
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Sulphur has also been suggested to suppress the growth of AB compared to CB 

(Goss, 1975; Harivandi, 1988). However, Bell et al. (1999) found that the use of sulphur 

made no difference on the control of AB compared to CB on a fairway while Goss 

(1975) found that sulphur rates above 1.6kg S/100m2 (3.451b S/lOOOft2) are required for 

a reduction in AB establishment. However, they also determined that low rates of 

sulphur (0.68kgS/100m2 or 1.51bsS/1000sqft) promote the growth and vigour of AB. 

Annual bluegrass plants were bigger and had a darker green colour when fertilized with 

ammonium sulphate as compared with urea. Annual bluegrass had more tillers when 

fertilizer with ammonium sulphate as well, which supports Goss (1975). 

Ammonium sulphate has been shown to cause leaf burn in some plants (Tan et 

al, 1999; Orbovic, 2001) and Bowman and Paul (1992) described some leaf damage 

due to desiccation from the application of ammonium sulphate to perennial ryegrass 

leaves. Neither AB nor CB showed any signs of foliage burn from either fertilizers 

during the whole 8 week experiment. The rate of nitrogen in the Bowman and Paul 

(1992) study was 5gN/m2 compared to the rate of 0.45g N/m2 in this experiment. This 

indicated that the fertilizer concentration may have been too high for a foliar regime. 

Urea is supposed to have a reduced leaf bum potential (Wesely et al., 1985). Urea is 

also believed to be absorbed quickly and more effectively through ectodesmata because 

it is a smaller molecule and less likely to touch the sides of the pores (Bowman and 

Paul, 1992; Schonherr, 1976). This is confirmed by Tan et al. (1999), who found that 

77% of urea was absorbed within the first two days compared to only 43% of 

ammonium. In our study, however, plants treated urea were smaller compared to plants 

treated with ammonium sulphate. Plants treated with foliar urea were even smaller 
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compared to soil applied ammonium sulphate treated plants. This reduction in shoot 

growth is consistent with a reduction in nitrogen uptake (Bowman et al., 2006). 

Nitrogen limited plants produce and maintain lateral roots to forage for nitrogen in the 

soil. These roots allow the plant to search for nitrogen in a larger volume of soil (Stitt, 

1999; Bowman et al., 2006). The nitrogen analysis, however, confirmed that plants 

under foliar fertilization had higher nitrogen concentrations in the shoots compared to 

plants under soil applied fertilizer. This would indicate that plants have adequate 

nitrogen concentrations and are just smaller. This is consistent with a lack of change in 

the root to shoot ratio for plants treated with foliar applied fertilizer and soil applied 

fertilizer (See appendix B). Creeping bentgrass had larger reduction in growth 

compared to AB under foliar fertility. 

Typically CB is considered a deep-rooted species, which allows it to be more 

drought and heat tolerant (Huang et al., 2001). Conversely, AB is a shallow rooted 

species typically found in compacted soil sites (Hutchinson and Seymour, 1982; 

Zontek, 1987). Under soil-applied fertilizer these observations were consistent; however 

under foliar-applied fertilizer, CB did not have very deep roots. On average 30 to 60% 

of photosynthate is allocated to the roots (Marschner, 2002). However, under foliar 

fertility much less carbon is allocated to the roots. Witte et al., (2002) demonstrated that 

potato treated with foliar applications of radio-labelled nitrogen had very little nitrogen 

transported to the roots. This is because on average only 10-20% of the root system is 

needed when there is an adequate supply of water and nutrients (Marschner, 2002). 

Under foliar applied fertilizer CB and AB had similar root masses. Creeping bentgrass 

no longer had the advantage over AB of a deeper root system. This may be problematic 
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in the summer when root growth is impaired by warm temperatures (Huang et al. 2001). 

Heat-stressed plants have reduced turf quality, tiller density and chlorophyll content (Xu 

and Huang, 2001). A reduction in density will promote encroachment by weed species 

such as AB. 

A recent study by Totten et al. (2008) examined the growth of CB when grown 

under granular urea compared to foliar urea. They determined that while foliar gave 

great turf quality, they recommended a combination of granular and foliar applications. 

A low application rate to the soil can improve and maintain deeper rooting while a 

foliar application can maintain and control growth. Foliar fertilization can achieve better 

uniform coverage compared to granular fertilization, however, requires more frequent 

application. Further research will examine how foliar fertility affects both species when 

grown together in the greenhouse and in the field. Chapter three examines how AB and 

STM compete against CB under foliar and soil applied liquid and granular urea based 

fertilizer. Chapter four will examine what characteristics or mechanisms allow AB to 

absorb foliar fertilizers more efficiently compared to CB. 
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CHAPTER THREE 

THE EFFECTS OF FERTILIZER APPLICATION METHOD ON 
CREEPING BENTGRASS, ANNUAL BLUEGRASS, AND SILVER 

THREAD MOSS: A GREENHOUSE AND FIELD STUDY 

3.1 INTRODUCTION: 

The invasion of Poa annua L., commonly known as annual bluegrass (AB), and 

silvery thread moss {Bryum argenteum Hedw.) (STM) onto creeping bentgrass 

(Agrostis stolonifera Huds.) (CB) greens is a major problem on golf courses. 

Superintendents regard both AB and STM as weeds and spend a lot of time and money 

attempting to eliminate them from golf greens (Lush, 1989; Burnell et ah, 2004; Bell et 

ah, 1999). Creeping bentgrass is the most widely used cool season turfgrass in North 

America because it can withstand low mowing heights and maintain a uniform playing 

surface (Kendrick and Danneberger, 2002). Annual bluegrass is the most invasive and 

common weed on putting greens under intensive management practices (Bell et ah, 

1999; Cattani et ah, 2002; Lush, 1989). Annual bluegrass has many different biotypes 

from true annual to perennial, which make it a challenging weed to manage (Lush, 

1989; Cattani et ah, 2002). In addition, the high genetic variability allows AB to 

colonize and withstand many different environmental conditions (Lush, 1989). 

Silvery thread moss also has high genetic variability, allowing it to withstand 

extreme conditions such as those found on a putting green (Longton, 1981). Silvery 

thread moss can reproduce vegetatively by wind, water and traffic on the golf course 

(Burnell et ah, 2004; Charbonneau, 2004). Lower mowing heights and a reduction in 

fertility have promoted weed invasion (Burnell et ah, 2004; Webber and McAvoy, 
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2003; Charbonneau, 2004). Management practices such as limited use of pesticides, 

(Burnell et al., 2004), and high foot traffic have allowed moss to proliferate 

(Charbonneau, 2004). 

Foliar fertilization is one management practice that has been increasing over the 

last 10 years (Griggs, 1999; Totten et ah, 2008). Foliar fertilizers have more uniform 

coverage on the turfgrass compared to granular applied and can improve turf colour 

immediately after application (Griggs, 1999; Totten et al., 2008). Foliar fertilizers allow 

turf managers to apply less total fertilizer throughout the year regardless of soil pH or 

nutrient levels (Griggs, 1999; Olsthoom et ah, 1991). Foliar fertilizers can be mixed 

with other products such as pesticides and applied together can successfully treat 

deficiencies quickly and reduce labour costs (Totten et al., 2008; Wesely et al., 1985; 

Griggs, 1999). The application of foliar fertilizers reduces the loss of nitrogen to soil 

fixation, run off and leaching (Griggs, 1999). It was demonstrated in Chapter 2 that 

foliar fertility did not affect the growth of AB while the growth of CB was reduced. 

Both species produced fewer roots under foliar fertility compared to soil applied 

fertilizers. Foliar fertilizer may be perfect conditions for the shallow rooted AB 

(Hutchinson and Seymour, 1982) and less conducive to the competitive ability of the 

deeper-rooted CB. 

Annual bluegrass has become the dominant species on many putting greens, 

resulting in the need to renovate infested greens (Gaussoin and Branham, 1989). New 

CB cultivars such as T-l have shown promise at the NTEP trials in reducing 

encroachment of AB under tee and fairway height (Brede, 2007). The conversion of 

greens from old CB cultivars to the new ones without total renovation or chemical 
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means has been a challenge (Kendrick and Danneberger, 2002). Intraseeding is difficult 

because seedlings must compete against established turfgrass plants where there is little 

light and space (Kendrick and Danneberger, 2002). However, newer more vigorous 

cultivars of CB with higher tiller density may reduce the invasion of AB (Brede, 2007; 

Sweeney et ah, 2001). 

This study examined whether the use of foliar fertility promotes the invasion of 

AB and STM onto putting greens. A greenhouse experiment was conducted to 

determine whether urea fertility could alter the growth of CB, AB and STM depending 

on fertility application method and species composition. An ongoing field experiment 

was started in Spring 2007 to determine whether long term soil applied fertilizers can 

reverse the damage caused by AB and STM invasion compared to foliar applied 

fertilizers after overseeding with an aggressive CB cultivar (T-l). 

3.2 MATERIALS AND METHODS: 

3.2.1 Greenhouse Experiment 

3.2.1.1 Plant Material and Design 

Seeds of CB cultivar L93 were germinated in a flat of 100% silica sand in the 

greenhouse in March 2007. Cores of AB were harvested from a golf green at the Guelph 

Turfgrass Institute (GTI), which contained approximately 80% AB and 20% CB based 

on point quadrates (later used for the field experiment). Annual bluegrass was identified 

and transplanted into a different tray of silica sand. Sixty PVC rubes of the diameter 

8cm and length 40 cm with a plastic mesh screen on the bottom were filled with 10 cm 

of gravel and 30 cm silica sand. Twelve tubes contained 60 tillers of AB (labelled AB), 
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twelve tubes contained 60 tillers of CB (labelled CB) and twelve tubes contained a 

mixture of 30 tillers of both AB and CB (labelled TILLER). To examine fully 

established stands from the field, a cup cutter was used to remove eighteen 3inch 

diameter cores of turf with about 2 inches of root depth in August 2007 from the 

transplanted green at the GTI (see section Field). The cores of turf were composed of 

approximately 70% AB and 30% CB (STM was not detectable) as determined by point 

quadrates. Twelve PVC tubes were filled with 10cm of gravel and 28cm of silica sand 

to accommodate the 2cm of rootzone and the entire core was placed into the tube 

(labelled SODDED). Additionally another twelve tubes containing 60 tillers of CB were 

inoculated with STM (labelled STM+CB). For this inoculation STM was harvested 

from the Victoria Park West Golf Course nursery green in November 2006. Moss was 

collected with a small spade and placed in large paper bags to dry at room temperature. 

After 2 weeks, sand was removed from dry STM and ground into a powder using a 

coffee grinder (Braun Aromatic KSM2-B Coffee Grinder, Proctor and Gamble, 

Massachusetts, USA). Based on the results of a preliminary experiment (See appendix 

C) 1 g of STM was evenly applied over the 60 tillers of CB and allowed to establish for 

approximately 1 month. The pots, labelled STM+CB, were established one month prior 

to the other pots to allow for moss establishment. After two weeks under misters, plants 

were clipped to a height of 1cm and slowly reduced to a height of 5 mm during a period 

of 3 weeks. 

In September 2007 the experiment began along side the uptake experiment from 

Chapter 2. Disease and insect pests, however, killed most of the experiment by 

November 2007. New CB L-93 plants were seeded in November 2007, while AB was 
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established from surviving plants and harvested seed from the previous summer. These 

new tillers were transplanted into new pots and allowed to establish until February 

2008. Replicates one and two were established first in order to have the correct plant 

densities. Due to availability of plant material replicates one and two (Block 1) were 

placed under treatment 5 weeks before replicates three and four (Block 2). The 

experiment ran for 18 weeks (126 days), block 1 was started on February 28 2008, 

treatment started on March 6, 2008 and ended on July 14 2008, while block 2 started on 

April 4 2008, treatment started on April 11, 2008 and ended on August 18 2008. 

3.2.1.2 Fertilizer Preparation 

An 18-3-18 urea based fertilizer solution was prepared for the greenhouse 

experiment using urea, mono potassium phosphate and potash. The fertilizer was 

applied at a rate of 3.79L/100m2 (~ Igal/lOOOsqft) at a concentration of 45.35g (N)/L 

resulting in a rate of 0.5gN/m2 (~ 1/10 lbs (N)/1000sqft) every 10 days, which was 

applied using three different methods. Granular applied fertilizer was applied evenly 

over the surface of the tube followed by 50ml of deionized water. Soil applied liquid 

fertilizer was applied as approximately 0.2ml spray followed by an application of 50ml 

of deionized water. Foliar applied fertilizer was applied by the addition of 50ml of 

deionized water followed by 0.2ml fertilizer spray. Granular was applied first, followed 

by soil applied, the pots were all watered with deionized water and then foliar fertilizer 

was applied. Soil applied liquids were on the leaves for a maximum of 5 minutes before 

water was applied. These procedures insure that minimal soil applied fertilizer was no 

taken up by the leaves. Spray bottle amount was determined as in Chapter 2. 
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3.2.1.3 Sampling and Measurements 

Weekly clippings were collected 3 times per week and placed in a paper 

envelope. The accumulated clippings from each pot were weighed over a one-week 

period. Clippings for each pot were combined to make monthly samples for nitrogen 

analysis. Total Kjeldahl Nitrogen was determined using the methods outlined in Chapter 

2 using the AIM digestion block and the Astoria A2 auto-analyzer. 

Visual observations were also taken once per week using a photographic stand 

and a Canon EOS digital rebel Tl-i EF-S camera. Point quadrates were taken every 14 

days on STM+CB, TILLER, and SODDED pots. The point quadrate was 10 cm by 

10cm and had 21 usable points within the surface area of the tube. The last point 

quadrate was taken on the day of harvest for each pot. 

For the harvest, the shoots were removed using a knife, taking special care to 

cut were the crown met the roots. Visible stolons were also included in the shoot 

section. Tillers were separated, counted and washed under tap water to remove any 

residual fertilizer and other particles, then placed in a paper envelope and dried at 70°C 

for 6 days. Moss was removed, washed and dried as the shoots and percent cover was 

used instead of tiller counts. Roots were washed thoroughly using a 1mm sieve and 

placed in a paper envelope and dried for the same time as the tillers. The roots were cut 

into 4 sections 0-3cm, 3-6cm, 6-10cm and lOcm-below. 

Root scanning was performed using the WinRhizo LA Scanner (Regent 

Instruments Inc. Quebec, Canada). A 50mg fresh weight sub sample from the 0-3cm 

root sections was removed and stained with toluidine-blue-o to improve the visibility of 

the roots (Costa et ah, 2001) and placed in a tray with 100ml of deionized water and 
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spread out. The roots were scanned and FASPac software was used to determine total 

root length, specific root length (SRL) and root length at different diameters. The 0-3cm 

section was also weighed for a fresh weight before going into the 70°C drying room for 

6 days. The total dry weight of the 0-3cm section was determined by the following 

equation: 

Eq. 3.1 0-3cmTotai = Sample x 0-3cmDry / 0-3cmFresh 

The root to shoot ratio was calculated using the total root mass of all sections 

and tiller weight at the time of harvesting. Clippings were not included in the root to 

shoot ratio since they were not present at the final point of harvest. The clipping yields 

were low towards the end of the experiment. In the case of the mixed pots (TILLER and 

SODDED) total root mass and tiller weights of AB and CB were added together and not 

separated. In the case of STM+CB pots only CB root mass and tiller weight was 

included in the root to shoot ratio calculation. 

The experimental design was a factorial design (pot x application method) 

randomized complete block with four replications. The data was analysed using the 

PROC MIXED procedure was conducted using SAS version 9.1.3 (Carey, NC). The 

statistical analysis was completed using the ANOVA model and comparisons were 

made at an alpha level of 0.05. 

3.2.2 Field Experiment 

3.2.2.1 Plant Material 

Sod containing 85% AB, determined by point quadrates from a putting green 

at the Trafalgar Golf Course was transplanted to the Guelph Turfgrass Institute (GTI) in 
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October 2006. The green sat inside of a rectangle by about 2m on the south side, 1.5m 

on the north side, lm on the west side and a <10cm on the east side of the green (See 

Appendix C). The base of the green had been constructed in July 1998 to USGA 

specifications of 80:20 by volume sand and amendments (USGA Green Section Staff 

1993). A 1% slope was created for surface drainage. The rootzones had been amended 

with different composts, which made up the 20% of the root zone in 2m by 3m plots 

with wooden borders from a previous experiment. The amendments were 1) Compost 1 

(CI), which contained 55.9% organic matter, 2) Compost 2 (C2), which contained 

50.5% organic matter and 3) Peat (PM), repeated four times arranged in a randomized 

complete block design. In April 2007, intense core aerification with 5cm tines was 

performed and the cores were moved to the outside of the green onto the sand. The 

green was top-dressed with calcareous sand and in May 2007 broadcast seeded with CB 

'Tl ' at a rate of 0.5kg/100m2. The green was mowed at a height of 4 mm for the 

remainder of the experiment. The fertilizer treatments were applied in random strips 

within the different root zones (See Appendix C). 

3.2.2.2 Fertilizer and Preparation 

The fertilizer used for the field experiment was the same 18-3-18 urea-based 

fertilizer from the greenhouse experiment. The fertilizer was applied at a rate of 

3.79L/100m2 (~ Igal/lOOOsqft) at a concentration of 45.4g (N)/L resulting in a final rate 

of 0.5gN/m2 (~ 1/10 lbs (N)/1000sqft) applied every 14 days in strips. First granular 

fertilizer was applied with a shaker and 12g of calcareous sand then soil-applied liquid 

fertilizer was applied with the bicycle sprayer. Both fertilizer application methods were 

watered in for 20 minutes to ensure that soil applied liquid was no longer present on 
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leaves and to minimize foliar uptake on soil-applied plots. Foliar fertilizer was applied 

30 minutes after irrigation was terminated. 

3.2.2.3 Sampling and Measurements 

During the first year of the field experiment only photographs and point 

quadrates were used to determine species composition. After the establishment of the 

sod, 3 cm cores were harvested monthly from May 2008 to September 2008. Percent 

cover for all species was determined through point quadrates. Point quadrates were also 

taken monthly to determine species density and any population shifts. The quadrate was 

made up of a 25-point grid, which was randomly thrown 4 times over the strip to equal 

100 points on the strip. Cores (25cm by 4cm) of AB and of CB from each strip totalling 

72 cores were taken and frozen in a freezer at -20°C for 24 hours. Once cores were 

frozen they were removed from the tubes and cut into 4 sections, crowns including all 

stolons, 0-3cm roots, 3-6cm roots and 6-below roots. These sections were placed in 

plastic bags and placed in a refrigerator until processed. Crowns were kept frozen at -

80°C until processed. Root sections were washed and dried at 70°C for 6 days. Sub 

samples of approximately 50-70 mg were removed from the 0-3cm sections for 

scanning with Win Rhizo. Crown sections were later thawed and counted to determine 

species/plant densities. Tillers were separated based on species, washed and dried at 

70°C. The dry weights of the root sections and tillers were recorded. The root to shoot 

ratio was calculated using the total root mass and tiller weight at the time of harvest. 

There were 4 complete harvests of monthly cores from May to August that were used to 

calculate the root to shoot ratio. Roots and tillers were not separated out from the cores 

based on species. 
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The experimental design was a factorial (species x fertilizer application) 

randomized complete block design with four replications. The data was analysed using 

the PROC MIXED procedure conducted using SAS version 9.1.3 (Carey, NC). The 

statistical analysis was completed using the ANOVA model and comparisons were 

made at an alpha level of 0.05. 

3.3 RESULTS: 

3.3.1 Greenhouse Experiment 

Annual bluegrass had less root mass compared to CB at 3-6 cm (P=0.0012), at 

6-10 cm (PO.0001), and at 10 cm and below (PO.0001) (Figure 3.1). Creeping 

bentgrass grown in STM+CB pots had a higher root mass compared to CB growth in 

TILLER pots. The root mass at 0-3 cm was highest in the STM+CB pots with 0.128g 

(SE=0.02) compared to TILLER pots at 0.1 lOg (SE=0.02) and SODDED pots at 0.037g 

(SE=0.003) (P=0.0317). The root mass at 6-10cm was highest for STM+CB with 

0.1 lOg (SE=0.019) compared to TILLER pots with 0.053g (SE=0.016) and SODDED 

pots with 0.0123g (SE=0.004) (P<0.0001). Finally STM+CB pots had the highest root 

mass at 10 cm and below of 0.091g (SE=0.017) compared to TILLER pots with 0.070g 

(SE=0.02) and SODDED pots with 0.003g (SE=0.002) (PO.0001). 

The root to shoot ratio of CB grown with STM was highest at 0.627 (SE=0.14) 

compared to TILLER pots at 0.206 (SE=0.038) and SODDED pots at 0.109 (SE=0.030) 

and CB in monoculture 0.322 (SE=0.03) (P=0.0008). The root to shoot ratio of CB in 

monoculture was also higher compared to AB at 0.183 (SE=0.02). 
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Percent cover for all treatments decreased during the experiment due to disease 

stress in the greenhouse. At the commencement of the experiment the percent cover of 

CB in SODDED and TILLER pots was 31% and 50% respectively, however, by Month 

6 the CB populations had increased for TILLER and SODDED to 51% and 41% 

respectively (P=0.0154). The decline in AB and CB populations in TILLER and 

SODDED pots coincided with an increase in STM populations (Figure 3.2). At Month 3 

STM populations began to increase on the un-inoculated SODDED and TILLER pots to 

3.1% and 0.2% respectively (P=0.0350). The populations of STM increased monthly 

throughout the experiment (P<0.0001) and toward the conclusion of the experiment 

STM cover had increased on SODDED and TILLER pots to 10.4% and 2.4% 

respectively (P=0.0013). While the spread of STM was not affected by fertilizer 

application method on un-inoculated pots there was a correlation on STM+CB pots 

(P=0.0006). The foliar fertility had the highest percent moss cover (46%) compared to 

soil applied (38.9%) and granular fertility (35%) (Figure 3.3). 

The concentration of nitrogen for both species was highest at Month 6 

(P=0.0397) with granular fertilizer (P=0.0104) (Figure 3.4). Granular fertilization 

resulted in a nitrogen concentration of 4.7% for CB and 4.9% for AB compared to 

foliar-applied fertilizer, which resulted in a nitrogen concentration of 3.2% for CB and 

3.1% for AB. The nitrogen concentrations found in AB clippings were erratic ranging 

from 2.9% to 4.8% for foliar and 2.8% to 4.9% for granular (Figure 3.4). 
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gure3.1 The root mass of creeping bentgrass (CB) and annual 
bluegrass (AB) grown in the greenhouse in 2008 at 0-3cm, 
3-6cm, 6-10cm and lOcm-below in the soil profile. The 
fertilizer application methods were combined. Bars with 
different letters indicate species differences at a = 0.05 
winthin soil depths where n = 4. 
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The percent cover of silvery thread moss (STM) on 
un-inoculated TILLER (T) and SODDED (S) pots in the 
greenhouse in 2008. Granular, foliar and soil applied fertilizer 
application methods were combined. Asterisks denote a 
significant species differences at a = 0.05 where n = 4. 
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Percent cover of silvery thread moss (STM) under foliar (F), 
granular (G), and soil-applied (S) fertilizer when grown with 
creeping bentgrass in the greenhouse in 2008. Single asterisk 
indicates differences between foliar and granular fertilizer and 
double asterisks indicates differences between foliar and soil 
applied fertilizer at a = 0.05 where n = 4. 
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The percent nitrogen in the shoots of A) annual bluegrass 
(AB) and B) creeping bentgrass (CB) when grown in the 
greenhouse in 2008 under foliar (F) and granular (G) 
applied fertilizer. Asterisks indicate differences in fertilizer 
application method at a = 0.05 where n = 4. 

69 



3.3.2 Field Experiment 

An increase in the amount of CB, reducing the amount of AB, was observed 

throughout the length of the experiment as determined through point quadrates 

(P<0.0001) (Figure 3.5). During July, the percent of AB was highest under foliar 

fertilizer and lowest under granular fertilizer (52% and 47% respectively) (P=0.0190) 

(Figure 3.5). The increased percent cover of CB began in June with a higher tiller 

production under granular fertility (P=0.0161) (Figure 3.6). Plants grown with granular 

fertilizer had the highest tiller number at 118 tillers/core (SE=4.57) compared to soil 

fertilizer with 109 tillers/core (SE=6.41) and foliar with 95 tiller/core (SE=6.12). 

Similarly in June under granular fertilizer AB had the highest tiller number at 141 

tillers/core (SE=10.6) followed by soil at 128 tillers/core (SE=5.65) and foliar at 108 

tillers/core (SE=7.46) (P=0.0442) (Figure 3.7). In July plants grown with granular 

fertilizer also had the highest tiller number for AB of 165 tillers/core (SE=9.95) 

compared to foliar at 132 tillers/core (SE=10.3) and soil at 124 tillers/core (SE=6.81) 

(P=0.0110). In August plants grown with granular fertilizer produced more tillers for 

AB 134 tillers/core (SE=9.3) compared to foliar 108 tillers/core (SE=7.7) and soil 

applied 107 tillers/core (SE=6.6) (P=0.0378). In August plants grown with foliar 

produced the most tillers for CB at 112 tillers/core (SE=8.2) compared to soil-applied 

with 95 tillers/core (SE=5.2) and granular with 94.2 tillers/core (SE=6.33)(P=0.0363). 

Finally in September plants grown with granular and soil applied had similar tiller 

numbers at 163 tillers/core (SE=6.8) and 150 tillers/core (SE=7.48) respectively 

compared to foliar at 111 tillers/core (SE=7.43)(P=0.0001). In June CB had the highest 

tiller number on the PM and CI rootzones with 115 tillers/core (SE=7.06) and 110 
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tillers/core (SE=5.16) respectively compared to compost 2 at 96 tillers/core (SE=18.7) 

(P=0.0423) (Figure 3.8). 

In July at 6cm and below CB had less root mass in the PM at 0.01 lg (SE=0.002) 

compared to CI at 0.022g (SE=0.004) and C2 at 0.019g (SE=0.002)(P=0.0147) (Figure 

3.9). However, in July with soil-applied fertilizer CB had more roots on CI with 0.035g 

(SE=0.007) and on C2 with 0.027g (SE=0.004) compared to PM with 0.019 (SE=0.012) 

(P=0.0061). Conversely, AB had the highest root mass at 3-6cm on the PM rootzone 

with 0.024g (SE=0.004) of roots compared to CI 0.019g (SE=0.002) and C2 0.016g 

(SE=0.002) (P=0.0396) (Figure 3.10). 

In July CB had more roots in the 3 to 6cm section under soil-applied fertility 

0.0235g (SE=0.003) of roots compared to foliar 0.0153g (SE=0.001) and granular 

0.0092g (SE=0.001) (P=0.0001) (Figure 3.11). Root growth for CB from below 6cm 

was highest under soil applied at 0.0272g (SE=0.003) of roots compared to foliar 

0.013g (SE=0.001) and granular 0.012g (SE=0.002) (P=0.0004) (Figure 3.12). 

In July AB also had the most roots at 3-6cm of the soil profile under soil-applied 

at 0.0295g (SE=0.003) compared to granular 0.0202g (SE=0.002) and foliar applied 

O.Olllg (SE=0.001) (P<0.0001) (Figure 3.13). In August AB again had a higher root 

mass at 3 to 6cm in the soil profile under soil-applied fertilizers of 0.015g (SE=0.002) 

compared to granular 0.0098g (SE=0.001) and foliar 0.0077g (SE=0.001) (P=0.0030) 

(Figure 13). In July at 6cm and below AB had the more roots under soil-applied and 

granular fertilizer at 0.0348g (SE=0.003) and 0.0294g (SE=0.003) respectively, 

compared to foliar 0.0160g (SE=0.003) (P=0.0035) (Figure 3.14). 
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The specific root length (SRL) in the 0-3cm section was significantly different 

based on the date (P<0.0001). In May, the specific root length of AB had an SLR of 

2354.03 m/g (SE=241.48) compared to CB at 2104.40m/g (SE=174.54) (P=0.0164). In 

June AB had the highest SRL under granular fertilizer 4692.46 m/g (SE=692.47) 

compared to soil 3170.21 m/g (SE=620.70) and foliar 2181.55 m/g (SE=471.44) 

(P=0.0245). In June CB had the highest SRL of 6229.02 m/g (SE= 1245.29) under foliar 

fertilizer compared to granular and soil applied 3432.28 m/g (SE=624.00) and 3260.97 

m/g (SE=661.35) respectively (P=0.0245). In July AB had a higher SRL value of 

5418.94 m/g (SE=915.05) compared to CB with 3304.06 m/g (SE=415.43) (P=0.0346). 

Finally in September AB had a higher SRL of 5315.41 m/g (SE= 1101.96) compared to 

CB 2430.12 m/g (SE= 152.79) (P=0.0079). In September the highest SRL for AB was 

under soil-fertility 8955.40 m/g (SE=3091.43) compared to the highest SRL for CB was 

under granular 2296.26 m/g (SE=149.05) (P=0.0453). For AB the second highest SRL 

was under granular 4002.93 m/g (SE=184.97) followed by foliar at 2987.89 m/g 

(SE=411.75), while CB showed a higher SRL under foliar 2316.56 m/g (SE= 264.40) 

followedby soil-applied 2296.26 m/g (SE-149.05) 

The root to shoot ratio changed during the growing season beginning in May 

when CB had a larger root to shoot ratio 0.334g (SE=0.02) compared to AB 0.21 lg 

(SE-0.01) (P<0.0001). By July there was a shift and AB had the larger root to shoot 

ratio of 0.443g (SE=0.046) compared of to CB with 0.306g (SE=0.02)(P=0.0129). In 

July the highest root to shoot ratio for AB occurred under soil applied at 0.567g 

(SE=0.10), followed by granular at 0.437g (SE=0.05) and finally foliar at 0.324g 

(SE=0.06) (P=0.0254). Similarly for CB soil applied fertility also produced the highest 
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root to shoot ratio of 0.377g (SE=0.03) compared with granular 0.282g (SE=0.06) and 

foliar 0.260g (SE=0.046). 



I 1 I I I I I I I 

June July August September May June July August September 

2007 2008 

Time (Month) 

The percent cover of annual bluegrass in 2007 and 2008 in the field 
treated with foliar (F), granular (G), and soil-applied (S) fertilizer as 
determined by point quadrates. Asterisks indicates significant 
fertilizer application method differences at a=0.05 where n=12. 
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gure 3.6 Number of creeping bentgrass tillers in a predominately 
creeping bentgrass core from the field in 2008 treated 
with foliar (F), granular (G), and soil-applied (S) 
fertilizer. Bars with different letters indicate a 
significant differences between fertilizer application 
method at a = 0.05 where n = 12. 
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gure 3.7 The number of annual bluegrass tillers in a predominately 
annual bluegrass core from the field in 2008 treated with 
foliar (F), granular (G), and soil-applied (S) fertilizer. 
Bars with different letters indicate significant differences 
between fertilizer application method at a = 0.05 
where n= 12. 
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The total number of tillers in a predominately creeping 
bentgrass core from the peatmoss (P), compost 1 (CI), 
and compost 2 (C2) rootzones in the field in 2008. 
Application methods were combined. Bars with different 
letters indicate significant differences between root zones 
at a = 0.05 where n = 12. 

77 



p 
C1 
C2 

I I 
I 

May June July August 

Time (Month) 

I . 

September 

we 3.9 The root mass below 6cm of creeping bentgrass in the 
peatmoss (P), compost 1 (CI), and compost 2 (C2) 
rootzone in the field in 2008. Application methods were 
combined. Bars with different letters indicate significant 
differences between rootzones at a = 0.05 where n = 12. 
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The root mass of annual bluegrass 3-6cm in the soil profile 
in peatmoss ( P), compost 1 (CI), and compost 2 (C2) 
amended rootzones in the field in 2008. Application method 
were combined. Bars with different letters indicate significant 
differences between rootzones at a = 0.05 where n = 12. 
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Figure 3.11 The root mass of creeping bentgrass at 3 - 6cm of the soil 
profile under foliar (F), granular (G), and soil-applied (S) 
fertilizer in the field in 2008. Asterisks indicate significant 
differences between fertilizer application method at 
a = 0.05 where n = 12. 
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Figure 3.12 The root mass of creeping bentgrass in the 6cm and below 
section of the soil profile under foliar (F), granular (G), 
soil-applied (S) fertilizer in the field in 2008. Asterisks 
indicate significant differences between fertilizer application 
method at a = 0.05 where n = 12. 
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ure 3.13 The root mass of annual bluegrass at 3 - 6cm of the soil 
profile under foliar (F), granular (G), and soil-applied (S) 
fertilizer in the field in 2008. Asterisks indicate significant 
difference between fertilizer application method at a= 0.05 
where n= 12. 
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The root mass of annual bluegrass at 6cm and below in the 
soil profile under foliar (F), granular (G), and soil-applied (S) 
fertilizer in the field in 2008. Asterisks indicate significant 
differences between fertilizer application method at a = 0.05 
where n = 12. 
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gure 3.15 The root mass of creeping bentgrass (CB) and annual 
bluegrass (AB) at 0-3cm in the soil profile in the field 
in 2008. Fertilizer application method were combined 
where n = 36. 
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3.4 DISCUSSION: 

3.4.1 Greenhouse Experiment 

In the greenhouse most pots suffered from disease which may have resulted in 

the severe decline in growth towards the end of the experiment. Differences in root 

growth between species were detected despite the decline in plant health. Annual 

bluegrass is considered a shallow rooted species (Hutchinson and Seymour, 1982), 

while CB L-93 is a deeper-rooted species (Schlossberg and Karnok, 2001). Under field 

conditions, root masses were similar especially from 0-3cm for both AB and CB, which 

agrees with Cattani et al. (2002) who found that two lines (PAE11 and PAL 11) of AB 

had an equal root mass to CB under field conditions. The reduced amount of roots in the 

field compared to the greenhouse may also be related to the fact that sodded turf has a 

lower root mass compared to seeded turf (Bowman et ah, 1998). Greenhouse 

experiments can have a level of bias created by light quality or container size (Wilson, 

1988). The containers were designed to mimic the rootzone of a putting green that is 

recommended by the USGA specifications. High plant densities mean that roots are 

crowded on all sides and the sides of the container would affect fewer plants. Light 

quality can be a problem in the greenhouse since tempered glass prevents certain 

wavelengths from penetrating through (Archibald et al., 1994). Picchioni and Quiroga-

Garza (1999) found that under cloudy conditions and reduced day length there was little 

difference between nitrogen rates in relation to clipping yields (Picchioni and Quiroga-

Garza, 1999). This may partially explain why clipping yields were not different between 

fertilizer application methods and species in this experiment. 
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While clipping yield was unaffected, fertilizer application method had an impact 

on the growth and spread of STM. The competition for nutrients for STM+CB pots was 

entirely above ground since STM does not have roots (Richardson, 1981; Burnell et ah, 

2004; Weber and McAvoy, 2003). The fertilizer was applied to most pots via spray that 

could not penetrate the STM layer. In addition the water applied after granular and soil 

applied applications would pool on the surface of STM+CB pots. Nutrients were 

therefore mostly unavailable to CB roots because they were collected by STM and 

absorbed. Creeping bentgrass would therefore have to absorb the bulk of the fertilizer 

through the leaves, which may explain why there was no nitrogen concentration 

difference by application method for STM+CB pots. The root to shoot ratio was higher 

for CB in STM+CB pots compared to monoculture CB, which was attributed to a larger 

root mass. Lower nitrogen rates have been shown to increase the root to shoot ratio of 

CB through an increase in root production (Schlossberg and Kamok, 2001). Plants can 

forage throughout the soil to seek out nutrient rich patches (Stitt, 1999). Creeping 

bentgrass is known for rapid root elongation in response to soil nutrients (Cattani et ah, 

2002, Lyons et ah, 2008). As the experiment progressed the foliar spray increased the 

percent cover of STM compared to soil applied fertilizer. Silvery thread moss is 

ectohydric and has no cuticle through which to prevent the absorption of nutrients and 

water (Richardson, 1981; Weber and McAvoy, 2003). Under foliar fertilizers, nutrients 

came into direct contact with STM and were quickly absorbed. Conversely, CB has a 

cuticle, which presents a formidable obstacle in the surface absorption of foliar 

nutrients. With an abundance of surface nutrition, STM was able to easily colonize the 

pots and reduce CB coverage. Root mass of CB was only measured at the end of the 
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experiment when STM cover was the highest during the experiment. Silvery thread 

moss populations were higher under the liquid applied fertilizer (foliar and soil applied). 

Both foliar and soil-applied were applied on to the surface where the spongy texture of 

STM allowed fertilizer to accumulate and not penetrate the surface as described by 

Schofield (1985). This fertilizer might have stayed in contact with STM longer allowing 

for more absorption. For monoculture plants nitrogen concentrations were highest for 

soil applied, while grown with STM it was highest with foliar fertilizer this is evidence 

that the soil applied fertilizers may have not been getting to the roots of the CB. 

The nitrogen analysis showed that the effect of fertilizer application method was 

inconsistent throughout the experiment. This may be due to the decline in growth based 

on the disease pressures mentioned above. Peaks in nitrogen concentrations seem to 

correspond to applications of Heritage Maxx™, which were applied throughout the 

experiment to reduce disease damage. During the experiment CB plants that were foliar 

fertilized had more consistent nitrogen concentrations compared to granular. This was 

similar to Totten et al. (2008), who showed that granular fertilizer produced inconsistent 

results compared to foliar in the field. Fertilizer application method produced variable 

results for AB, potentially due to the multiple biotypes found on a golf green (Lush, 

1989). The nitrogen concentrations observed were within the range found by Totten et 

al. (2008), between 3.63% and 4.63%. While clippings were collected before fertilizer 

treatments some fertilizer may still have been dried to the leaves. Some nitrogen 

concentrations of individual samples were as high as 13% showing evidence of 

potential contamination. Soil and foliar applied fertilizer was not different from each 
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other which is consistent with Johnson et al. (2001), who found that shoot nitrogen 

content was similar in foliar and soil applied peach trees. 

The decline in SODDED and TILLER pots was caused by disease that had been 

transferred into the greenhouse. The experiment had been previously affected by disease 

and insect infestation since AB tillers had been collected from the field. As a result the 

experiment was initiated a second time again using plants from the field. The field 

plants had some of the pathogen living in the turf and as a result the greenhouse 

conditions created the prefect environment for infestation. In the greenhouse there was 

poor air circulation, as one of the fans close to the experiment was not functioning 

properly. There was also a shade curtain pulled over glass that reduced the light quality 

for most of the day. These factors were preferred by the pathogens, which quickly 

weakened the turf and promoted STM invasion. SODDED pots showed a more severe 

decline compared to TILLER pots, likely because the rootzone and thatch layer 

harboured the pathogens and insects. SODDED pots also contained a higher population 

of AB, which is more susceptible to attacks by pathogens (Huff, 2004; McGuan et al., 

2004). This allowed for higher population of STM to invade and establish. The invasion 

of STM onto un-inoculated pots occurred during the decline period due to the weaken 

turf from disease and low mowing (Weber and McAvoy, 2003; Burnell et al., 2004). 

Transfer of STM was likely due to clippings of STM on the scissors or STM presences 

in the rootzone from the field. In the case of SODDED pots, STM invasion was likely 

could have been either transferred by the scissors or present in the canopy. In the case 

of TILLER pots clipping transfer is likely the cause since tillers were planted in the 

greenhouse without the soil. Small fragments of STM stem were likely still present on 
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the scissors when the next pot was mowed. Once AB and CB began to decline there was 

bare soil for STM to hydrate and grow. 

3.4.2 Field Experiment 

The gradual conversion from AB to CB occurred over 2 growing seasons under 

experimental conditions. This conversion was promoted by the overseeding of the 

putting green using a newer more aggressive cultivar of CB. Attempts at overseeding 

with older cultivars of CB such as Penncross onto AB invaded greens have proven 

unsuccessful (Gaussoin and Branham, 1989; Henry et al, 2005). Gaussoin and 

Branham (1989) found that overseeding Penncross at a rate of 490g/100m2 (49kg/ha) 

with daily irrigation increased CB cover by 8% over 3 years. There was no difference, 

however, with overseeding alone (Gaussoin 1989). Henry et al. (2005) found that 

overseeding at a rate of 730g/100m (73kg/ha) resulted in a 10% conversion rate for 

Penncross after 2 years. The conversion rate for Penncross was low compared to the 

amount of seed used. Reicher and Hardebeck (2002) tried overseeding with Penneagle 

on fairways, which resulted in conversion of 35% by the third year. There was no 

difference between 490g/100m2 and 980g/100m2 seeding rates after 3 years (Reicher 

and Hardebeck, 2002). On a golf course putting green, however, there was only a 3% 

conversion after 3 years (Reicher and Hardebeck, 2002). Kendrick and Danneberger 

(2002) used 122g/100m2 (12.2kg/ha) of Penn G-2 CB seed when intraseeding into core 

aerated CB turf stands. They found that only a 3.1% change to the intraseeded cultivar 

occurred, however, this conversion was not detected in the second year of study. 

Kendrick and Danneberger (2002) speculate that the root competition was responsible 
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for the decline in Penncross in the second season. Newer more aggressive cultivars of 

CB such as T-l and Alpha have shown some success in conversion of AB test greens 

(Brede, 2007). Conversion using T-l CB was possible in less than 2 years at a seeding 

rate between 500g/100m2 to 2000g/100m2 (Brede, 2007). In this experiment the 

overseeding T-l at a rate of 500g/100m2 showed a conversion of 30%, which was 

similar to Brede (2007) who found a 35% conversion in 1.3 years. 

The highest percent conversion using CB was achieved by Henry et al. (2005) 

with core aeration and vertical mowing. Aeration can create gaps in the turf cover to 

promote germination of new seedlings (Kendrick and Danneberger, 2002). Germination 

in full dense turf can be extremely difficult since shading by neighbours reduces sun 

light interception (Westoby, 1977; Snaydon and Howe, 1986; Cattani et al., 2002). 

Divots and other areas of high disturbance are prone to invasion by AB, which can 

establish a 20% cover in the first year (Lush, 1988; Snaydon and Howe, 1986). Annual 

bluegrass also has a larger seed size compared to CB at 0.55mg and 0.07mg 

respectively, which can store more energy (Turgeon, 1999; Lush, 1989; Cattani et ah, 

2002). Creeping bentgrass expends more energy in stem elongation compared to AB 

that can establish via new plant growth (Cattani et al., 2002). Aeration may reduce the 

severity of AB, since AB prefers compacted soil (Zontek, 1987). Core aeration and top 

dressing were performed immediately prior to overseeding. Core aeration can be a 

stress on the plants, which may be an added benefit to the germinating seedlings 

(Snaydon and Howe, 1986). Fu and Dernoeden (2009) showed that there was no effect 

on photosynthesis and respiration rates on CB 9 days after core aeration. Brede (2007) 

seems to be the only experiment where vertical mowing and/or core aeration was not 
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preformed, which resulted in the highest conversion to CB (Brede, 2007). On research 

plots, however, AB invasion and spread is minimized due to reduced foot traffic and 

mechanical disturbance (Henry et al., 2005). 

The timing for overseeding is also crucial in the germination and establishment 

of seedlings. Reicher and Hardebeck (2002), Gaussion and Branham (1989) and 

Kendrick and Danneberger (2002) found overseeding in the fall to be unsuccessful 

using CB. Henry et al. 2005 found that early summer was the best time for overseeding 

CB into an AB green, likely because the root mass for both species was lowest after 

early summer. Meanwhile Brede (2007) showed that the best time for overseeding was 

spring and no core aeration when there is less stress on young plants. There seemed to 

be no difference between spring overseeding and spring/fall overseeding done by 

Reicher and Hardebeck (2002). They found a 14% conversion in the first year of the 

experiment, which is similar to the 15% conversion in the first year found in this 

experiment using only spring overseeding. 

The improvement in percent cover in favour of CB may also be due to the fact 

that T-l has a high tiller density compared to other cultivars such as Penncross (Brede, 

2007). Higher tiller densities or more than 200tillers/m2 has been shown to reduce 

encroachment from AB and moss compared to lower density turfgrass (Sweeney et al., 

2001; Kendrick and Danneberger, 2002; Henry et al., 2005). Creeping bentgrass had 

less variation in tiller number compared to AB regardless of fertilizer application 

method. There was higher variability in tiller number for AB especially in relation to 

fertilizer application method. Similar to root mass, AB had a reduced tiller number 

under foliar fertilizer compared to granular and soil applied fertilizer. This may indicate 
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that there are more individual plants with fewer roots, which is consistent with the result 

found in Chapter two. This may be due to the diverse biotypes and genetic variation that 

AB (Lush, 1989) and STM can exhibit on a golf green. Higher density cultivars 

accumulated less non-structural carbohydrates, which are needed to combat heat and 

water stress in the summer (Sweeney et ah, 2001; DaCosta and Huang, 2006). During 

this experiment there was high precipitation throughout the summer that reduced 

drought stress and may have promoted the growth of AB (Gaussoin and Branham, 

1989). From June until September the rainfall for 2008 was more double compared to 

rainfall in 2007 (See appendix C). Precipitation was light and frequent, which has been 

shown to promote the establishment of CB after overseeding (Gaussoin and Branham, 

1989). There was no rapid decline in shoot growth during the summer, most likely due 

to the high precipitation during 2008. In addition, a low nitrogen rate was used, which 

maybe detrimental to AB (Gaussoin and Branham, 1989; Zontek, 1987). Granular 

fertilizer resulted in the highest tiller number for AB compared to the other fertilizer 

application methods. Granular fertilizers have been shown to have inconsistent 

coverage compared to foliar applied fertilizers (Totten et ah, 2008). Foliar application 

method has the same uniform coverage as soil applied liquid; although it has the 

disadvantage of being on the plant surface where the fertilizer can volatilize or dry onto 

the leave surface. The fertilizer must intercept the leaf close to a stomate and be 

absorbed quickly before the leaf dries (Toselli et ah, 2004; Tan et ah, 1999). Cool 

season grasses like CB and AB have been shown to absorb 30% to 60% of the nitrogen 

applied (Totten et ah, 2008; Wesely et ah, 1985). 
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Fertilizer application method coupled with seasonal fluctuations altered root 

production for both species. At the commencement of the experiment in May CB had a 

larger root to shoot ratio compared to AB under all fertilizer application methods. This 

was attributed to a larger root mass for CB, which is considered a drought tolerant 

deeper rooted species compared to AB (Huang et al, 2001; Xu and Huang, 2001). In 

July there was more precipitation and resulted in a lower root to shoot ratio of CB that 

could be attributed to a reduction in total root mass. Sweeney et al. (2001) also found a 

decrease in total root production for CB between June and July. Conversely AB had the 

highest root to shoot ratio in June onwards regardless of fertilizer application method. 

This was attributed to higher root production during June and July. The increased 

growth of AB during the summer is most likely in response to the high levels of 

precipitation (Bell et al, 1999). By September, the population of AB increased, which 

may correspond to a high seedling population that has emerged due to high precipitation 

(Crawley, 1987; Lush, 1989; Zontek, 1987; Bell et al, 1999). By August - September 

the percent cover of both AB and CB had reached equilibrium and precipitation levels 

were still higher compared to 2007. Root competition for turfgrasses becomes a driving 

factor for nutrient acquisition (Brisson and Reynolds, 1994; Lush, 1988; Cattani et al, 

2002) and root competition is considered more important compared to shoot 

competition particularly in grass systems (Wilson, 1988; Snaydon and Howe, 1986; 

King, 1971). 

The high levels of precipitation made competition for nutrients more visible 

(Brisson and Reynolds, 1994). Foliar fertilizer resulted in the lowest root to shoot ratio 

for CB, which was caused by a decrease in root mass. The reduction in root mass under 
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foliar fertility suggests that CB had adequate nitrogen and did not need to forage for 

nutrients in the soil. In Chapter 2 CB had a higher nitrogen concentration under foliar 

applied fertilizer compared to soil applied. Schlossberg and Karnok (2001) found that 

CB had a reduced root to shoot ratio under high nitrogen fertility attributed to reduced 

root growth. They also found that total root density was reduced under higher fertility 

(Schlossberg and Karnok, 2001). High nitrogen rates stimulate the production of tillers 

and reduce root production (Schlossberg and Karnok, 2001). Plots that received 

granular fertilizer had a low root mass compared to soil-applied fertilizer. Similarly root 

mass was also highly varied under granular fertilizer compared to foliar and soil-applied 

fertilizer. This variation in root growth is characteristic of CB relative to nitrogen 

(Schlossberg and Karnok, 2001). Turf treated with granular applied fertilizers can have 

a patchy distribution compared to a liquid (foliar and soil) applied fertilizer (Totten et 

ah, 2008; Griggs, 1999). Under granular fertilizer, roots would grow into the areas 

where the fertilizers are. Therefore, there would be high root production into nutrient 

rich zones, which CB is known to do (Stitt, 1999; Cattani et ah, 2002, Lyons et al., 

2008). 

The highest increase in root mass for both AB and CB occurred under soil-

applied fertility. This is because in order for the plant to stay in contact with the 

nutrients long a larger root system was needed. This agrees with Bowman and Paul 

(1998) who found that roots grew deeper in response to nitrogen pulses in the soil. 

Deeper roots allow a plant to access water deeper in the soil compared to neighbours 

(Casper and Jackson, 1997; DaCosta and Huang, 2006). This could have been a 

problem for AB under foliar fertility since there were few roots deep in the soil 
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compared to CB. During the 2008 growing season there was higher precipitation 

compared to the season before. The fluctuations in root growth based on fertilizer 

application method show the ability for AB to change. This would indicate that there is 

more plasticity in root growth for AB compared to CB under field conditions. Annual 

bluegrass may be a better competitor because it may be able to minimize its root growth 

when nutrients are readily available at the foliar surface. 

3.5 CONCLUSION: 

The results from the greenhouse study illustrated how STM can invade quickly 

when the health of the turf stand begins to decline. Silvery thread moss also responds 

well to foliar fertility and can spread quickly once established. 

The preliminary results of this field experiment indicate that there are 

differences in the growth of AB under foliar compared to granular fertilizer. Had there 

been less natural precipitation these differences may have been more obvious. Annual 

bluegrass growth may have been more affected by heat and drought stress compared to 

the results from this year. Further years of study are needed to clearly estimate the 

impact of foliar fertility on AB and CB growth. Also T-l overseeding should be 

examined on a golf green used for play during that year. Conversion rates can be 

misleading when there is no compaction and human stress added to the examination. 
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CHAPTER FOUR 

LEAF CHARACTERISTICS AND MOROPHOLOGY OF ANNUAL 
BLUEGRASS AND CREEPING BENTGRASS EXAMINED THROUGH 

MICROSCOPY 

4.1 INTRODUCTION: 

The invasion of annual bluegrass (AB) into creeping bentgrass (CB) greens is an 

ongoing problem for golf course superintendents (Lush, 1989). Chapters two and three 

showed that foliar fertility had an effect on the growth of CB. Creeping bentgrass was 

found to have decreased growth and both AB and CB were found to have reduced root 

growth under foliar fertility. In the field, the ability of T-l CB to colonize an area after 

overseeding was inhibited by to foliar fertility compared to granular applied fertilizer. 

All of this evidence points to an advantage that AB may have over CB when nutrients 

are applied to the leaves. The advantage for AB to uptake nutrients through the leaves 

may be related to cuticle and leaf morphology. 

The cuticle is the primary barrier between a plant and its environment. Derived 

from the Latin word 'cuticula' meaning thin skin, the cuticle is a thin layer of waxes 

and lipids imbedded in a cutin matrix (Riederer, 2006). The formation of the cuticle 

allowed for the evolution of the vascular system and the maintenance of a functional 

photosynthetic apparatus (Riederer, 2006). The cuticle reduces the light intensity and 

screens out UV radiation, which reduces damage to the pigments and proteins that make 

up the plastids (Riederer, 2006). The cuticle maintains plant turgor by controlling water 

loss through transpiration and gas exchange (Nawrath, 2006). It is also a very important 

defence mechanism against pests and herbivory (Muller, 2006). Many members of the 
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Poaceae have known exudates from trichomes that affect pests and cuticle composition 

(Muller, 2006). 

It was demonstrated in Chapter 2 that the cuticle is not impenetrable and allows 

for uptake of both urea and ammonium sulphate through the leaves. There are two 

transport systems within the cuticle that allow substances to move from the external 

environment to the internal one: polar and lipophilic. The lipophilic pathways allow 

diffusion of neutral non-charged molecules that are lipid soluble (Schlegel et ah, 2005; 

Schreiber, 2006). Molecules that have a hydration shell are unable to pass through the 

lipophilic path and must penetrate through aqueous pores of the polar pathway 

(Schlegel et al., 2005; Schreiber, 2006). One exception is water, which can be 

transported via both pathways (Schreiber, 2006). The aqueous pores of the polar 

pathway, referred to here as ectodesmata (see chapters one and two), are associated with 

the stomatal complex and exist primarily at the guard cells (Franke, 1964; Schonherr, 

1976; Schlegel et al. 2005). Previous research has shown that the number of stomata 

and trichomes are correlated to the absorption of water and different solutes (Tan et al. 

1999; Schreiber, 2006; Schlegel and Schonherr, 2002). 

The objective of this experiment was to examine leaf characteristics that enable 

AB and CB to absorb fertilizer and to look for differences between the two species. 

Research has examined the morphology of CB in relation to dollar spot resistance. 

There was no connection between cuticle thickness and stomatal number with dollar 

spot severity (Williams and Harrell, 2005). Other than the above study very few studies 

have examined the morphological characteristics of CB and none that have examined 

AB. The previous experiments in Chapters two and three suggest there maybe 
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mechanistic leaf characteristics that would enable AB to absorb more fertilizer or 

absorb fertilizer more efficiently compared to CB when applied to the leaves. The 

following procedures for light and scanning electron microscopy were conducted to 

visualise any structures that may be involved in foliar absorption of fertilizers. 

4.2 MATERIALS AND METHODS: 

4.2.1 Plant Material 

Seeds of L-93 CB and AB were germinated separately in two 6inch pots of 

Promix™. The seeds of AB were collected from samples brought in from the field plots 

in 2007. Pots were placed under the misters for two weeks to promote germination. 

After seedlings emerged, plants were watered three times per week and fertilized with a 

20-20-20 fertilizer supplied in the greenhouse once every two weeks. Plants were 

clipped once per week to a height of 6cm until samples were taken. 

4.2.2 Sampling and Measurements 

4.2.2.1 Fresh Tissue. 

Tissue samples were cut with scissors from fully expanded leaf blades on 

growing plants. A 2 cm section of leaf blade was removed from the plant between the 

sheath and the leaf tip. Leaf sections were either used immediately or placed on damp 

filter paper inside a petri dish depending on the methods it was used for. For leaf peels 

(see below) 7 plants were selected and 8 leaf sections were clipped from each plant for 

both species. All procedures were conducted at room temperature during the day under 

normal room lighting. Light does plays an important role in foliar absorption (Schlegel 

et ai, 2005), however, room temperature (approx. 21C) would not (Schonherr, 2001). 
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4.2.2.2 Leaf peels. 

To obtain average stomatal counts clear nail polish was painted onto the 

adaxial side of the leaf surface for both AB and CB. Seven leaves of AB were also 

sampled to examine the abaxial stomatal counts of AB Previous research had 

determined a mean stomatal count for L-93 CB and due to time limitations CB abaxial 

peels were not examined here. Once the nail polish dried it was peeled from the leaf and 

placed on a slide with a drop of water and a cover slip, which was sealed with clear nail 

polish. One count was taken from each peel, which totalled 56 counts for each species. 

The slides were photographed on the Olympus BX51 with the Olympus DP71 

microscope camera (Olympus Corporation, Tokyo, Japan). Stomata were counted 

within an area calculated by the microscope software Image Pro™. The stomatal count 

was an average count per 1mm . 

4.2.2.3 Silver Nitrate Uptake (Light (LM) and Scanning Electron Microscopy (SEM)) 

Silver nitrate uptake was performed on both cleared (pigments removed) and un­

cleared leaves to determine the presence of ectodesmata on the leaf surface of CB and 

AB. To clear the leaves, leaf blades were cut using scissors from the plants, about 2 cm 

long and immediately submerged in 200ml of household bleach for 4 hrs. These 

methods were modified from Pepper et al. (2007) to exclude the use of a vacuum by 

increasing the length of time the leaves were bleached. After leaves were cleared, they 

were rinsed under deionized water twice for 5 minutes. Instead of a wetting agent, 

cleared leaves were washed with hand soap to reduce the surface tension of the cuticle 

and then placed in a petri dish on top of a moist filter paper. A solution was prepared by 

adding silver nitrate to deionized water to O.Olmol/L. A pipette was used to place 20ul 
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drops onto both cleared and non-cleared leaves (for SEM) according to the methods of 

Schlegel et al. (2005). After the silver nitrate was placed on the leaves, the petri dish 

was kept closed for 1 hr. The leaves were then rinsed with deionized water to remove 

any silver nitrate remaining on the leaves. Cleared leaves were placed on a slide with a 

drop of glycerol and a cover slip, which was sealed with clear nail polish. The slides 

were placed under the LM and photographs were taken of the leaf surface focussing on 

stomates and leaf margins. 

The un-cleared leaves treated with silver nitrate were left to dry on for 1 day 

before being mounted on an SEM aluminium stub. Creeping bentgrass samples were 

analysed using the Fei Phenom SEM (Fei Company, Hillsboro, USA), which can 

capture an image without sputter coating with gold. Annual bluegrass samples were 

analysed using the Hitachi Tabletop Microscope TM-1000 SEM (Hitachi High-

Technologies Corporation, Tokyo, Japan), which could also capture images without 

sputter coating in gold. Due to availability of the portable SEM machines, CB samples 

were examined by one microscope and AB samples by another microscope. Both 

machines were able to capture images with complete dehydration of the samples. An 

added benefit for AB and CB is that they can maintain cell shapes when dehydrated as 

compared to other plant species. 

4.2.2.4 Cuticle Thickness. 

Due to time constraints cuticle thickness was examined with cryo-SEM rather 

than with a microtome. Leaf samples were frozen in liquid nitrogen and placed on an 

aluminium stub. Frozen samples were fractured using a small sharp knife under a 

vacuum and then sputter coated with gold. Samples were placed in the Hitachi S-570 
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Scanning electron microscope (Hitachi High Technologies, Tokyo, Japan) and 

photographs were taken. 

4.3 RESULTS AND DISCUSSION: 

Both AB and CB absorbed the silver nitrate near the stomates (Figure 4.1). 

Under light microscopy (LM) the silver nitrate resembled black spots and seemed to be 

concentrated between the guard cells, not outside them. Examination by SEM showed 

the silver deposits all over the guard cells and was not confined to the interior of the 

guard cells (Figure 4.2). The phenomenon of blacken stomates was also observed by 

Schlegel and Schonherr (2002) on apple leaves. They hypothesised that mass flow of 

silver may have occurred when the solution was drying on the leaf (Schlegel and 

Schonherr, 2002; Schlegel et ah, 2005). Under SEM tissue was dried before being 

placed in the microscope. Two reasons for the differences in the localization of the 

silver nitrate (within the stomatal cavity for the light microscopy and over the guard 

cells for the SEM) may be differences in the preparations of the leaf tissue for 

microscopy. Cuticular absorption of a dry solid silver nitrate by dried un-cleared 

samples could not take place because only aqueous solutions can pass through the 

cuticle (Schlegel and Schonherr, 2002). Cleared samples remained wet under the glass 

cover slip. The higher the water content of the cuticle the higher the amount of 

absorption through ectodesmata (Schlegel and Schonherr, 2002; Schlegel et al., 2005). 

The cover slip also provided an environment of 100% humidity, which has been 

correlated to increased absorption of glyphosate on isolated poplar cuticles (Schonherr, 

2002). 

105 



Further evidence suggests that foliar absorption is strongly related to the activity 

of the stomata (Schlegel and Schonherr, 2002; Schlegel et al., 2005). Schlegel et al. 

(2005) showed faster penetration of calcium salts on Viciafaba under light conditions 

compared to dark conditions. Schlegel and Schonherr (2002) found a 13% decrease in 

amount of calcium chloride absorbed by apple leaves under dark conditions compared 

to light conditions. The absorption was faster under light conditions compared to dark 

conditions (Schlegel and Schonherr, 2002). In this study the average stomatal number 

for CB was 89 stomates/mm2 (SE=2.7) and AB averaged 91.2 stomates/mm2 (SE=2.1) 

(Table 4.1). Williams and Harrell (2005) found that turf at greens height (5mm) had 

almost 2 times more stomates compared to fairway height (15mm). L-93 CB has been 

shown to have a mean stomatal count of 150 per mm2 on the adaxial side (Williams and 

Harrell, 2005). It is important to note that the average counts mentioned above are on 

the adaxial (top side) of the leaf, while apples, pears and tomatoes have the majority of 

stomata on the abaxial (bottom side) of the leaf. Tan et al. (1999) found the abaxial side 

of tomato leaves had 1.5 times more stomata compared to the adaxial. Williams and 

Harrell (2005) found that Agrostis spp. had twice the stomatal count on the adaxial 

surface compared to abaxial at fairway height. Seven leaves were used to examine the 

abaxial surface of AB leaves. The results showed a count for AB of 32.5 stomata/mm 

(SE=8.9) (Figure 4.3), which is similar to the abaxial counts found by Williams and 

Harrell (2005) for CB. Astomatous adaxial side of apple and pear leaves showed almost 

no absorption compared to the abaxial leaf surface (Schlegel and Schonherr, 2002). 

Grass, however, does have stomates on both sides of the leaf (Williams and Harrell, 

2005) allowing for absorption regardless of the orientation of the leaf. Corn was shown 
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to have no difference in the absorption from the upper leaf surface compared to the 

lower (Schlegel and Schonherr, 2002). Grasses may have a higher adaxial stomatal 

number due to the orientation of the emerging leaves from the sheath. When leaves 

emerge they are either rolled as in the case of Agrostis spp. or folded as in the case of 

Poa spp. and emerge straight up (Turgeon, 2002). The position of the adaxial side of the 

leaf is closed to the outer environment to prevent exposure. There was no difference 

between the orientation and pattern of the stomates on the leaves. The stomates were 

also relatively the same size for both AB and CB, ranging from 18|um and 23 \im 

(Figure 4.2). The absorption of foliar solutions has been associated with stomata and 

trichomes (Schreiber, 2006). Creeping bentgrass is not known to have trichomes 

anywhere on the leaf surface (Williams and Harrell, 2005) and trichomes were not 

visible on AB during this examination either. Some cultivars of CB such as L-93 are 

known to have "barbed-like extensions" from the waxy cuticular layer, which resemble 

trichomes (Figure 4.1). On CB leaves these structures were present on the margins of 

the leaves, which agrees with the findings of Williams and Harrell (2005) who found 

similar structures on creeping bentgrass leaf margins. Annual bluegrass also possessed 

these structures and they were present on the margins, midrib and veins of the leaf 

surface. The absorption of silver nitrate around these barbs by AB was similar to the 

absorption from trichomes seen by Schlegel et al. 2005. Silver deposits on the barbs are 

located at the base and head of the barbs (Figure 4.1), which is similar to the findings of 

Schlegel et al. 2005 on trichomes of V.faba. 

The wax morphology is another important factor in the movement of solutions 

through the cuticle (Orbovic et al., 2001). The SEM for both species revealed a large 
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amount of wax covering the leaf surface including the stomata (Figure 4.4). This may 

explain another reason for the reduced uptake of foliar fertilizers compared to soil 

applied fertilizers. While we were unable to examine the cuticle thickness, Williams and 

Harrell (2005) examined cuticle thickness of L-93 CB and found it to be 7 urn. Both AB 

and CB are members of the Poaceae family, which is characterized by having cuticular 

waxes in many shapes. The cuticle of Poaceae has characteristic tubule shaped and 

primary alcohol platelet epicuticular waxes (Bargel et ah, 2006). Primary alcohol plates 

were the most common viewed wax formation observed on AB and CB (Figure 4.4). 

These plates can also be found on Avena spp., Poa nemoralis, Secale cerale, Hordeum 

vulgare (Jeffree et ah, 1976), and Zea mays (Martin and Juniper, 1970). Another wax 

type that was seen on AB and CB were P-diketone tubes characteristic of Avena spp. 

(Baum and Hadland, 1975), Festuca glauca, Hordeum vulgare, Triticum aestivum 

(Jeffree et ah, 1976) and Poa colensoi (Hall et ah, 1965). Waxy deposits can affect the 

rate of absorption of solutes on the leaf surface and the removal of the cuticular wax has 

been shown to increase uptake of water (Schreiber, 2006). The orientation of the waxes 

may be involved in self-cleaning, which may affect cuticular absorption particularly 

after re-wetting (Bargel et ah, 2006; Riederer, 2006). One observation that has been 

made regarding foliar fertilizers is that once dry on the leaf surface re-wetting will have 

no affect on prolonging nutrient absorption (Gaussoin and Branham, 1989; Bowman 

and Paul, 1998). The cuticle is designed to minimize the contact area of particles and 

water with the cuticle. When liquid is in contact with the cuticle the surface tension is 

less than gravity and the liquid rolls down the leaf. As the liquid moves, particles on 

the cuticle stick to the liquid and are removed (Bargel et ah, 2006). Cuticle structure 
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and thickness can be affected by environmental effects such as temperature and 

humidity (Bargel et ah, 2006). The rate of absorption by the cuticle is greatly affected 

by humidity and less so by temperature (Schonherr, 2001). Schonherr (2001) showed 

that at 50% humidity only 25% of calcium applied to apples was absorbed in 20 hours. 

Most foliar absorption experiments use 100% humidity to determine length of 

absorption time (Schlegel and Schonherr, 2002). Under low humidity stomata may be 

closed, which can reduce the amount and rate of absorption (Schlegel and Schonherr, 

2002). 

4.4 CONCLUSION: 

The results from the microscopy show that AB may have an advantage in the 

absorption of foliar fertilizers through polar pathways (ectodesmata) associated with 

barb-like wax structures covering the margins and veins. Stomate counts and wax 

morphology show that both species are similar in wax structures and stomate number. 

Further examination of cuticle thickness is required to examine whether AB has an 

advantage in relation to cuticular waxes. In order to make conclusions on species 

differences, more ecotypes and cultivars of the two species should be examined under 

field growth conditions. 

109 



(a) 

. i""-.t-*5*' 

l*« 

Figure 4.1 The cleared leaves of annual bluegrass (AB) (a and b) and creeping 
Bentgrass (CB) (c and d) under light microscopy after treatment with 
silver nitrate (AgNOs). Characteristic silver deposits are in black a) 
barbs b) stomata c) barbs d) stomata. 
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Figure 4.2 The un-cleared leaves of annual bluegrass (AB) and creeping bentgrass 
(CB) under Scanning electron microscopy after treatment with silver 
nitrate (AgNOs). The stomates without silver nitrate deposits of (a) AB 
and (c) CB and stomates with silver deposits of (b) AB and (d) CB. 
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Figure 4.3 The acrylic leaf peels of annual bluegrass (AB) (a and b) and creeping 
bentgrass (CB) (c and d), determined through light microscopy. Leaf 
peels were used to determine stomatal counts. 
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Figure 4 The stomates of (a) annual bluegrass (AB) and (b) creeping bentgrass (CB) 
under the scanning electron microscope with sputter coating. 
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Table 4.1 The stomatal counts of Annual bluegrass (AB) and Creeping 
bentgrass (CB), determined through acrylic leaf peels and light 
microscopy. 

Species 
AB 
AB 
AB 
AB 
AB 
AB 
AB 

AB 

AB (back) 

CB 
CB 
CB 
CB 
CB 
CB 
CB 

CB 

Plant 
1 
2 
3 
4 
5 
6 
7 

Total 

1 

1 
2 
3 
4 
5 
6 
7 

Total 

Stomates/area (mm) 
96.16 
106.67 
99.24 
95.14 
77.50 
87.61 
76.07 
91.20 

32.54 

86.312 
81.98 
79.11 
95.58 
104.08 
101.35 
80.33 
89.61 

SE 
1.73 
4.97 
5.86 
7.71 
4.32 
3.90 
4.24 
2.11 

3.62 

4.41 
4.35 
4.82 
9.17 
10.03 
8.23 
9.35 
2.71 
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SUMMARY 

Foliar fertilization is becoming a more popular method of fertilization among 

golf course superintendents. Foliar fertilization can be a more efficient method of 

nutrient application to golf course putting greens by combining fertilizer and pesticide 

application. However, along with the increased use of foliar fertilizers, populations of 

annual bluegrass (AB) have also increased to the detriment of creeping bentgrass (CB). 

This has led to the hypothesis that AB has a more efficient method of foliar uptake of 

nutrients compared to CB. 

Two fertilizers ammonium sulphate and urea were chosen to examine how CB 

and AB grow as a single tiller under foliar and soil-applied applications. Urea was 

chosen since it is a neutral molecule that can easily be absorbed through the leaves. 

Ammonium sulphate was chosen since it has been shown to reduce populations of AB 

at an application rate of 0.68kgS/100m2. Fertilizing with ammonium sulphate resulted 

in more tillers and a higher shoot mass for both CB and AB compared to fertilization 

with urea. Creeping bentgrass had a higher shoot mass while AB had a higher tiller 

number under ammonium sulphate compared to urea. Fertilizing with ammonium 

sulphate also resulted in a higher root mass throughout the soil profile for both AB and 

CB compared to urea. 

Soil applied fertilizers resulted in the highest shoot mass for CB compared to 

foliar. Annual bluegrass was unaffected by fertilizer application method for shoot and 

root mass. Creeping bentgrass also had a higher root mass under soil applied fertilizer 

compared to foliar applied. These findings indicated that AB may have had a 

competitive advantage under foliar fertility compared to CB. Annual bluegrass was able 
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to absorb enough foliar fertilizer to grow as it would under soil-applied fertilizer. 

Creeping bentgrass, however, was unable to adapt to absorb foliar fertilizers as well and 

consequently grew less and was a smaller plant. 

The experiment was then tested under greenhouse conditions using a urea based 

18-3-18 granular, foliar, and soil-applied fertilizer. The granular was added to ensure 

that foliar absorption was not occurring. Plants were grown in monoculture CB, AB and 

mixtures of AB and CB. A third species silvery thread moss (STM) was added to 

examine whether foliar fertilizers also affect STM spread. Unfortunately disease and 

insects minimized the effects of the fertilizer and nearly killed most plants. Data that 

was collected indicated that foliar fertilizers increased STM spread compared to 

granular fertilizers. No conclusions about CB and AB interactions were observed. The 

same experiment was also conducted in the field on a transplanted putting green at the 

Guelph Turf grass Institute (GTI). The field experiment showed that foliar fertilizers 

favour AB populations compared to granular fertilizers. Foliar fertilizers also resulted in 

a reduced root mass and root to shoot ratio for both AB and CB. The increased rainfall 

for 2008 compared to 2007 was responsible for the favourable conditions that allowed 

AB with a shallow root system to persist on the putting green. 

The previous three experiments gave strong evidence that there may be a foliar 

mechanism that permitted AB to absorb foliar fertilizer more effectively. To examine 

this hypothesis the leaves of both AB and CB were examined under light and scanning 

electron microscopy in order to illustrate the structures that permit foliar absorption. 

Silver nitrate was applied to leaves with pigment (un-cleared) and without pigment 

(cleared) and then placed under the microscope. Annual bluegrass was found to have 
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barbs on the margins that could absorb silver nitrate while the barbs on CB margins 

could not. The stomatal number was similar between AB and CB, which was examined 

by acrylic leaf peels. Both species had waxes covering the leaf surface including the 

stomates. More biotypes of AB will require examination before any conclusions can be 

made from this experiment. 
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Appendix A 

The preliminary experiment preformed in 2006, which showed differences between 
foliar and soil-applied fertilizer in relation to competition between creeping 
bentgrass and annual bluegrass. 

Appendix A - 1 

DOES POA ANNUA L. HAVE A COMPETITIVE ADVANTAGE OVER AGROSTIS 
STOLONIFERA HUDS. WHEN NUTRIENTS ARE FOLIAR-APPLIED COMPARED 

TO SOIL-APPLIED? 

ABSTRACT 

Agrostis stolonifera and Poa annua are in constant competition on golf courses 

in temperate regions. The management practice of foliar application of fertilizer is 

gaining favour amongst turfgrass managers. P. annua generally has a competitive 

advantage over A. stolonifera. Both turf grasses were grown between January 2006 and 

March 2006 in the greenhouse at the University of Guelph to examine the root 

competition when fertilizer is foliar applied compared to soil applied. Tillers of P. 

annua and A. stolonifera were grown in monoculture and mixtures under foliar and soil 

applied fertilizer. P. annua appears to have a competitive advantage over A. stolonifera, 

when foliar fertilizer was applied and was manifested in a larger leaf surface area and 

higher tiller number. Foliar fertilizer also decreases the root mass in the top 6cm of the 

soil profile for P. annua when grown in mixture with A. stolonifera. P. annua has 

evolved a mechanism that has enabled this species to colonize and compete with A. 

stolonifera under extensive management regimes, including foliar applied fertilizer. 

INTRODUCTION 

The invasion and proliferation of P. annua onto greens of A. stolonifera is an 

increasing problem for turfgrass managers (McClements 1996; Reese 2000). P. annua 
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is a winter annual, however, because of management regimes on golf course the 

perennial ecotype has evolved (McCarty 2005). P. annua has adapted to grow and set 

seed twice a year below the 4 mm mowing height of most golf course greens 

(Hutchinson and Seymour 1982; Lush 1988: McCarty 2005). A typically slow release 

fertilizer is spread on golf greens in the spring and fall with foliar application every 10 

to 17 days during the rest of the year. This method of application allows precise 

control of growth of turf and reduces leaf litter after mowing. Benefits of liquid 

fertilizers include: colour uniformity, less nitrogen used and better control of growth 

(McCarty 2005). During periods of heat stress P. annua quickly turns brown and golf 

greens become patchy and prone to weeds (McClements 1996; Reese 2000). P. annua 

moves into a habitat, while A. stolonifera is on the decline or if there is disturbance 

(Hutchinson and Seymour 1982;Grime 1977). The physiology of P. annua makes it 

difficult to control due to the similarities with A. stolonifera. The control of P. annua is 

achieved by spot treatment of herbicide or hand weeding, which can be environmentally 

unsound or costly (Reese 2000). Controlling P. annua has been somewhat ineffectual 

as herbicide is the conventional control (Reese 2000). Herbicide is phytotoxic to A. 

stolonifera, which results in damage to turf. 

It remains unknown how P. annua is such a successful competitor and what 

environmental and management factors facilitate its invasion on golf greens. 

Competition can take place above ground (shoots and leaves) and below ground (in the 

roots) (Grime 1977; Wilson 1988; Casper and Jackson 1997). Above ground 

competition mainly involves height and canopy spread (Berntson and Wayne 2000; 

Grime 1973; 1974), however, both P. annua and A. stolonifera are mowed to 4mm 
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evenly. Underground competition is more significant because it involves competition 

for nutrients, water and space, where as above ground competition only involves light 

and space (Grime 1977). It has also been shown that below ground competition can 

reduce the above ground growth (Casper and Jackson 1997). 

A. stolonifera native to Europe, was imported here with very minimal breeding 

except for heat tolerance (McClements 1996; Reese 2000). A. stolonifera has many 

cultivars, which have been bred for heat tolerance, which lead to a deeper root system. 

Deeper roots also allow A. stolonifera to exploit nutrients that would otherwise be lost 

as leaching in a foliar application nutrient system (Berendse 1982; Bowman et al. 

1997). P. annua has evolved a different survival mechanism that result in shallow roots 

that remain closer to the soil surface, however, also results in heat sensitivity. 

Nutrients can reach a plant in three ways: i) mass flow ii) diffusion and iii) root 

interception (Berntson and Wayne 2000; Marschner 2003). P. annua has adapted to 

maximize root interception and mass flow by concentrating the bulk of the root mass at 

the surface and may also have a mechanism for more efficient foliar nutrient uptake 

through the leaves (Lyons 2004). A. stolonifera has been bred to have deeper roots, 

which would maximize nutrient capture of soil-applied fertilizers (Bowman et al. 1997). 

The management system of weekly foliar fertilizer applications allows for both these 

species to survive and coexist on a golf course green. The shallower rooted P. annua 

may be more competitive with the deeper-rooted A. stolonifera when foliar nutrients are 

applied. Understanding the morphological responses of these plants will enable 

management strategies that favour A. stolonifera and not P. annua. These strategies 

will control invasion of P. annua without damaging A. stolonifera. Many studies have 
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been conducted using resource foraging as a competitive marker. These studies look at 

the plasticity of roots in relation to foraging and consider species that can easily adapt 

are better competitors. However, in the field, both of these grasses are well maintained. 

They are watered, fertilized and mowed constantly to maintain their aesthetic 

appearance. 

In this experiment root architecture and depth will be examined to understand 

how foliar applied nutrients alter root depth and distribution. Root competition plays a 

significant role in the survival of these species (Hodge 2004, 2006; Bowman et al. 

1997; Casper and Jackson 1997; Wilson 1988). 

MATERIALS AND METHODS 

Plant Materials 

Seeds of Poa annua and Agrostis stolonifera (L-93) were germinated in flats 

containing sand. After approximately 2 weeks, seedlings were transplanted into 

polyvinyl chloride tubes (PVC) with mesh screens containing sand. The pots are 40 cm 

deep and 3 inches wide, containing the bottom 10 cm of gravel and the remaining 30 cm 

of sand to imitate a golf course putting green. Initially 20 tillers of A. stolonifera were 

planted in 10 PVC tubes and labelled. Twenty tillers of P. annua were planted in 

another 10 PVC tubes and labelled. The last 10 PVC tubes contained 10 tillers of each 

grass and labelled. They were then randomly placed in the 32 tubes holder. They were 

watered after planting and everyday afterwards. After 5 days of establishment they 

were trimmed. Four days later an additional 10 tillers were planted per tube due to time 

constraints. Plants were trimmed every other day to 1cm and watered everyday. The 

greenhouse daily average temperature was 25°C day temp and 17°C night temp. 
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Fertilizer Treatments 

Fertilizer was prepared as a solid 1 kg mixture containing a ratio 21-5-21 of N-

P-K (4.9 Kg N/Ha as recommended for sand based golf greens by McCarty 2005). 

Eleven litres of water were added to the mixture and the stock solution was kept in a 

plastic drum for the duration of the experiment. Six millilitres of this concentrated 

solution were added to 994 ml of water. Ten millilitres of this solution was applied to 

each tube once a week. The concentration was 1.17mgN/pot in 10ml of solution. 

Fertilizer treatments began 10 days later. Tubes that were randomly selected for foliar 

fertilizer spray were marked with an F on the label. Foliar application required a fine 

mist from a spray bottle. 12 sprays from the bottle was equivalent to 10ml of solution. 

This was re-calibrated for each application to ensure accuracy. Tubes designated as 

soil-applied fertilizer received 10 ml of the same solution, however, solution was 

applied evenly onto the soil by a measuring spoon. Half of the tubes received the foliar 

spray while the other half received the soil-applied fertilizer. Approximately 2 weeks 

later fertilizer application was doubled to 2 times per week in order to obtain results due 

to time constrains. 

Measurements 

Throughout the experiment turf quality (colour, density and uniformity) will be 

compared visually across the species and treatments. Percent cover and tiller size were 

visually assessed. After 50 days of growth in the greenhouse tillers were cut at shoot to 

root junction for tiller and seed head count. Shoots were placed in paper envelopes for 

nutrient analysis at a later data. Pots were watered and kept overnight. The following 

day pots were watered and soil columns removed. Root mass zones were 0-6cm and 

6cm and deeper (including gravel). The top 6cm of soil were cut and placed in a plastic 
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bag. The remaining portion of the soil was placed in another plastic bag. Both were 

labelled and placed in a refrigerator for 8 hours to kept roots from growing further. 

Each bag was removed and washed in a soil sieve to remove sand and peat moss. Root 

masses were placed in another paper envelope and labelled. When all roots were 

washed and labelled envelopes were placed in a big paper bag and placed in an drying 

oven for 2 days at 70°C. Roots were weighed in milligrams and recorded. Tiller count 

and root mass were entered into SAS (SAS Inc. Carey, NC) for statistical analysis. 

RESULTS 

Shoots 

There was a treatment effect on P. annua when fertilizer was foliar applied (p< 

0.05) seen in figure 1. Tiller number for P. annua under foliar applied treatment (119.8 

+/- 12.3) was higher than for soil applied (102.2 +/-10). Similarly, A. stolonifera also 

had an increased tiller number when fertilizer was foliar applied (161.4 +/- 9.6) 

compared to soil applied (118.6 +/-15.6). When grown together, however, there was a 

significant species effect exerted on each species by the other (p<0.05). In monoculture 

A. stolonifera had 3 times the tiller count (161.4 +/- 9.6) as it does in the mixed pots 

(53. 2 +/- 7.2) under the foliar treatment. Also the tiller count for A. stolonifera (53. 2 

+/- 7.2) is one third less than the tiller count of P. annua (75.6+/-11.1) under the foliar 

treatment. In the mixture of A. stolonifera and P. annua, the foliar treatment 

significantly increased tiller numbers for P. annua (p< 0.05) compared to soil applied. 

P. annua in the foliar treatment had 75.6+/- 11.1 tillers compared to 56 +/- 18.9 tillers 

in the soil-applied treatment. Conversely, A. stolonifera showed no difference in tiller 
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53.2 +1-1.2) and soil applied fertilizer (51.6 +/- 12). Figure 

shows the comparison of the tiller counts under the two fertilizer treatments. 
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Figure 1 The Average Number of Tillers of A. stolonifera and P. annua under 
Foliar and Soil Applied Fertilizer Treatments 

Figure 2 Visual assessment of percent cover and leaf area of a) A. stolonifera b) 
A. stolonifera and P. annua and c) P. annua 
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Figure 2 shows representative percent cover for each species and the mixture. P. 

annua has a larger leaf size compared to A. stolonifera in monoculture and mixture 

under both treatments. P. annua also had a higher percent cover in monoculture and 

mixture under both treatments (Fig. 2). The seedlings of P. annua were also of a very 

weedy type. Seed heads were recorded after one month. 20 seed heads were counted 

after 50 days of growth. Pots with P. annua present averaged 1 seed head per pot. 

Fertilizer treatment had no effect on timing of seed set or seed head number. This 

further illustrates the adaptation of P. annua into a perennial ecotype. 

Roots 

The total root mass was not significantly affected by the either treatments. The 

roots were impossible to distinguish or separate between species and were therefore 

included together. The average length of the roots of A. stolonifera was similar to the 

root length of P. annua when grown together (p<0.05). Figure 3 shows that roots were 

relatively the same size for both species when grown together. Roots exceed 30cm and 

may have grown larger had the PVC tubes been longer. Visually P. annua has a similar 

root structure to A. stolonifera and can reach the similar lengths. 

Figure 3 The root lengths of A. stolonifera (AS) compared to P. annua (PA). 
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The average root mass below 6cm had no significant change under either 

treatment. The root mass for the lower portion of the soil remained the same across all 

species and treatments (Fig. 4). A. stolonifera: 50.18 +/- 11.6 mg and 53.34 +/-8.46; P. 

annua: 83.3 +/-16 mg and 57.34 +1-9 mg and mixtures 55.7 +/- 7.3 and 56.1 +/-16.9 

foliar and soil treatments respectively. The difference was observed at 0-6cm in the 

mixtures. P. annua had 112.2 +/- 13.3 mg and 111.8 +/- 15.4 mg for foliar and soil 

treatments respectively. When grown in mixture total root mass was 56.3+/- 14.6 mg 

and 86.06 +/- 5.11 mg for foliar and soil treatments respectively. Figure 4 shows that 

the root mass was significantly decreased under a foliar treatment compared to the soil 

applied for all roots (p< 0.005). 
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Figure 4 The Average Root Mass in mg of A. stolonifera and P. annua under 
Foliar and Soil Applied Fertilizer 
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DISCUSSION 

In monoculture the bulk of the root mass for P. annua was in the top 6cm of the 

soil profile as predicted. The total root mass was higher for P. annua compared to A. 

stolonifera in all treatments as well. Surprisingly, the lower 30 cm of the soil profile 

also contained a high mass of roots for P. annua in monoculture. As seen in figure 3, 

the roots of P. annua were of a similar length to A. stolonifera. Berendse 1982 found 

that the root mass would be forced down the column because the small width of the pot 

prevented lateral root growth. Plants were limited for lateral growth and therefore, 

exploited the entire soil column. This resulted in P. annua having a similar amount of 

root mass in the lower portion of soil as A. stolonifera. 

The difference in root mass occurred when both species were grown together. 

The root mass decrease in the upper 6cm of the soil profile in the foliar treatment, while 

the root mass in the lower portion remained the same (Fig. 4). This suggests that the 

root mass of P. annua was decreased in the upper 6cm more so in the foliar treatment 

than the soil treatment. Typically root mass decreases when plants have adequate water 

nutrients. Both foliar and soil treatments received the same amount of water and 

nutrients (Grime 1977). These data suggest that P. annua that intra-specfic competition 

is more severe than inter-specific competition with respect to root growth. P. annua is a 

better competitor against A. stolonifera than other P. annua tillers. Thus, the 

competition between P. annua and A. stolonifera is not the result of root architecture, 

but rather another mechanism. 

The competition seemed to be located above ground. P. annua had a 

significantly higher tiller count compared to A. stolonifera when grown together under 
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the foliar treatment (Fig. 1). The tiller count for A. stolonifera was significantly reduced 

when grown in the mixture compared to in monoculture. This resulted from the notably 

larger tillers of P. annua and an increased percent cover (Fig. 2). This difference may be 

attributed to an increased uptake of nutrients in the foliar treatment. The larger leaves of 

P. annua were able to absorb more nutrients and reduce the amount consumed by A. 

stolonifera. Above ground competition was more successful for P. annua due to the 

increased surface area and tiller number (fig. 2). In mixture, P. annua had a higher 

percent cover (assessed visually Fig. 2) compared to A. stolonifera under both fertilizer 

treatments. Under the foliar treatment, there was a higher tiller count and the higher 

percent cover for P. annua. 

While the tiller increased under the foliar treatment, the root mass decreased in 

the top 6 cm. These data together suggest that the competition between P. annua and A. 

stolonifera is due to above ground competition and less with root competition. Foliar 

applied fertilizers do give P. annua a competitive advantage over A. stolonifera. While 

A. stolonifera is unaffected by differences in foliar or soil applied fertilizer, P. annua 

directs a higher portion of growth energy to shoot while decreasing energy to roots. It 

has been suggested that P. annua may have a mechanism for foliar absorption of 

nutrients (Lyons 2004). This could explain the increased surface area and lower root 

mass under foliar treatments. Foliar mechanisms exist for uptake of nutrients such as 

Zinc, Calcium and Iron. Iron is used on turf for quick green up in the spring and 

summer. P. annua may be more successful at utilizing this mechanism compared to A. 

stolonifera. 
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Future research will focus on this mechanism to understand how it works and 

what nutrients are being absorbed. 

CONCLUSION 

Foliar application of nutrients is breeding P. annua to have a competitive 

advantage, while A. stolonifera has remained unchanged. The competitive advantage is 

most likely attributed to the shoots and not the roots. Tiller number and leaf surface 

area increases while shallow root mass decreases. Soil applied nutrients do not provide 

the advantages that foliar does. The management practice of foliar applied fertilizers is 

preferentially breeding P. annua to be a better competitor over A. stolonifera on well-

managed turf stands. 
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Appendix B 

The preliminary experiment for Chapter two conducted in 2007 that demonstrated 
there were differences between ammonium sulphate and urea absorption by foliar 
and soil-applications. 

Appendix B - 1 

THE ABSORPTION OF UREA COMPARED TO AMMONIUM SULPHATE WHEN 

NUTRIENTS ARE FOLIAR APPLIED COMPARED TO SOIL APPLIED 

INTRODUCTION: 

The benefits of foliar fertilizers have been demonstrated since the 1950s 

(Wesely et ah 1985). In fruit and row crops, foliar fertilizers have been shown to 

improve nitrogen use efficiency (Wesely et ah 1985; Dong et al. 2005) and potentially 

reduce environmental impact (Orbovic et ah 2001). The most commonly used foliar 

fertilizer is urea, because of its rapid foliar absorption and low cost (Bowman and Paul 

1992; Orbovic et al. 2001; Wesely et al. 1985). It has also been suggested that urea is 

absorbed faster than other foliar fertilizers such as ammonium sulphate or nitrate 

(Bowman and Paul 1992). Another consequence of foliar fertilizers is leaf burn. 

Ammonium sulphate has been known to burn the foliage of tomatoes and citrus, when 

foliar applied (Tan et al. 1999; Orbovic 2001). However, few studies exist that 

demonstrate how these fertilizers differ on turf, and even fewer examine golf greens. 

The turf on a golf green is heavily managed through irrigation, mowing and fertility 

regimes. These management practices may affect how the fertilizers react in the leave 

and whether they are absorbed differently. 

133 



MATERIALS AND METHODS: 

Plant Material 

Creeping bentgrass was seeded into trays of silica sand in March 2007. Cores of 

AB were harvested from a golf green at the Guelph Turfgrass Institute, which contained 

80% AB and 20% CB. Cores were transplanted in another tray with silica sand. Forty 

eight square 6 inch pots, 24 were foliar and 24 were soil applied, which contained a 

paper towel liner to prevent sand loss and silica sand to the top. A single tiller of CB 

was planted into 24 of the pots and 12 were covered with tin foil, and a single tiller of 

AB were planted in the other 24 pots and 12 were covered with tin foil. Pots were 

placed in trays for below water bath irrigation in the greenhouse. Plants were irrigated 

with the soil beneath the tin foil was dry or the trays were dry (about once or twice per 

week). Plants were not cut and allowed to tiller out. 

Fertilizer 

Two 15-3-10 solutions were prepared for the experiments, a urea-based fertilizer 

and an ammonium sulphate-based fertilizer. Both fertilizers were sprayed at a rate of 

3.79L/100m2 (2gal/1000sqft) at a concentration of 11.98g(N)/L (1/10 Pd (N)/1000sqft), 

which is typically applied on a golf green. Fertilizer was applied every 14days, which 

is the most frequent end of fertilizer applications applied on golf greens. 

1. Foliar applied nutrients - 50 ml of deionized water will be spread over the plants 

before 0.2 ml of fertilizer solution is spray over plants. The method will ensure 

that most of the fertilizer remains on the plants and not in the soil. It will also 

allow for maximum uptake of the fertilizer by the plant because the leave 

surface is wet and will allow more diffusion through the leaf surface. 
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2. Soil applied nutrients - 0.2ml of fertilizer solution will be sprayed over the 

plants before 50 ml of deionized water is spread evenly over the plants. The will 

allow the fertilizer to wash off the leaves and remain in the soil profile. 

Harvest and Analysis 

Tin foil was removed and planted were cut just above the root shoot junction. 

Tillers were counted and washed under tap water to remove any residual fertilizer, then 

placed in a paper sac and dried at 70°C for between 6 to 8 days. Roots were washed 

thoroughly and placed in a paper sac and dried for the same time as the tillers. The 

weight of both parts was recorded. Nutrient analysis was conducted to determine 

nitrogen content of shoots compared to roots for foliar compared to soil and urea-based 

fertilizer compared to ammonium sulphate-based fertilizer. Visual observations were 

also taken twice during the experiment, once on May 2 and the other on May 281 2007. 

The experimental design was a three factorial design (species x application x 

fertilizer) randomized complete block design with four replications. Analysis of 

variance was conducted using SAS version 9.1. 

RESULTS: 

Observations 

Turf quality was poor for all plants towards the end of the experiment. Annual 

bluegrass was severely damaged by thrips in the greenhouse, thereby, reducing quality. 

Ratings on May 2/07 showed that AB treated with foliar applied urea varied in colour 

and quality depending on thrips damage. Some plants were darker than the typically 

AB bright green. Similarly, all AB plants treated with foliar applied ammonium 

sulphate were darker and shorter compared to urea treated plants. Some plants in this 
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group also produced seed heads (unlike the other groups). Both urea and ammonium 

sulphate treatments in the soil applied group produced normal colour. Tiller number 

increased to 9 tillers per plant compared to between 2.2 to 3.5 in the other treatment and 

applications. Creeping bentgrass treated with foliar applied urea or ammonium sulphate 

generally had poor colour and had signs of nutrient deficiency. Nodes and stems were 

red and purple. Creeping bentgrass treated with soil applied urea also had poor colour 

and red stems. However, plants treated with soil applied ammonium sulphate did have 

slightly better colour and lighter purple on the stems but not nodes. 

Ratings on May 28/07 AB treated with foliar urea were either dead or dark 

coloured or short. One plant in the soil-applied group produced 2 inflorescence. 

Similarly, AB treated with soil-applied urea were also short and darkly coloured. P. 

annua treated with foliar applied ammonium sulphate were generally dark coloured and 

had leaf burn. Plants treated with soil applied ammonium sulphate generally had good 

colour and were larger and more prostrate compared to the foliar applied group. Most of 

the AB plants treated with ammonium sulphate produced inflorescence. Creeping 

bentgrass treated with foliar urea had normal to poor colour with some margin chlorosis 

and red stem colour. Creeping bentgrass treated with soil-applied urea was not different 

from the foliar applied urea. Creeping bentgrass treated with foliar ammonium sulphate 

generally had good colour with some leaf burn and purpling nodes. Plants treated with 

soil applied ammonium sulphate had poor colour, brown leaves, burnt margins and 

purple stems. Tiller number on average was highest among all treatments and 

application methods for CB treated with soil applied ammonium sulphate. 
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SIGNIFICANCE 

Treatments had a significant effect on shoot weight (PO.0007). Application 

method also had a significant effect on shoot weight (PO.0072). Annual bluegrass 

treated with foliar urea was 0.036g (SE = 0.013), while soil applied shoot weight was 

0.074g (SE = 0.016). Annual bluegrass treated with foliar ammonium sulphate had an 

average shoot weight of 0.108g (SE = 0.036), while soil applied was 0.445g (SE = 

0.099). Creeping bentgrass treated with foliar urea had a shoot weight of 0.157g (SE = 

0.039), while soil applied had a shoot weight of 0.157g (SE = 0.025). Creeping 

bentgrass treated with foliar applied ammonium sulphate had a shoot weight of 0.192g 

(SE = 0.036) and soil applied had a shoot weight of 0.273g (SE = 0.104). Table 1 

illustrates the differences in shoot weight with respect to treatment and application 

method. 

Tiller number was significantly affected by treatment (PO.01). Annual 

bluegrass treated with foliar urea had a final average tiller number of 9 (SE = 1.70), and 

soil applied average tiller number was 11.6 (SE = 1.57). Annual bluegrass treated with 

foliar ammonium sulphate had an average final tiller number of 9.5 (SE = 2.52), and 

soil applied tiller number was 14 (SE = 4.35). Creeping bentgrass treated with foliar 

urea had a final average tiller number of 9.1 (SE = 7.47), and soil applied average tiller 

number was 8.6 (SE = 3.49). Creeping bentgrass treated with foliar ammonium 

sulphate had an average final tiller number of 11.5 (SE = 3.54), and soil applied tiller 

number was 17 (SE = 3.53). Table 2 illustrates the differences in treatment and 

application method with relation to tiller number. Interaction between species treatment 

and application method was also significant (P<0.03). 
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Treatment also had an effect on the root weight (P<0.0008). The interaction 

between species and application was also significant (P<0.04). Annual bluegrass 

treated with foliar urea had a root weight of 0.032g (SE = 0.009), while soil applied root 

weight was 0.062g (SE = 0.016). Annual bluegrass treated with foliar ammonium 

sulphate had an average root weight of 0.102g (SE = 0.026), while soil applied was 

0.306g (SE = 0.083). Creeping bentgrass treated with foliar urea had a root weight of 

0.0907g (SE = 0.010), while soil applied had a root weight of 0.126g (SE = 0.025). 

Creeping bentgrass treated with foliar applied ammonium sulphate had a root weight of 

0.202g (SE = 0.066) and soil applied had a root weight of 0.148g (SE = 0.045). Table 3 

illustrates the differences of root weight with respect to treatment effects. Root to shoot 

ratio was not significant among the treatments or application methods. 
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Appendix B - 2 

The root to shoot ratios from Chapter two 

Table B2.1 The root to shoot ratio of creeping bentgrass (CB) and annual bluegrass 
(AB) when fertilized with ammonium sulphate (NHSO) or urea (UREA) 
based 15-3-10 fertilizers though soil application (S) or foliar application 
(F) in the greenhouse in the spring of 2008. 

Species 
CB 
CB 
CB 
CB 
CB 
CB 
CB 
CB 
CB 
CB 
CB 
CB 
CB 
CB 
CB 
CB 

AB 
AB 
AB 
AB 
AB 
AB 
AB 
AB 
AB 
AB 
AB 
AB 
AB 
AB 
AB 
AB 

Fertilizer 
NHSO 
NHSO 
NHSO 
NHSO 
NHSO 
NHSO 
NHSO 
NHSO 
UREA 
UREA 
UREA 
UREA 
UREA 
UREA 
UREA 
UREA 
NHSO 
NHSO 
NHSO 
NHSO 
NHSO 
NHSO 
NHSO 
NHSO 
UREA 
UREA 
UREA 
UREA 
UREA 
UREA 
UREA 
UREA 

Application 
S 
S 
S 
S 
F 
F 
F 
F 
S 
S 
S 

s 
F 
F 
F 
F 

s 
s 
s 
s 
F 
F 
F 
F 

s 
s 
s 
s 
F 
F 
F 
F 

Replicate 
1 
2 
3 
4 
1 
2 
3 
4 
1 
2 
3 
4 
1 
2 
3 
4 
1 
2 
3 
4 
1 
2 
3 
4 
1 
2 
3 
4 
1 
2 
3 
4 

Shoot 
Weight 
0.568 
0.942 
0.929 
0.865 
0.603 
0.207 
0.265 
0.464 
0.206 
0.245 
0.450 
0.192 
0.287 
0.179 
0.214 
0.224 
0.509 
0.614 
0.480 
0.713 
0.471 
0.768 
0.542 
0.045 
0.377 
0.213 
0.158 
0.547 
0.611 
0.005 
0.351 
0.407 

Root 
Weight 
0.717 
0.284 
0.748 
0.676 
0.349 
0.195 
0.244 
0.200 
0.297 
0.213 
0.297 
0.162 
0.246 
0.219 
0.257 
0.328 
0.229 
0.278 
0.299 
0.403 
0.313 
0.248 
0.211 
0.175 
0.049 
0.240 
0.130 
0.196 
0.294 
0.050 
0.145 
0.126 

Tiller 
47 
52 
54 
51 
50 
38 
49 
55 
29 
24 
35 
16 
29 
23 
26 
22 
95 
66 
53 
64 
46 
68 
48 
37 
34 
17 
28 
67 
67 
14 
34 
54 

Root: Shoot 
Ratio 
1.262 
0.301 
0.805 
0.782 
0.578 
0.941 
0.920 
0.430 
1.443 
0.869 
0.659 
0.845 
0.855 
1.226 
1.202 
1.462 
0.450 
0.453 
0.624 
0.565 
0.666 
0.4010 
0.3896 
3.859 
0.129 
1.127 
0.819 
0.358 
0.481 
9.525 
0.413 
0.310 
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Appendix B - 3 

The ANOVA tables for the greenhouse experiment in Chapter two. 

Table B3.1 The shoot weight and tiller number of AB and CB. 

Source 
Species 
Treatment 
Application 
Interactions 

Species x Treatment 
Treatment x Application 
Species x Application 
Species x Application x Treatment 

¥ 
1 
1 
l 

l 
l 
l 
l 

F-Value 
0.23 

27.81 
4.63 

1.3 
4.05 
5.07 
1.84 

Pr>F 
0.6333 

<0.0001 
0.0417 

0.265 
0.0556 
0.0338 
0.1808 

¥ 
1 
1 
1 

1 
1 
1 
1 

F-Value 
19.23 
5.66 
0.8 

0.14 
1.86 
0.25 
0.75 

Pr>F 
0.0002 
0.0257 
0.3813 

0.7134 
0.1856 
0.6248 
0.4845 

Table B3.2 The root weight of AB and CB above 6cm and below 6cm in the soil. 

Source 
Species 
Treatment 
Application 
Interactions 

Species x Treatment 
Treatment x Application 
Species x Application 
Species x Application x Treatment 

¥ 
l 
l 
l 

l 
I 

I 

l 

F-Value 
12.53 
8.26 
4.23 

0.19 
10.79 
2.89 
0.55 

Pr>F 
0.0017 
0.0083 
0.0507 

0.6698 
0.0031 
0.1018 
0.5858 

¥ 
I 

l 
l 

l 
l 
I 

l 

F-Value 
11.47 
0.7 

7.28 

2.63 
4.56 
2.48 
4.77 

Pr>F 
0.0024 
0.0039 
0.0126 

0.1178 
0.0432 
0.1286 
0.0181 

Table B3.3 The shoot nitrogen concentrations for AB and CB 

Source 
Species 
Treatment 
Application 
Interactions 

Species x Treatment 
Treatment x Application 
Species x Application 
Species x Application x Treatment 

¥ 
l 
l 
l 

l 
l 
l 
l 

F-Value Pr>F 
19.23 0.0922 

5.66 0.0823 
0.8 0.0249 

0.14 0.4656 
1.86 0.2486 
0.25 0.6986 
0.75 0.0305 
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Appendix C 

The preliminary experiment in Chapter three for moss inoculation onto creeping 
bentgrass conducted in 2008. 

Appendix C - 1 

THE APPLICATION OF MOSS TO ESTABLISHED AND SEEDED POTS OF 

CREEPING BENTGRASS FOR SCIENTIFIC EXPERIMENTATION 

INTRODUCTION: 

The invasion of Silvery thread moss (STM) onto creeping bentgrass (CB) 

putting greens (Burnell et al. 2004). Several studies have been conducted to determine 

methods of eradication of STM using pesticides and cultural practices (Charbonneau 

2004; Burnell et al. 2004). There is, however, the application of moss onto experimental 

pots in the greenhouse has not been documented in the literature. An experiment where 

moss has been used is confined to field experiments (Burnell et al. 2004), 

morphological examination s (Chopra and Bhatla 1981; Longton 1981) or genetic 

analysis (Stevens et al. 2007; Selkirk et al. 1998). It was therefore, necessary to 

ascertain the amount of moss needed for application on pots for greenhouse 

experimentation. A small experiment was set up in May 2007 in the greenhouse to 

examine what amount of dehydrated moss was needed to create a realistic putting 

surface that had been invaded by moss. The objectives of this experiment were to 

determine the smallest amount of moss necessary to create a realistic surface and also to 

determine which sort of turf was optimal for moss invasion. 
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MATERIALS AND METHODS: 

Silvery thread moss was harvested from the Victoria Park West Golf Course 

nursery green in November 2006. Moss was collected with a small spade and placed in 

large paper bags to dry at room temperature. After 2 weeks, sand was removed from 

dry STM and ground into a powder using a coffee grinder (Proctor and Gamble, 

Massachusetts, USA). Seeds of CB cultivar L93 were germinated in a flat of 100% 

silica sand in the greenhouse in March 2007. Sixty square 4-inch pots were filled with 

silica sand and a paper towel at the base to prevent sand leakage. Eight pots were 

established with tillers of CB L-93 and another eight pots were established with seeds of 

CB L-93 applied at a rate of lkg/lOOm . Pots were placed under the mister for 2 weeks 

to promote establishment and fertilized with the greenhouse 20-20-20 fertilizer. Tillers 

were clipped to maintain a height of 1cm. Moss was then evenly applied at a rate of 

0.5g or l.Og using a teaspoon over the CB. Plants were watered as needed and clipped 

to maintain a height of 1cm for the duration of the experiment (approximately 5 weeks). 

Visual examination was used to determine the success of the moss applications. 

Moss was either present or not, which determined the success of the application. 

RESULTS AND DISCUSSION: 

It was determined that tillering pots with 1.0g of moss was the most accurate. 

Pots that had been seeded took longer to produce a turf cover. The seeded pots were 

also found to have a higher amount of moss compared to tillered pots. In a realistic turf 

stand with moss encroachment moss and turf would grow together. Seeded pots tended 

to have moss in large clumps with very little CB. The rate of 1.0g was also shown to be 
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the most consistent. The 0.5g applications provided good coverage sometimes and none 

other times. 

CONCLUSION: 

By visual observations it has been determined that the l.Og application onto 

tillered pots was the most accurate simulation of a putting green with moss 

encroachment. 
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Appendix C - 2 

The design and layout of the field experiment from 2007 and 2008. 
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Figure 1 The dimensions of a golf green transplanted from Trafalgar Golf Course 
to the Guelph Turfgrass Institute in 2007. The plots 1 through 12 with the 
three different root zones: Compost 1 (CI), Compost 2 (C2), and Peat 
moss (P). The thick lines are the dimensions of the initial sod. 
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Figure 2 The fertilizer treatments applied to the putting green shown in figure 1. The 
three fertilizer application methods of an 18-3-18 urea-based fertilizer were 
foliar (F), granular (G), and soil-applied (S). 

Table 1 The weather data collected from the Elora Research Station from 2007 and 
2008. 

Year 
2007 
2007 
2007 
2007 
2007 
2007 
2007 

2008 
2008 
2008 
2008 
2008 
2008 
2008 

Month 
April 
May 
June 
July 

August 
September 

October 

April 
May 
June 
July 

August 
September 

October 

Max. temp 
9.544 

20.031 
26.029 
25.768 
26.695 
23.808 
18.039 

7.615 
9.902 
17.633 
19.428 
17.201 
15.163 
7.316 

Min. temp 
-0.9724 
4.485 
10.763 
10.616 
12.243 
7.901 
-2.051 

7.617 
9.892 
17.639 
19.426 
17.204 
15.170 
7.323 

Precipitation (mm) 
Average 

2.3 
2.148 
1.433 
0.820 
1.406 
1.170 
1.542 

0.110 
0.111 
0.123 
0.182 
0.168 
0.141 
0.108 

TOTAL 
69.0 
66.6 
43.0 
25.4 
43.6 
35.0 
47.8 

82.19 
82.395 
88.754 
131.223 
120.690 
105.062 
82.838 
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Appendix C - 3 

The ANOVA tables for Chapter 3 for the greenhouse and field experiments. 

Table C3.1 The root mass of AB and CB at 0-3cm, 3-6cm, 6-10cm and 10cm and 
below in the soil profile. 

Source 

0-3cm 

d/ F-Value Pr>F 

Species 1 0.96 0.3408 
Treatment 2 1.27 0.3039 
Species x Treatment 2 1.44 0.2619 

3-6cm 

d/ F-Value Pr>F 
1 14.63 0.0012 
2 2.24 0.1353 
2 0.09 0.9164 

Source 

6-10cm 

df F-Value Pr>F 
Species 1 28.29 < 0.0001 
Treatment 2 1.07 0.363 
Species x Treatment 2 0.91 0.4193 

lOcm-Below 

df F-Value Pr>F 
1 33.63 < 0.0001 
2 0.53 0.5958 
2 0.2 0.822 

Table C3.2 The percent cover of STM on TILLER and SODDED pots. 

Source 

Month 2 

df F-Value Pr>F 
Species 1 2.95 0.0962 
Treatment 2 0.75 0.4814 
Species x Treatment 2 0.75 0.4814 

Month 3 

d/ F-Value Pr>F 
1 4.4 0.0454 
2 0.23 0.7924 
2 0.66 0.5274 

Source 

Month 4 

df F-Value Pr>F 
Species 1 5.48 0.0244 
Treatment 2 0.08 0.9269 
Species x Treatment 2 0.38 0.6852 

Month 5 

df F-Value Pr>F 
1 7.93 0.0076 
2 0.56 0.5765 
2 5.13 0.0105 

146 



Table C3.3 The percent cover of silvery thread moss (STM) on STM+CB pots. 

Source 

Month 1 

df F-Value Pr>F 
Treatment 3 31.41 0.0011 

Month 2 

df F-Value Pr>F 
3 50.5 0.0014 

Month 3 

df F-Value Pr>F 
3 23.97 0.0004 

Source 

Month 4 

df F-Value Pr>F 
Treatment 3 36.92 0.0047 

Month 5 

df F-Value Pr>F 
3 122.75 <0.0001 

Table C3.4 The percent nitrogen of AB and CB 

Source 

Month 1 

df F-Value Pr>F 
Species 1 1.41 0.2553 
Treatment 2 5.2 0.0205 
Species x Treatment 2 0.83 0.4575 

Month 2 

df F-Value Pr>F 
1 2.62 0.1266 
2 1.01 0.3865 
2 2.13 0.153 

Month 3 

df F-Value Pr>F 
1 2.9 0.1103 
2 0.66 0.5333 
2 6.42 0.0104 

Source 

Month 4 

df F-Value Pr>F 
Species 1 0.42 0.5275 
Treatment 2 0.22 0.8062 
Species x Treatment 2 1.59 0.2373 

Month 5 

df F-Value Pr>F 
1 0.08 0.7746 
2 2.8 0.0875 
2 0.32 0.7272 

Month 6 

df F-Value Pr>F 
1 0 0.9464 
2 4.28 0.0397 
2 0.06 0.9377 

Table C3.5 The percent cover of AB and CB. 

Source 

May 

df F-Value Pr>F 
Treatment 2 1.63 0.2233 
Zone 2 0.97 0.417 
Treatment x Zone 4 0.55 0.7041 

June 

df F-Value Pr>F 
2 0.14 0.8673 
2 1.92 0.2023 
4 0.89 0.4926 

July 

df F-Value Pr>F 
2 4.98 0.0109 
2 0.35 0.7152 
4 0.69 0.605 

Source 

August 

df F-Value Pr>F 
Treatment 2 1.54 0.2413 

Zone 2 0.37 0.7006 

Treatment x Zone 4 0.084 0.5177 

September 

df F-Value Pr>F 
2 1.19 0.3263 

2 1.24 0.3351 

4 0.42 0.793 

147 



Table C.6 The tiller number of creeping bentgrass (CB). 

Source 

May 

df F-Value Pr>F 
Treatment 2 0.08 0.9277 
Zone 2 0.28 0.76 
Treatment x Zone 4 4.84 0.0079 

June 

df F-Value Pr>F 
2 4.83 0.0161 

2 3.56 0.0423 

4 1.3 0.2949 

July 

df F-Value Pr>F 
2 0.01 0.9881 
2 0.55 0.5821 
4 1.84 0.1506 

Source 

August 

df F-Value Pr>F 
Treatment 2 4.01 0.0363 

Zone 2 0.22 0.8034 

Treatment x Zone 4 1.22 0.3381 

September 

df F-Value Pr>F 
2 268.01 <0.0001 
2 0.49 0.6217 
4 0.49 0.7444 

Table C.7 The tiller number for annual bluegrass (AB). 

Source 

May 

df F-Value Pr>F 
Treatment 2 1.4 0.2729 
Zone 2 0.14 0.8702 
Treatment x Zone 4 1.31 0.3043 

June 

df F-Value Pr>F 
2 5.08 0.0178 
2 0.08 0.9274 
4 0.12 0.9718 

July 

df F-Value Pr>F 
2 5.35 0.011 
2 1.02 0.373 
4 0.46 0.767 

Source 

August 

df F-Value Pr>F 
Treatment 2 3.71 0.0378 

Zone 2 2.31 0.1186 

Treatment x Zone 4 0.94 0.4541 

September 

d/ F-Value Pr>F 
2 21.47 O.0001 
2 0.61 0.5643 
4 0.36 0.837 

Table C3.8 The root mass for AB and CB at 0-3cm in the soil profile. 

Source 

Creeping bentgrass (CB) 

df F-Value Pr>F 
Treatment 2 1.23 0.2951 
Zone 2 0.18 0.8379 
Date 4 0.78 0.541 
Treatment x Zone 4 3.45 0.0099 

Annual bluegrass (AB) 

d/ F-Value Pr>F 
2 0.96 0.3838 
2 2.04 0.1864 
4 2.32 0.0591 
4 0.7 0.5898 
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Table C3.9 The root mass of creeping bentgrass at 3-6cm in the soil profile. 

May 

Source df F-Value Pr>F 
Treatment 2 0.54 0.5897 
Zone 2 0.78 0.4856 
Treatment x Zone 4 0.48 0.7507 

June 

df F-Value Pr>F 
2 0.54 0.5878 
2 0.45 0.6397 
4 1.12 0.369 

July 

df F-Value Pr>F 
2 12.44 0.0001 
2 2.13 0.1387 
4 2.65 0.055 

August 

Source df F-Value Pr>F 
Treatment 2 2.8 0.0876 

Zone 2 0.91 0.4358 

Treatment x Zone 4 2.5 0.0793 

September 

df F-Value Pr>F 
2 2.19 0.1412 
2 0.35 0.7123 
4 0.76 0.5643 

Table C3.10 The root mass for creeping bentgrass at 6cm and below in the soil profile 

Source 

May 

df F-Value Pr>F 
Treatment 2 0.4 0.6757 
Zone 2 1.21 0.3151 
Treatment x Zone 4 1.16 0.3504 

June 

df F-Value Pr>F 
2 2.97 0.0765 
2 0.06 0.9393 
4 1.14 0.3683 

July 

df F-Value Pr>F 
2 10.78 0.0004 
2 4.95 0.0147 
4 0.34 0.8466 

Source 

August 

df F-Value Pr>F 
Treatment 2 0.39 0.682 

Zone 2 3.69 0.0677 

Treatment x Zone 4 5.13 0.0061 

September 

df F-Value Pr>F 
2 0.05 0.9556 

2 0.12 0.8859 

4 1.81 0.1716 
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Table C3.ll The root mass of annual bluegrass at 3-6cm in the soil profile 

Source 

May 

df F-Value Pr>F 
Treatment 2 0.99 0.3853 
Zone 2 0.72 0.4949 
Treatment x Zone 4 0.62 0.651 

June 

df F-Value Pr>F 
2 0.13 0.8822 
2 0.47 0.6405 
4 0.28 0.89 

July 

df F-Value Pr>F 
2 17.12 O.0001 
2 3.65 0.0396 
4 2.71 0.0514 

Source 

August 

df F-Value Pr>F 
Treatment 2 7.64 0.004 
Zone 2 0.59 0.5748 
Treatment x Zone 4 1.96 0.1433 

September 

df F-Value Pr>F 
2 2.07 0.1554 

2 1.98 0.1938 

4 0.13 0.9677 

Table C3.12 The root mass of annual bluegrass at 6cm and below in the soil profile 

Source 

May 

df F-Value Pr>F 
Treatment 2 0.27 0.7623 
Zone 2 0.87 0.4295 
Treatment x Zone 4 0.79 0.5396 

June 

df F-Value Pr>F 
2 2.84 0.0846 
2 1.65 0.2451 
4 0.43 0.7852 

July 

df F-Value Pr>F 
2 7.43 0.0044 
2 1.71 0.2355 
4 0.55 0.7015 

Source 

August 

df F-Value Pr>F 
Treatment 2 0.9 0.4256 

Zone 2 2.37 0.1488 

Treatment x Zone 4 1.43 0.2638 

September 

df F-Value Pr>F 
2 3.18 0.0657 

2 0.34 0.7215 

4 1.68 0.1987 
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