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ABSTRACT 
 

THE EFFECTS OF BIOSOLID AMENDED SOILS ON TURFGRASS HEALTH, SOIL 

QUALITY, AND DISEASE DEVELOPMENT 

 

Vighnesh Lakshmana Sukhu              Advisor: 

University of Guelph, 2021         Professor Katerina Serlemitsos Jordan 

 

The effects of biosolids, a nutrient-rich organic material created from raw sewage, on turfgrass 

health, soil quality, and dollar spot suppression were examined. Two biosolid products, Lystek 

and Nutri-Pel, were compared with poultry manure, Sustane, and an inorganic fertilizer for their 

ability to maintain turfgrass growth and quality. A series of field and greenhouse studies showed 

that biosolids were able to maintain turfgrass growth and quality when supplemented with the 

inorganic product. The biosolids marginally improved organic matter content, microbial 

respiration, and did not reduce seedling emergence. Although no treatments suppressed dollar 

spot as well as the fungicide treatment, biosolids suppressed disease to levels comparable with 

the inorganic fertilizer and significantly lower than the negative control. Utilizing biosolids is a 

safe method to maintain turfgrass health, has the potential to substantially improve soil quality 

over time, and can be effective at reducing dollar spot development. 
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Chapter 1: Introduction 

1.1 Background  

Turfgrasses are cultivated worldwide, can flourish in many ecosystems, and is grown 

throughout Canada for aesthetic and functional purposes. It provides useable green space and 

attractive landscapes that are soothing and enjoyable (Patton et al., 2016; Stewart, 1993). The 

turfgrass industry comprises various sectors including golf courses, sports and recreation fields, 

residential and commercial lawns, sod farms, and municipal parks (Mathew et al., 2016; Chawla 

et al., 2018; Tsiplova et al., 2008). The industry employs thousands of people and is an integral 

part of Ontario’s economy. In 2007, 158 thousand hectares of turfgrass were maintained, which 

contributed to an annual gross revenue of 2.6 billion dollars (Tsiplova et al., 2008). Within the 

United States, turfgrass covers an area of approximately 128 thousand km2 and continues to 

grow (Milesi et al., 2005). Sodding is a large part of this with over 1,800 sod farms on 165 

thousand hectares, and generating 1.3 billion dollars in 2007 (USDA, 2007). The average sod 

farm produces over 485 hectares of turf (Adrian et al., 2004; Anderson et al., 1992). Turfgrass 

not only benefits the economy, but also promotes environmental health by reducing carbon 

dioxide emissions, soil erosion, runoff from pollutants, and noise pollution (Carrow, 2012a; 

Connellan, 2013; Patton et al., 2016; Selhorst and Lal, 2011). Moreover, it improves soil health, 

air quality, and regulates ambient temperatures (Beard, 1982; Beard, 1999). 

As North American populations continue to grow, the demand for turfgrass in 

metropolitan areas increases, raising numerous concerns regarding the monetary costs and 

sustainability of maintaining turfgrass using conventional inorganic fertilizers (Carrow, 2012a). 

Fertilizer manufacturing is laborious, costly, and requires the collective involvement of multiple 
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industries to procure and refine raw materials (Pimentel and Burgess, 2014; Srivastava et al., 

2020). In Canada, an 18-hole golf course covers approximately 55.4 hectares and turfgrass 

managers spend over 22 thousand dollars on fertilizers each year (RCGA, 2003). Moreover, 

large-scale lawn care companies disburse more than 110 thousand dollars on upkeep annually 

(Adrian et al., 2004; Martin and Wells, 2001). Utilizing inorganic fertilizers can harm the 

environment, reduce ecosystem health (McKinlay et al., 2011), and inappropriate use can lead to 

salt accumulation, chemical leaching, fertilizer runoff, and diminished soil health (Hall and 

Wayne, 2004; Sasmal, 2016). With the acreage of turfgrass found in North America and the 

volume of inorganic fertilizers applied to maintain these areas, there is a need for alternative 

sources of fertilizers. 

Maintaining optimal health and vigor of turfgrass can be difficult when in the presence of 

diseases. Among the many diseases that affect turfgrasses, dollar spot is the most prevalent and 

persistent, affecting most turfgrass species (Boland et al., 2001; Couch, 1995; Smiley et al., 

1992). It is the most common and costly disease on North American golf courses (Saharan and 

Mehta, 2008). Dollar spot is caused by fungi in the genus Clarireedia, and the specific species 

involved is dependent on turfgrass host and region. The disease significantly reduces the quality 

of turfgrass by producing circular straw-coloured lesions (Salgado-Salazar et al., 2018) and 

depressed spots on golf course greens. Management of dollar spot involves reducing the 

susceptibility of turfgrass by implementing various chemical and alternative practices including 

planting resistant cultivars, providing adequate amounts of nutrients, restricting inoculation, and 

reducing the environmental conditions favourable for pathogen infection and disease progression 

(Carrow, 2012b; Cook and Baker, 1983; Couch, 1995; Lockwood, 1986). The most common 

method of controlling dollar spot is the use of fungicides but, implementing these chemical 
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management practices is costly, and prolonged use can result in fungicide resistance (Hsiang et 

al., 2013; Fagrness and Johns, 2004). Golf courses spend approximately 60 to 75 percent of their 

maintenance budget on disease management (Mulhollem, 2018). In the United States, more 

money is spent combatting dollar spot than any other disease (UGA, 2016). The costs of 

fungicides for an 18-hole golf course range between 2 to 5 thousand dollars for each application 

(Moeller, 2014). Similarly, in Ontario managers spend over 170 dollars per hectare yearly on 

dollar spot management (Goodman & Burpee, 1991). 

A potential solution to negate the negative impacts of inorganic fertilizers and fungicides 

involves utilizing organic amendments such as biosolids. Biosolids are nutrient-rich materials 

that are produced from purified human waste to create fertilizers (Sanchez-Monedero et al., 

2004; Shammas and Wang, 2007). Current sewage management results in landfill accumulation 

or incineration of biosolids, which emits greenhouse gases and is unsustainable (Danso-Boateng, 

2018; Merzlaya et al., 2017; Ragazzi, 2016). In the United States, the Environmental Protection 

Agency reported that 6.5 million dry metric tonnes of waste were produced in 2004 (NEBRA, 

2007). Fertilizing turfgrass with biosolids provides an alternative pathway for biosolids that is 

practical, environmentally friendly, and sustainable. Moreover, biosolids can supply adequate 

amounts of nutrients to maintain plant growth and soil fertility over long periods (Loschinkohl 

and Boehm, 2001; Shammas and Wang, 2007; Sikora et al., 1980).  

Utilizing biosolids in a turfgrass fertility program can reduce the need for inorganic 

fertilizers and fungicides, and they do not pose the same environmental risks as inorganic 

fertilizers due to less leaching and volatilization (Li and Wu, 2008; Sharma and Singhvi, 2017). 

Furthermore, biosolids provide organic matter and essential nutrients that turfgrass can use to 

improve its health and withstand diseases such as dollar spot (Goodman and Burpee, 1991; 
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Sullivan et al., 2016; Tian et al., 2009). Soil microorganisms that are beneficial to turfgrass and 

antagonize various turfgrass pathogens can utilize these nutrients and suppress dollar spot via 

their mechanisms of biocontrol (Boland et al., 2001; Nelson and Craft, 1992a; Nelson et al., 

1994). Applying biosolids on turfgrass will limit the need for inorganic fertilizers and fungicides, 

whilst maintaining a sustainable method of waste disposal. 

1.2 Research Objectives and Hypotheses  

This research evaluated the potential of amending soils with biosolids to increase 

turfgrass health, soil quality, and disease suppression. Field and greenhouse studies were 

conducted to test the research objectives. The hypothesis was, biosolids will improve turfgrass 

health and soil quality by increasing organic matter content and nutrient status. Moreover, by 

increasing soil health characteristics, specifically organic matter content, microbial activity, and 

subsequently soil structure, biosolids will ultimately lead to improved nutrient retention and 

disease suppression. The studies conducted in this research will evaluate whether applying 

biosolids could improve each of the factors mentioned above.  

The first objective is to determine the effect of biosolids on turfgrass health. Specifically, 

it examines if biosolids a) are able to replace or supplement conventional inorganic fertilizers for 

turfgrass growth and maintenance, and b) are safe to use on emerging turfgrass plants by testing 

their effects on creeping bentgrass (Agrostis stolonifera L.). The second objective is to 

understand how biosolids affect soil quality in turfgrass rootzones. Finally, the last objective 

aims to determine the effects of biosolids on development of the disease dollar spot (caused by 

the fungus Clarireedia jacksonii sp. nov.) in established creeping bentgrass (Agrostis stolonifera 

L.). 
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Chapter 2: Literature Review 

2.1 History of Turfgrass 

Turfgrass has been cultivated in Europe since the Middle Ages (500-1500 CE). Many 

towns and villages had gardens of low-growing grasses and flowers (Beard et al., 2014; Kopec, 

2015). As civilizations evolved in the sixteenth and seventeenth centuries, gardens became more 

elaborate and lawns were grown in many regions within northern Europe including England, 

Scotland, France, Netherlands, Germany, etc. (Kopec, 2015; Waddington et al., 1992). People 

valued the esthetic nature of turfgrass and appreciated how its beautiful landscape induced 

feelings of peace, pleasure, and love (Beard et al., 2014). Moreover, turfgrass served as a 

recreational area where athletic games were played. In England, cricket, soccer, rugby, and golf 

were the first sports that used finely kept turf, and fields were comprised of mainly Agrostis spp. 

and Festuca spp. (Castilho et al., 2020; Kopec, 2015; Waddington et al., 1992). This ensured a 

level playing surface and consistency between games. During the eighteenth century, 

recommendations and instructions regarding lawn care emphasized mowing, rolling, removal of 

weeds, and obtaining high-quality seed (Beard and Green, 1994; Castilho et al., 2020; Kopec, 

2015). Similarly, in the nineteenth century, the use of turfgrass greatly increased, and various 

cultural practices were carried out to optimize plant health (Beard and Green, 1994; Beard et al., 

2014; Emmons and Ross, 2014). In modern times, the turfgrass industry grew rapidly in the 

United States as their economy flourished after World War II (Emmons and Ross, 2014; 

Waddington et al., 1992). Therefore, cultivating turfgrass and the beginnings of its research 

existed throughout history. The experiences, observations, trials, and errors of people in the past 

allow modern-day scientists to expand the field of turfgrass research. 
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2.2  Benefits of Turfgrass 

Turfgrass can flourish in many ecosystems. Its dense and lush appearance makes it 

extremely desirable and provides a suitable habitat for various species (Beard, 1982; Beard, 

1999). Turfgrass is an inedible agricultural crop grown on golf courses, sports and recreation 

fields, residential lawns, sod farms, and parks (Christians et al., 2016; McCarty, 2018a; Stewart, 

1993). It is cultivated worldwide and positively impacts the environment by reducing carbon 

dioxide emissions, soil erosion, and runoff from pollutants (Connellan, 2013; McCarty, 2018b; 

Selhorst, 2011). Moreover, it enhances soil health, improves air quality, and regulates ambient 

temperatures (Patton et al., 2016; Stewart, 1993). 

Turfgrass absorbs carbon dioxide from the atmosphere to utilize in photosynthesis. 

Removing these carbon molecules reduces the greenhouse effect and hinders the progression of 

global warming (Beard, 1999; McCarty, 2018b; Selhorst, 2011). The rapid growth and 

substantial leaf density of turfgrass increase its ability to sequester carbon, thus enhancing 

photosynthetic capacity, biomass production, and storage within roots (Beard, 1999; Carrow, 

2012a; Selhorst, 2011). Following photosynthesis, oxygen is released into the environment. This 

increase in oxygen levels improves ambient air quality and sustains biotic life (McCarty, 2018a; 

Patton et al., 2016). Also, in warm seasons turfgrass can lower air temperatures through 

transpiration and provide a cooling effect. As a result, its surfaces are cooler than concrete, 

asphalt, and soil (Carrow, 2012b; Stewart, 1993). Furthermore, turfgrass purifies air by filtering 

minuscule particles, such as dust, soil, and pollen (Carrow, 2012a; Christians et al., 2016). 

Turfgrass roots interact and bind to soil particles, enhancing its structure and nutrient 

retention (McCarty, 2018a; McCarty, 2018b). Their roots penetrate deep within soils, reducing 

compaction and increasing its water holding capacity. This allows soils to trap essential 
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nutrients, preventing their loss from leaching and runoff. (Connellan, 2013). Therefore, 

establishing turfgrass limits excessive movements of soil and hinders erosion (Christians et al., 

2016). Turfgrass roots are fibrous, durable, and restrict leaching of chemical elements (McCarty, 

2018a). Its dense leaf tissue and complex root systems reduce the velocity of water after a 

rainfall, thus decreasing soil erosion and preventing runoff from contaminating nearby water 

systems (Carrow, 2012a; Connellan, 2013; Patton et al., 2016). Established turfgrass filters 

pollutants from water, allowing for efficient infiltration and percolation (Connellan, 2013; 

McCarty, 2018b). These substances remain bound in soils until safely broken down by 

microorganisms into innocuous compounds. As a result, this improves water quality (Beard, 

1999; Connellan, 2013). Furthermore, over time turfgrass foliage decays and nourishes soil to 

enhance its health (Carrow, 2012a; Carrow, 2012b). These clippings are recycled and used as 

mulch to increase organic matter content and soil quality (Beard, 1982; Beard, 1999). 

Turfgrass reduces noise pollution by absorbing sounds from the external environment and 

rendering it softer (Carrow, 2012b; Stewart, 1993). Also, planting turf for esthetic appearances 

possesses a visual attractiveness that allures people (Stewart, 1993). Moreover, healthy and 

maintain turfgrass provides an attractive background on landscapes (Beard, 1999). This addition 

of greenery has positive psychological effects on people and benefits mental health by 

stimulating feelings of calmness (Patton et al., 2016). 

2.3 Turfgrass Management 

Proper management of turfgrass requires adequate knowledge and experience in 

cultivating and maintaining turf (McCarty, 2018a; McCarty, 2018b; Owen and Lanier, 2016). 

Before instituting a management program, many factors need to be addressed. These include 

turfgrass quality, appearance, functionality, and overall health (Beard, 1973; Beard, 1982; Beard, 
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2002). Additional aspects involve the site’s uniqueness, location, soil condition, and potential for 

weed and pest infestation (Carrow, 2012b; Owen and Lanier, 2016; PennState Extension, 2020). 

Managers must ensure they have enough resources and equipment to implement appropriate 

maintenance methods. Turfgrass management strategies include proper cultivar selection, 

frequent mowing, irrigation, and fertilization (Beard, 1982; Beard, 2002; Christians et al., 2016; 

Owen and Lanier, 2016). These practices aid in establishing turfgrass and maintaining optimal 

health (Beard, 1973; Beard, 1999). Selecting species that are suitable to grow in a particular site 

is imperative for successful establishment (Carrow, 2012a; McCarty, 2018b; Patton et al., 2016). 

Subsequently, appropriate mowing, watering, and fertilization methods ensure sufficient growth, 

moisture levels and nutrient contents, which are essential factors when managing turf (Beard, 

1982; Beard, 2002; Christians et al., 2016; Owen and Lanier, 2016; Patton et al., 2016). 

Additional practices include managing diseases, weeds, and pests through utilizing various 

chemicals such as fungicides, herbicides, pesticides, and insecticides (Beehag et al., 2016; 

Fagrness and Johns, 2004; Hsiang et al., 2013; Owen and Lanier, 2016; Turgeon, 1991). The 

extent to which these strategies are employed should reflect the particular site and desired 

results. For example, methods of growing and managing turfgrass on golf courses will differ 

compared to municipal parks, other sports and recreational fields, home lawns, etc. Nonetheless, 

these factors must be considered to successfully implement a management program. 

2.4  Fertilizers 

Fertilizers are natural or synthetic substances added to soil to increase its fertility. Their 

use in agriculture is important for maintaining healthy crops (Soderberg and Mischke, 2012). 

Appropriate fertilizer application plays a pivotal role in producing high quality plants with 

increased yield (Srinivasarao et al., 2013). Fertilizers enrich soils with essential nutrients to 
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enhance its health, promote plant growth, and sustain life (Srivastava et al., 2020; Vo and Wang, 

2015). The chemical elements breakdown and infuse soils with nourishing material for plants to 

uptake (Soderberg and Mischke, 2012; Wang et al., 2004b). These primarily include nitrogen, 

phosphorous, and potassium, which are fundamental for plant sustenance (Srivastava et al., 

2020). Fertilizers differ in their method of formation, application form, release rate, and origin 

material, by obtaining them from either inorganic or organic sources (Srinivasarao et al., 2013). 

They can be incorporated within or applied on the surface of soils in both granular and liquid 

forms (Soderberg and Mischke, 2012). 

2.4.1  Inorganic Fertilizers 

Inorganic fertilizers are artificially manufactured synthetic compounds derived from 

chemicals and mineral deposits (Channarayappa and Biradar, 2019). They contain high amounts 

of readily available nutrients that easily break down for plant absorption, and are effective at 

stimulating growth to produce higher yields (Stewart and Lal, 2018). The synthetic composition 

of inorganic fertilizers allows for a fast degradation into its chemical components (Stewart and 

Lal, 2018; Zhang et al., 2019). This supplies soils with adequate levels of necessary nutrients 

needed to sustain plant life (Cassman et al., 2008). These fertilizers are produced from non-living 

material, with constituents present in desired proportions (Linquist et al., 2007). This benefits 

soils that require certain types of chemical elements to enhance its health, and creates an 

environment for crops to thrive (Goyal et al., 1999; Srinivasarao et al., 2013). Using inorganic 

fertilizers is a fast and convenient method commonly practiced in agriculture; however, these 

products are costly to produce and have numerous negative effects on the environment 

(Channarayappa and Biradar, 2019). 
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2.4.1.1  Energetic and Economic Costs 

Energetic Costs 

Producing inorganic fertilizers requires a substantial supply of energy and the collective 

involvement of multiple industries (Srivastava et al., 2020). This process needs sufficient 

amounts of money, manual effort, and equipment to obtain raw materials and manufacture 

products (Pimentel and Burgess, 2014). Natural sources of nitrogen, phosphorous, and potassium 

are difficult to attain, and refining them into forms accessible for plant absorption is arduous 

(Gvero et al., 2017; Jordan, 2013). Artificial nitrogen fixation is done by the Haber-Bosch 

process which utilizes natural gas or coal with air, water, and atmospheric nitrogen, to produce 

precursor substances such as ammonia that are crucial in constructing nitrate ions (Gvero et al., 

2017; Stewart and Lal, 2018). Phosphorite is treated with numerous acids, including phosphoric, 

sulphuric, and nitric acid, to collect phosphorous and create phosphate ions (McKinlay et al., 

2011; Soderberg and Mischke, 2012). Potassium is mined from underground ore deposits, and 

purified by drying, reducing core size, and extracting potassium ions (Channarayappa and 

Biradar, 2019; Jordan, 2013). When producing inorganic fertilizers, converting raw materials 

into specific ionic forms is crucial in making nutrients available for plant uptake (Gvero et al., 

2017). These collection, purification, and manufacturing processes involve utilizing non-

renewable sources of energy (Gvero et al., 2017; Jordan, 2013). This unsustainable practice 

produces toxic by-products unsafe for the environment, and results in diminished agricultural 

stability (Prashar and Shah, 2016). 
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Economic Costs 

Extensive economic costs associated with inorganic fertilizers are due to obtaining and 

refining raw materials, usage in available arable land, and market fluctuations. The majority of 

costs involves processing natural gas, coal, phosphorite, and ore deposits (Weindorf et al., 2011). 

The worldwide demand of inorganic fertilizers has increased, causing numerous companies to 

manufacture them in abundance, saturating the market, and lowering the price (Innes, 2013; 

Pimentel and Burgess, 2014). This rising demand stems from issues regarding the continuous 

global population growth and limited arable land, creating a need to produce accelerated plant 

growth and higher yields (Pimentel and Burgess, 2014). Utilizing inorganic fertilizers is adequate 

to provide these results, but it is costly. Moreover, prices are affected by specific crop types, 

nutrient requirements, land usage, and fertilizer amounts (Innes, 2013; Weindorf et al., 2011). 

The economic costs of inorganic fertilizers are affected by the fluctuating market, which changes 

depending on procurement of raw materials, global supply and demand of product, and retail 

pricing. Furthermore, additional costs of handling and transport vary according to petroleum and 

oil prices (Innes, 2013; Pimentel and Burgess, 2014; Weindorf et al., 2011). 

2.4.1.2  Environmental Impacts 

Using inorganic fertilizers can have many toxic effects on the environment, leading to 

reduced ecosystem health by exposing harmful chemicals to the external surroundings 

(McKinlay et al., 2011). These effects include salt accumulation, chemical leaching, fertilizer 

runoff, water contamination, and potential deterioration to plant and soil health (Hall and Wayne, 

2004). Excessive and inappropriate use of inorganic fertilizers creates difficulty for maintaining 

long term agricultural sustainability, by amplifying its negative environmental effects (Sasmal, 

2016). 
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Salt Accumulation 

The production of inorganic fertilizers involves synthetically manufacturing products 

with a specific chemical composition (Soderberg and Mischke, 2012). Additional chemical 

binding agents are required to ensure a complete and effective final product (Stewart and Lal, 

2018). These fertilizers breakdown into their constituents where plants uptake the necessary 

nutrients needed for growth and survival (Channarayappa and Biradar, 2019; Srivastava et al., 

2020). Plants require chemical elements in its ionic form to be accessible for nutrient absorption 

(Gvero et al., 2017; Srinivasarao et al., 2013). This limits the uptake of supplementary salts and 

compounds used during production, resulting with salts remaining in soils and accumulating over 

time (Ali et al., 2019; Reboredo et al., 2018; Sasmal, 2016). This salinization leads to a buildup 

of toxic chemicals that alters soil chemistry and diminishes its health (Ali et al., 2019; Prashar 

and Shah, 2016). Over time, the increased salinity and compaction of soils creates an adverse 

environment for plant survival (Lopez-Valdez and Fernandez-Luqueno, 2015; Sharma and 

Singhvi, 2017). Consumption of water and nutrients become strenuous due to its scarcity and 

constrained root growth, resulting in wilting and death (Gimeno-Garcia et al., 1996; McKinlay et 

al., 2011). As a result, soil neutralization strategies must be implemented to restore its structural 

integrity and improve fertility (Hall and Wayne, 2004; Sasmal, 2016). 

Chemical Leaching and Fertilizer Runoff 

During rainfall and irrigation, the constituents in inorganic fertilizers can be leached due 

to their water-soluble properties (Hall and Wayne, 2004). In agriculture, chemical leaching 

occurs as water is applied and contacts soluble chemicals and minerals, causing drainage from 

soil through percolation (Ali et al., 2019; Hall and Wayne, 2004). Nutrients within the soil can 

remain below plant roots, where excessive amounts of water increase chemical leaching (Lopez-
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Valdez and Fernandez-Luqueno, 2015; Sharma and Singhvi, 2017). The buildup of toxic 

chemicals increases the impacts of leaching by draining deeper through soil pores, seeping into 

the groundwater, and contaminating water systems crucial to supporting biomass (Brookes and 

McGrath, 1984; Prashar and Shah, 2016; Li and Wu, 2008). Furthermore, heavy rainfalls and 

improper watering regimes can result in fertilizer runoff, resulting in chemical elements polluting 

nearby bodies of water (Ali et al., 2019; Sharma and Singhvi, 2017). This nutrient-rich water 

creates an escalated growth of algae and other aquatic plants, producing eutrophic conditions and 

destroying vast amounts of life (Hall and Wayne, 2004). 

Diminished Plant and Soil Health 

Inappropriate application of inorganic fertilizers is detrimental to plant and soil health 

(Gimeno-Garcia et al., 1996). Excessive amounts and numerous application frequencies cause 

damage to delicate plant structures (McKinlay et al., 2011). For example, misuse can result in 

leaf tissue burn and root toxicity. This hampers plant development and results in death 

(Reboredo et al., 2018). Improper and constant application of inorganic fertilizers disrupts the 

soil’s natural microbiome by changing its chemistry and killing beneficial microorganisms 

(Brookes and McGrath, 1984; Prashar and Shah, 2016; Li and Wu, 2008). Reducing plant and 

soil health to low functioning levels causes environmental processes to fail, and increases the 

difficulty in developing sustainable ecosystems (Lopez-Valdez and Fernandez-Luqueno, 2015; 

Sasmal, 2016). 

2.4.2  Organic Fertilizers 

Organic fertilizers are produced from living plant and animal material, with components 

made from intermediate and final products of naturally occurring processes (Cordovil et al., 

2007; Petrovic, 1990). These include compost, manure, crop residues, vegetable and bone meals, 
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decaying plant tissue, worm casting, and fish extracts (Davis and Dernoeden, 2002; Nelson and 

Craft, 1992a). Utilizing substances derived from organic sources in agriculture can provide crops 

with a long-term supply of essential nutrients, enhance soil health, and avoid the harmful 

environmental impacts of inorganic fertilizers (Tian et al., 2009; Yang et al., 2004; Yang et al., 

2007). Although organic fertilizers do not undergo chemical synthesis, they must be purified to 

remove any pathogens and unhealthy material, ensuring a high-quality product (Carey et al., 

2015; Mantovi et al., 2005). This refinement and manufacturing process convert raw materials 

into applicable fertilizers (Rogers and Smith, 2007). Despite physical manipulation, the product’s 

original composition remains unchanged, thus maintaining its status as an organic fertilizer 

(Carey et al., 2015; Vaughn et al., 2018). Preventing alteration to its chemical structure allows 

nutrients to exist in their natural forms, and ensures adequate incorporation into soils (Hoffmann 

et al., 2016). 

2.4.2.1  Benefits 

Organic fertilizers are produced using raw materials acquired from biotic environments 

of agricultural fields and ecosystems (Bastida et al., 2008). Their nutritional constituents are 

accessible for plant absorption, and remaining portions are fully decomposed without leaving 

toxic synthetic chemicals in soils (Barker, 2001; Logsden, 1991; Loschinkohl and Boehm, 2001). 

The breakdown of organic matter occurs naturally and does not require additional chemicals to 

function (Barbarick et al., 2004; Hattori and Mukai, 1986). Toxic buildup of biotic waste is of 

minimal concern due to constant degradation by soil microbes (Flavel and Murphy, 2006; Sastre 

et al., 1996). Over time, these organisms can utilize all the components of organic fertilizers 

(Bengtsson et al., 2003; Flavel and Murphy, 2006). 
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Organic fertilizers do not contain synthetic chemicals that buildup over time, diminish 

plant health, and reduce the soil’s microflora (Boen, 2011; Dede and Ozdemir, 2015). Being 

derived entirely from natural sources prevents toxic salt accumulation, chemical leaching, runoff, 

damage to plant tissue, and deterioration of the soil’s microbiome (Buss et al., 2015; Debosz et 

al., 2002; Sidhu et al., 2016). The slow degradation of these fertilizers provides plants with a 

consistent release of nutrients, and supplements soils with smaller amounts of chemical elements 

over a longer time, thus limiting the risk of damage to plant and soil health from over-

fertilization (Bernal et al., 1998b; Luxhoi et al., 2007). Utilizing organic fertilizers negates the 

risk of toxic overdose due to a lack of contamination from chemicals and binding agents (Buss et 

al., 2015). 

The practice of applying organic fertilizers is effective at encouraging sustainable 

agriculture and maintaining the longevity of agronomical systems (Elfstrand et al., 2007; Perez 

de Mora et al., 2006). These fertilizers supply essential nutrients to feed soils and nourish plant 

life (Madejon et al., 2010). Their raw materials are renewable sources of nutrients obtained from 

biodegradable by-products and waste, ensuring their continued use and prevention of 

accumulation of material (Bilgili and Acikgoz, 2005; Heijboer et al., 2016; Tian et al., 2009). 

Appropriately using organic fertilizers is safe, healthy for the environment, and promotes viable 

methods to achieve long term agricultural goals (Elfstrand et al., 2007; Rozas et al., 2018). 

2.4.2.2  Effects on Soil Health 

Organic fertilizers play a pivotal role in creating fertile soil vital to plant life (Rivero et 

al., 2004). They provide essential nutrients to enhance soil health by increasing organic matter 

content, nutrient status, and soil quality, thus reinforcing soils and their ability to suppress 

pathogens (Carlson et al., 2015; Zaller and Kopke, 2004; Zerzghi et al., 2009). With long-term 
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applications, these fertilizers can transform unhealthy soils and improve their condition for 

cultivating crops (Tejada et al., 2006; Tian et al., 2009). 

Organic Matter Content 

Organic matter consists of carbon-based compounds that are fundamental building blocks 

for biotic life (Monedero et al., 2014; Rivero et al., 2004). These elements are broken down by 

soil microorganisms for their use in biological processes; hence, plants and microbes thrive when 

soil conditions contain high levels of organic matter (Flavel and Murphy, 2006; Mondini et al., 

1997). Moreover, providing soils with organic matter alters their structure to increase water 

holding capacity and nutrient retention (Garcia et al., 1994; Garcia et al., 1996). Stabilizing soils 

with high organic material strengthens their physical characteristics, reducing the risk of 

chemical leaching and runoff (Kaiser et al., 2002; Kirchmann and Bernal, 1997; Sanchez-

Monedero et al., 2004). 

Nutrient Status 

Organic fertilizers amend soils by increasing nutrient availability, retention, and 

mineralization (O’Keefe et al., 1986; Sikora and Yakovchenko, 1996; Sikora et al., 1980). 

Availability refers to the total amount of nutrients present in soils that plants and microorganisms 

can use (Guerra et al., 2007; Myrold, 1987). In contrast, retention involves the soil’s capacity to 

hold water and nutrients. Mineralization indicates a soil’s ability to convert nutrients into forms 

accessible for plant absorption (Cook and Allen, 1992; De Neve and Hofman, 2000). These 

fertilizers provide soils with a slow release of chemical elements, increasing their nutrient status 

and enrichment (Luxhoi et al., 2007; Tian et al., 2008). 
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Soil Quality and Disease Suppression 

Organic fertilizers improve soils by enhancing their physical, chemical, and biological 

properties (Debosz et al., 2002; Eghball, 2002). The physical properties include bulk density, 

texture, structure, and organic matter content (Cheng et al., 2007; Ozdemir et al., 2014). In 

comparison, the chemical properties involve cation exchange capacity, pH, and fertility (Rattan, 

2016). Finally, the biological properties consist of microbial diversity and abundance (Cuevas et 

al., 2000; Sidhu et al., 2016; Sullivan et al., 2016). The organic material added interacts with soil 

particles to reinforce soils, improving its structure, and condition (Rattan, 2016; Reicosky, 2018). 

Organic fertilizers provide soils with essential nutrients that enhance their chemical profile 

(Krupenikov et al., 2011; Sidhu et al., 2016). In turn, these chemical elements are utilized by soil 

microorganisms to improve their community structure and population dynamics (Cook et al., 

1964; Krupenikov et al., 2011; O'Neill, 1982). Thus, by increasing soil quality organic fertilizers 

enhance soil health and promote sustainable agriculture (Heijboer et al., 2016; Zornoza et al., 

2012). 

Utilizing organic fertilizers improves soil structure, fertility, and nutrient retention (Davis 

and Dernoeden, 2002; Samaras et al., 2008). This ensures crops receive adequate amounts of 

nutrients to increase vitality, and disease suppression (Landschoot and McNitt, 1997; Liu et al., 

1995). Also, this aids in stabilizing soil microbial communities by providing nutrients to 

interacting populations, and creates competition between beneficial and antagonistic microbes 

(Landschoot and McNitt, 1997; Lockwood, 1986). Microorganisms beneficial to plant health 

must outcompete competitors to obtain and utilize nutrients for enhancing their survival, 

diversification, and proliferation (Boulter et al., 2002; Nelson and Craft, 1991). Moreover, these 

populations can antagonize and combat soil pathogens through a series of biocontrol 
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mechanisms, hence, reducing the susceptibility of crops and restricting infection from soilborne 

pathogens, by diminishing its pathogenicity and virulence (Cook and Baker, 1983; Goodman and 

Burpee, 1991; Nelson et al., 1994). Ultimately, this leads to increased disease suppression in 

plants and ensures a healthy soil environment to support agriculture (Cook et al., 1964; Nelson 

and Craft, 1991; Nelson and Craft, 1992a). 

2.4.2.3 Limitations 

Although organic fertilizers have many beneficial attributes, there are various drawbacks 

associated with their efficiency. These fertilizers take longer to breakdown, requiring a 

continuous and long-term application to observe results (Bernal et al., 1998a; Kaiser et al., 

2002). Moreover, they contain low and inconsistent amounts of nutrients combined with high 

salt levels which lead to reduced efficacy, increased cost of their use, and potentially negative 

impacts on turf health  (Schutter and Dick, 2001). Altering application rates, time of application, 

and frequencies are strategies that must be implemented to mitigate these limitations (Konopka 

et al., 1998; Sullivan et al., 2016). 

Organic fertilizers are composed of dense material and may contain forms of nitrogen 

that are unavailable to plants until mineralization. This increases the time necessary for 

disintegration and incorporation into soils (Leita and de Nobili, 1991). Moreover, inputs of 

energy from soil microorganisms are required for its decomposition (Schutter and Dick, 2001). 

The availability, diversity, and activity of these microbes affect the time needed to breakdown 

organic matter into its primary nutrients and convert elements into forms accessible for plant 

uptake (Bernal et al., 1998a; Bernal et al., 1998b; Monedero et al., 2014). This slow nutrient 

release restricts the use of these fertilizers on dying plants that require an immediate source of 

nourishment to restore plant health (Kaiser et al., 2002; Tian et al., 2009). Due to its complex 



 
 

19 
 

organic structure, the natural decomposition occurs gradually, and nutrients remain in stable 

forms for prolonged periods (Tejada et al., 2006; Visser, 1985). 

Furthermore, organic fertilizers have lower nutrient concentrations compared to synthetic 

products, increasing the difficulty to provide plants with nutrients directly, and raising concerns 

regarding their efficiency in agriculture (Leita et al., 1999; Vaughn et al., 2018). The quality of 

these fertilizers depends entirely on their raw ingredients. The chemical structure and elemental 

proportions remain unchanged; however, final products contain an uneven and inconsistent 

distribution of nutrients due to variation in batches of origin materials (Buss et al., 2015; Vaughn 

et al., 2018). As a result, fertilizers are not uniform, differ in nutrient ratios, and do not provide 

plants with a complete balance of chemical elements. As a result, additional amounts of the 

product must be applied to ensure crops have adequate levels of nutrients to sustain growth 

(Samaras et al., 2008; Sierra et al., 2001). Compared to inorganic fertilizers, organic products are 

less in demand, more expensive, contain fewer nutrients per weight, and require purchasing more 

fertilizer to enrich soils at the desired rate (Petrovic, 1990; Zhang et al., 2011). Finally, 

application of many organic products may be difficult, time-consuming, and laborious. This has 

led to reduced use of organic products on crops and ultimately to inorganic fertilizers continuing 

to dominate the market (Kuter et al., 1988). 

When organic fertilizers are not applied appropriately, their use may lead to high salt 

levels in soils. (Kao et al., 2006; Tesfamariam et al., 2009; Zerzghi et al., 2009). Also, damage 

from pathogens that survive manufacturing process poses serious concerns regarding product 

safety on crops (Lang and Smith, 2007; Lang et al., 2007). Despite these various limitations, 

utilizing organic fertilizers is an effective long-term practice, where multiple application 
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strategies are implemented to ensure plants receive sufficient and consistent amounts of nutrients 

(Cheng et al., 2007; Krogstad et al., 2005). 

2.4.3  Biosolids 

Biosolids are nutrient rich organic material recycled from raw sewage and processed to 

create fertilizers for crops (Boen and Haraldsen, 2011; Sanchez-Monedero et al., 2004; Shammas 

and Wang, 2007).Supplementing or replacing conventional inorganic fertilizers with biosolids 

creates a feasible solution to negate their costs and negative environmental impacts, however, the 

production of biosolids from human waste matter raises numerous concerns regarding its safety 

(Al-Gheethi et al., 2019; Filcheva et al., 1996; Kokkora et al., 2009). Wastewater treatment 

facilities refine excrement into rejuvenated water, producing a by-product of semiliquid waste 

called sewage sludge (Amuda et al., 2008; Epstein, 2003). If left untreated, this material is toxic 

to the environment and contributes to increasing greenhouse gas emissions (Selivanovskaya et 

al., 2010; Vietor et al., 2010). The production of biosolids from sewage sludge and its use on 

inedible crops such as turfgrass is a beneficial waste management practice that reduces adverse 

environmental effects (Goh et al., 2018; Selivanovskaya et al., 2010; Sikora et al., 1980). Its 

function as an organic fertilizer provides the necessary nutrients to enhance soil health within 

turfgrass rootzones (Epstein, 2003; Shammas and Wang, 2007; Sidhu et al., 2016). 

2.4.3.1  Environmental and Health Effects of Untreated Sewage Sludge 

Raw sewage consists of mainly human excrement characterized by its physical condition, 

chemical content, volume, and flow rate (Danso-Boateng, 2018; Moreira et al., 2018). This 

wastewater is transported to processing facilities to remove pathogens, toxic pollutants, and 

produce sludge, purifying the water for appropriate disposal and reuse into existing water 

systems (Amuda et al., 2008; Eljarrat et al., 2012; Moreira et al., 2018). Inadequate management 
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of sewage sludge creates unhealthy conditions for organisms to survive and harms the 

environment from landfill accumulation, combustion of material, water pollution, and pathogen 

survival (Danso-Boateng, 2018; Merzlaya et al., 2017; Ragazzi, 2016). 

Sewage sludge accumulates in landfills where its putrefaction produces greenhouse 

gases, increasing the carbon footprint in localities and contributing to global warming (Danso-

Boateng, 2018; Ragazzi, 2016). It may contain remnants of pharmaceutical chemicals, pollutants, 

and compounds from previous disinfections that enter the atmosphere and deplete the ozone 

layer (Bulmau et al., 2014; Merzlaya et al., 2017). To restrict excessive buildup, alternative 

methods involve incinerating waste material. This combustion emits large amounts of toxic 

gases, such as carbon dioxide and methane, into the ambient air and significantly increases the 

greenhouse effect (Moreira et al., 2018; Ragazzi, 2016). Moreover, untreated sewage sludge can 

enter nearby bodies of water through runoff, where large amounts lead to water pollution, create 

an aquatic environment inimical to life, and reduce organism health if inadvertently consumed 

(Danso-Boateng, 2018; Eljarrat et al., 2012; Moreira et al., 2018). This semisolid waste retains 

high proportions of organic matter, chemical concentrations, and microbial biomass, creating 

conducive nutrient-rich environments for a diverse plethora of virulent pathogens to survive. 

(Eljarrat et al., 2012; Merzlaya et al., 2017 As a result, these management practices cause long-

term issues that diminish environmental health, disturb natural ecosystems, increase ecotoxicity, 

and affect climate change (Merzlaya et al., 2017; Ragazzi, 2016). 

2.4.3.2  Sewage Sludge Purification 

Refining sewage sludge is imperative to eliminate pollutants, heavy metals, and various 

pathogens (Amuda et al., 2008; Eljarrat et al., 2012). This purification process involves a series 

of chemical, biological and physical processes including aerobic and anaerobic digestion, drying, 
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dewatering, thickening, and composting (Amuda et al., 2008; Danso-Boateng, 2018; Moreira et 

al., 2018). Adequate disinfection of this waste material is necessary to ensure its safety for 

disposal into the environment, or its use as a biosolid (Amuda et al., 2008; Ragazzi, 2016). 

2.4.3.3  Biosolids and Turfgrass 

The application of biosolids as an organic fertilizer can be effective at improving plant 

and soil health on inedible crops such as turfgrass (Loschinkohl and Boehm, 2001; Shammas and 

Wang, 2007; Sikora et al., 1980). These natural soil amendments provide nutrients and increase 

organic matter content (Flavel and Murphy, 2006; Sullivan et al., 2016; Tian et al., 2009). As a 

result, beneficial microbial populations utilize these nutrients to assist in plant growth and 

suppress diseases such as dollar spot, which commonly occurs on turfgrass (Goodman and 

Burpee, 1991; Mossa et al., 2017; Nelson and Craft, 1992a). Utilizing biosolids on turf reduces 

the negative environmental impacts from waste management, and provides an alternative 

practice that is sustainable and eco-friendly. However, public skepticism, minimal research, and 

limited products hinder its use in agriculture (Eljarrat et al., 2012; Epstein, 2003; Kokkora et al., 

2009; Ragazzi, 2016). 

2.4.3.4 Biosolids and Turfgrass Health  

Previous research done by Linde and Hepner (2005) evaluated seed and sod 

establishment of Kentucky bluegrass (Poa pratensis L.) grown in soils amended with biosolid 

compost. Biosolids were incorporated into soils at depths of 0, 1, 2, and 3 inches, and applied at 

rates of 0, 132, 270, and 402 yard3/acre, at each depth, respectively. Researchers found that 

biosolid compost treatments resulted in a 2-3 week delay in turfgrass establishment due to 

increased salt and ammonia levels. (O’Brien and Barker, 1996a; O’Brien and Barker, 1996b). 

Despite this initial inhibition, biosolid amended plots were superior to the mineral fertilizer (19-
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26-5) in colour and density, indicating healthier turfgrass establishment (Landschoot and McNitt, 

1994). They concluded that incorporating biosolid compost into soils at depths of 2-3 inches 

provided a long-term supply of nutrients, thus enhancing turf quality (Loschinkohl and Boehm, 

2001). 

Similarly, Garling and Boehm (2001) compared several fertilizer products for their 

effects on turfgrass growth, colour, and foliar nitrogen concentration of an established mixed 

sward consisting of creeping bentgrass (Agrostis stolonifera L.) and annual bluegrass (Poa 

annua L.). Plots were top-dressed with inorganic fertilizer (18-4-18; NPK), biosolid compost 

(100%), and a blend of biosolid compost and yard waste (50%/50%; vol:vol ratio). Each 

fertilizer was applied at low, medium, and high rates of 96, 192, and 384 kg of nitrogen/ha, 

respectively in 1997. Subsequently, in 1998 and 1999 application rates were reduced by half. 

Researchers found that nitrogen sources influenced turfgrass response. Biosolid compost 

substantially increased growth, colour, and tissue nitrogen concentration due to enhanced organic 

matter content, soil quality, and nutrient supply (Hoitink and Boehm, 1999; Schumann et al., 

1993; Sikora et al., 1980; Tester, 1989). 

Furthermore, Dede and Ozdemir (2015) examined how biosolid compost affected mixed 

species turfgrass production during establishment in a greenhouse. Biosolids were combined 

with various bulking agents (hazelnut husk, pine litter, corn straw, sawdust; vol:vol ratio) and 

incorporated into pots prior to seeding. Researchers found that these treatments enhanced 

biomass production and foliar nitrogen content. Hazelnut husk and pine litter performed best as 

substrates due to their ability to increase bulk density, reduce total porosity, and provide 

structural support to soils (Barker, 2001; Estevez-Schwarz et al., 2009; Tesfamariam et al., 

2013). They concluded that biosolid compost combined with specific bulking agents are 
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effective at increasing nutrient supply and altering the soil’s physical and chemical properties to 

facilitate turfgrass production (Cheng et al., 2007; Ozdemir et al., 2014). 

Research done by Zhang et al. (2011) studied the effects of biosolid compost on mixed-

species turfgrass health over four years. Treatments included a check (no fertilizer), inorganic 

fertilizer applied annually (100 kg N/ha), biosolid compost applied annually (50 Mg/ha), one-

time application of biosolid compost (150 Mg/ha), and biosolid compost applied at 100 Mg/ha in 

the first year, then reduced by half in the second year. Researchers measured biomass 

production, colour, nutrient availability, and various chemical properties of the Chernozemic 

soil, and found that composted biosolid treatments significantly improved these parameters 

relative to the check. However, they were not as successful as the inorganic fertilizer. 

Researchers concluded that annual application of biosolid composts at low rates has the potential 

to improve turfgrass health and be utilized as a soil conditioner (Petrovic, 1990; Yang et al., 

2004; Yang et al., 2007). 

Boen and Haraldsen (2011) evaluated the effects of organic amendments on perennial 

ryegrass (Lolium perenne L.) health. Researchers investigated the efficacy of waste-based 

fertilizers on their ability to improve turfgrass health, by measuring biomass production, nutrient 

uptake, and plant-available nitrogen. Treatments included biosolids + lime [Ca(OH)2], biosolids 

without lime, biosolid compost, and biowaste compost, each applied at three different application 

rates of 4, 8, and 12 kg of dry matter/m2. Moreover, fertilization was done once during potting 

with products incorporated into the soil rootzone. Researchers found that as biosolid application 

rate increased it stimulated extensive turfgrass growth and establishment. This was attributed to 

the addition of organic matter and an adequate supply of nutrients (Cheng et al., 2007; Cordovil 

et al., 2007; Erhart et al., 2005; Loschinkohl and Boehm, 2001; Luxhoi et al., 2007; Warman and 
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Termeer, 2005). Therefore, these studies indicate that amending soils with biosolid compost 

provides adequate nutrients to support plant growth, and is an effective method to improve 

turfgrass health. 

2.4.3.5 Biosolids and Soil Quality 

Soil quality refers to its chemical, physical, and biological properties. Enhancing these 

factors ensures that soils function adequately and remain healthy. Previous research by Tian et al. 

(2009) examined how long-term applications of processed sewage sludge and biosolids affected 

organic matter content, microbial biomass, and carbon sequestration. From 1972 to 2004 

biosolids were added to fields annually, evaluating their effectiveness in land reclamation. The 

results indicated a positive relationship between biosolid application and net carbon 

sequestration, with levels significantly greater than other treatments. Moreover, biosolids 

increased microbial biomass and community structure which improved stabilization of organic 

matter by producing humic substances (Kaiser et al., 2002; Powlson et al., 1987; Wright et al., 

2005). Researchers concluded that biosolids were an effective amendment for long-term land 

reclamation and greatly improved soil health (Parton et al., 1987; Russell et al., 2005). 

Tian et al. (2008) evaluated the effects of biosolids on soil organic matter content, 

nitrogen availability, mineralization, and microbial biomass of creeping bentgrass (Agrostis 

stolonifera L.). Researchers found that biosolids increased organic matter content and nitrogen 

availability, thus allowing soil microorganisms to mineralize nutrients and increase biomass 

(Bigelow et al., 2002; Myrold, 1987; Shi et al., 2006). They concluded that biosolids enhanced 

soil quality by providing soils with essential nutrients to support microorganisms in cycling 

nitrogen (Landschoot and Waddington, 1987; Tester et al., 1982; Tian et al., 2009). Similarly, 

Barbarick et al. (2004) studied the effects of biosolids on soil chemistry, and microbial activity 
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of western wheatgrass (Pascopyrum smithii (Rydb.) A. Love), and blue gamma (Bouteloua 

gracilis (H.B.K.) Lag. ex steud). Researchers found that biosolids improved soil chemistry by 

increasing organic matter content and nutrient concentration in both shrubland and grassland 

sites. This provided nutrients for soil microbes to utilize, which enhanced their biomass, 

respiration, and nitrogen mineralization (Dar and Mishra, 1994; Hattori and Mukai, 1986; Lerch 

et al., 1992). Therefore, biosolids significantly improved soil health and created a nutrient-rich 

environment to facilitate plant growth (Lerch et al., 1992). Furthermore, Sullivan et al. (2016) 

investigated how biosolids affected soil chemical composition, nutrient content, carbon and 

nitrogen mineralization, microbial biomass, activity, and substrate utilization. The results 

indicated that low application rates of biosolids were not significantly different compared to 

control plots, but, higher rates improved the soil’s chemical profile and provided ample nutrients 

that soil microbes utilized to increase their production, activity, and mineralization (Barbarick et 

al., 2004; Cuevas et al., 2000; Fresquez et al., 1991). Researchers concluded that high application 

rates of biosolids improved soil quality, and was an effective long-term nutrient source (Konopka 

et al., 1998; Schutter and Dick, 2001). 

Research by Monedero et al. (2014) evaluated the effects of biosolid compost on soil 

chemistry, microbial biomass, and perturbance to existing microflora. Researchers recorded the 

initial levels of microbial communities, observed how they changed after amendments were 

added, and assessed the time required for microbial populations to adjust and return to their 

original equilibrium values. After application, there was a sharp increase in microbial biomass, 

which was attributed to the addition of new microbes from the biosolid composts and interpreted 

as a disturbance to the existing microflora (Chander et al., 1995; Mondini et al., 1997; Perucci, 

1992). The results indicated that as the stabilization degree of biosolid composts increased, it 
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reduced fluctuations to native microbial communities. Researchers concluded that adequate 

stabilization of biosolid compost is necessary to reduce perturbance of the existing soil 

microflora and increase the efficiency of long-term carbon mineralization (Chander and Brookes, 

1993; Pare et al., 1999; Perucci, 1992). 

Carlson et al. (2015) assessed the effects of organic amendments on soil quality by 

measuring nutrient concentration, microbial biomass, and enzymatic activity. The results showed 

that biosolid treatments significantly increased organic matter content, nutrient concentration, 

microbial biomass, and enzymatic activity compared to the control. Similarly, Flavel and 

Murphy (2006) studied the effects of organic amendments on soil quality and nutrient status. 

They assessed how changes in soil microbial communities and chemical concentrations 

influenced nutrient mineralization and cycling. Researchers found that nutrient mineralization 

and microbial respiration values were similar in all treatments and significantly greater than the 

control. The concentration of organic matter and nitrogen was the highest in poultry manure. 

Thus, leading to increased microbial biomass, activity, and mineralization (Gigliotti et al., 2002; 

Sanchez-Monedero et al., 2004). Researchers concluded that the level of nutrient mineralization 

and cycling occurring in soils will depend on the composition and quality of organic amendment 

applied (Kogel- Knaber, 2002; Vigil and Kissel, 1995; Wang et al., 2004a; Wang et al., 2004b). 

Furthermore, Reardon and Wuest (2016) assessed the long-term effects of various organic 

amendments on the structure, function, and abundance of soil microbial communities. 

Researchers found minimal differences in microbial communities between treatments, and values 

were not significantly different from the control. However, biosolids contained the highest 

nitrogen content despite the low application rate. Other studies including Leita et al. (1999) and 

Speir et al. (2004) applied biosolids at higher rates and observed significant differences in 
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microbial population size and activity. Therefore, Reardon and Wuest (2016) concluded that the 

composition and application rate of organic amendments are crucial factors in improving and 

maintaining long-term soil microbial communities (Griffiths et al., 1998; Peacock et al., 2001; 

Saison et al., 2006; Sullivan et al., 2006). 

2.4.3.6 Biosolid Phytotoxicity and Environmental Risk 

Tesfamariam et al. (2009) assessed the effects of utilizing anaerobically digested sewage 

sludge for sod production of Kikuyu (Pennisetum clandestinum Hochst.). Researchers 

investigated how applying large volumes of waste-based amendments influenced turfgrass 

growth, colour, quality, nutrient accumulation, and salt leaching. Sewage sludge was applied via 

top-dressing at 0, 8, 33, 67, and 100 Mg/ha. The results showed that applications up to 67 Mg/ha 

enhanced turfgrass establishment and colour. Plots that received 100 Mg/ha contained 

excessively high salt concentrations but did not inhibit growth. Furthermore, nutrient 

accumulation did not exceed toxic levels for applications up to 33 Mg/ha. As rates reached 67 

Mg/ha, the risk of salt leaching significantly increased. Similar observations were made in other 

studies including Beauchamp et al. (1978), Monnette et al. (1995), Robinson and Polglase 

(2000), Samaras et al. (2008), and Sierra et al. (2001). Therefore, researchers concluded that 

applying sewage sludge at rates up to 33 Mg/ha was safe for growing turfgrass and maintaining 

plant health, while limiting salt accumulation and leaching (Bilgili and Acikgoz, 2005; Vietor et 

al., 2002). 

Furthermore, Cheng et al. (2007) evaluated the potential for composted sewage sludge to 

enhance the growth of perennial ryegrass (Lolium perenne L.). Soils were amended with a 

control (base soil), inorganic fertilizer (3-1.7-1; NPK), 5, 10, 20, 40, 70, and 100 percent 

composted sewage sludge mixed with 95, 90, 80, 60, 30, and 0 percent base soil, respectively. 
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Researchers measured seedling emergence rate, foliar biomass, nutrient content, and various soil 

parameters including bulk density, water retention, pH, soluble salt levels, and heavy metal 

contamination. They observed that adding composted sewage sludge at 10 and 20% of the soil’s 

total volume improved turfgrass growth and soil quality without elevating heavy metal 

concentrations to critical levels. Low levels of application up to 40% improved nutrient 

availability and soil parameters. However, as rates increased it caused detrimental effects to plant 

and soil health (Eklind et al., 2001). Therefore, researchers concluded that utilizing composted 

sewage sludge at low application rates can enhance turfgrass production and soil condition, 

without causing deleterious effects from soluble salt concentrations, heavy metal contamination, 

and salt leaching (Angle et al., 1981; Jarvis and Jones, 1978; Krogstad et al., 2005). 

Research by Kao et al. (2006) examined the effects of biosolids enriched with heavy 

metals, including copper, lead, and zinc, on microbial activity within a neutral loamy soil. 

Treatments included a control (soil), biosolids + soil, and biosolids + soil enriched with copper 

(100 & 400 mg/kg), lead (250 & 1000 mg/kg), and zinc (300 & 1200 mg/kg). Researchers 

measured microbial biomass, respiration, nitrogen mineralization, and substrate utilization of 

microbial communities. Researchers observed that adding biosolids without heavy metals 

enhanced microbial biomass, respiration, and nitrogen mineralization due to increased soil 

organic matter content and nutrient availability (Cela and Sumner, 2003; Dar, 1997; Sakamoto 

and Oba, 1994). Once heavy metals were added, microbial activity decreased due to toxicity 

(Dar, 1996; Khan and Scullion, 2002; Rost et al., 2001). Carbon mineralization rates reduced as 

these elements bound to carbon molecules, thus inhibiting microbes from decomposing organic 

material (Dar, 1997; Filcheva et al., 1996). Also, researchers observed a shift in microbial 

populations from being predominantly bacterial to fungal, as a result of their increased tolerance 
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to heavy metals (Fliebach et al., 1994; Frostegard et al., 1996). Therefore, this study concluded 

that biosolids are beneficial at increasing microbial biomass, activity, and overall community 

structure once heavy metal concentrations remain low (Filcheva et al., 1996; Sakamoto and Oba, 

1994). 

Zerzghi et al. (2009) investigated the long-term effects of biosolid applications on soil 

microbial communities and pathogens from 1986 to 2005. Researchers assessed how annual 

applications affected microbial populations, diversity, activity, and persistence of pathogens 

initially present in biosolids. They measured levels of bacteria, fungi, actinomycetes, and rates of 

nitrification, sulphur oxidation, and dehydrogenase production. Biosolids did not affect microbial 

populations but significantly increased activity compared to the negative control and inorganic 

fertilizer. Also, bacterial and viral pathogens initially present in biosolids did not survive. This 

study concluded that biosolids were effective at increasing microbial activity, and did not harm 

soil health from pathogens (Lang and Smith, 2007; Lang et al., 2007 Pepper et al., 1993). Thus, 

utilizing biosolids is a safe and sustainable method to improve soil biological properties (Lang 

and Smith, 2007; Mantovi et al., 2005; Rogers and Smith, 2007). 

A study by Vietor et al. (2010) evaluated the effects of biosolid composts on the 

establishment of Bermuda grass (Cynodon dactylon L.). These waste-based amendments were 

sprayed with aluminum sulphate and incorporated into the soil to assess organic matter content, 

nutrient availability, and nutrient loss from runoff. Researchers found that the addition of 

aluminum sulphate reduced runoff loss of nitrogen, phosphorous, and dissolved carbon. These 

elements were stabilized by binding to products from aluminum sulphate hydrolysis (Moore and 

Edwards, 2005; Sharpley et al., 2004). Therefore, incorporating biosolid composts sprayed with 
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aluminum sulphate limited nutrient runoff (Georgantas and Grigoropoulou, 2006; Pommerenk 

and Schafran, 2005; Strand et al., 2002). 

Mossa et al. (2017) evaluated how heavy metal contamination from over 100 years of 

sewage sludge disposal affected soil health. Researchers aimed to understand the beneficial and 

detrimental aspects of sewage sludge and determine an optimal rate of application. They 

measured organic matter content, labile and soluble metal concentrations, microbial diversity, 

abundance, and quantified contaminants including copper, lead, zinc, cadmium, and nickel. The 

results showed that low applications of sewage sludge improved soil quality, and did not pose 

health risks. Sewage sludge increased organic matter content and nutrient supply, which feed soil 

microbes, enhanced community structure, and limited contamination from heavy metals (Chen et 

al., 2016; El Azhari et al., 2012; Kelly et al., 1999). In contrast, high applications decreased soil 

health by elevating heavy metal concentrations (Garcia-Sanchez et al., 2015; Pennanen et al., 

1996). This led to a shift in microbial populations from mostly bacteria to fungi due to their 

ability to withstand contamination (Baath et al., 1998; Kandeler et al., 2000; Stefanowicz et al., 

2008). Researchers concluded that prolonged applications of sewage sludge at high rates result in 

extensive heavy metal contamination, and is detrimental to soil health. Thus, adequate 

stabilization is necessary to limit contamination. 

2.5  Dollar Spot Disease 

Pathogens are disease-producing agents that infect and alter the physiological functions 

of turfgrass diminishing its colour, quality, morphology, and growth (Smiley et al., 1992; Smith 

et al., 1989). Extensive disease pressure is detrimental to turfgrass health and vitality (Couch, 

1995). Pathogens vitiate susceptible hosts to enhance their own survival, reproduction, and thrive 

in environmental conditions conducive for infection (O'Neill, 1982; Smith et al., 1989). 
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Pathogens are responsible for a variety of diseases that commonly occur on turfgrasses, including  

brown patch, pink snow mold, necrotic ring spot, fairy ring, summer patch, red thread, and dollar 

spot. (Couch, 1995; Smiley et al., 1992). Disease prevention strategies aimed at reducing the 

vulnerability of turfgrass involve utilizing cultivars with increased genetic resistance, supplying 

adequate nutrients to plants, employing methods to hinder pathogen inoculation, and creating 

ambient surroundings unfavorable for disease development (Carrow, 2012b; Cook and Baker, 

1983; Couch, 1995; Lockwood, 1986). Among the many turfgrass diseases, dollar spot is one of 

the most prevalent and persistent (Boland et al., 2001). 

2.5.1 General information on Dollar Spot 

The disease dollar spot is produced by the fungal pathogen Clarireedia spp., with four 

species classified under the genus Clarireedia within the family Rutstroemiaceae (Salgado-

Salazar et al., 2018). These include Clarireedia homoeocarpa sp.nov., Clarireedia bennettii sp. 

nov., Clarireedia monteithiana sp.nov., and Clarireedia jacksonii sp. nov. Of the four species, 

Clarireedia monteithiana sp.nov., and Clarireedia jacksonii sp. nov. are globally distributed and 

infect a variety of cool and warm-season grasses such as Kentucky bluegrass (Poa pratensis L.), 

creeping bentgrass (Agrostis stolonifera L.), perennial ryegrass (Lolium perenne L.), tall fescue 

(Festuca arundinacea Schreb.), etc. (Salgado-Salazar et al., 2018). Once infected, Clarireedia 

spp. causes blight on leaf tissue, creating circular straw-coloured spots ranging between 1 to 10 

centimeters in diameter (Salgado-Salazar et al., 2018). Dollar spot occurs from early spring to 

late fall, thriving under moist and humid conditions, with daytime temperatures of 15 to 30 

degrees Celsius (Saharan and Mehta, 2008). Controlling this disease is imperative to maintain 

healthy turfgrass on golf courses, sports turf, home lawns, and professional landscapes (Couch, 

1995; Watschke et al., 2013). 
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Impacts on Turfgrass 

Dollar spot is present worldwide and affects almost all turfgrass species (Couch, 1995; 

Smiley et al., 1992). This disease substantially reduces the health, quality, and appearance of 

turfgrass, and is an extremely common disease on North-American golf courses (Boland et al., 

2001; Saharan and Mehta, 2008). It spreads by lawn mowers, golf carts, human traffic, infected 

leaf tissue, wind, etc. (Watschke et al., 2013). Vast amounts of money are spent on controlling 

dollar spot by implementing various chemical management practices (Hsiang et al., 2013). This 

includes the application of fungicides at preventative and curative rates which is effective and 

widely accepted (Hsiang et al., 2013; Watschke et al., 2013). However, it requires significant 

financial costs. This strategy raises numerous concerns regarding the negative impacts from 

repeated use and fungicide resistance (Javaid, 2010; Smith et al., 1989). 

Signs & Symptoms 

Clarireedia spp. produces fuzzy-white aerial mycelium that forms on leaf blades, and 

septate hyphae capable of continuous infection due to long-term survival in tissue, thatch, and 

soil (Boland et al., 2001; Saharan and Mehta, 2008). Once infected, symptoms of dollar spot 

include straw-coloured lesions that spread across foliage to produce round patches. Individual 

leaf blades may contain a single large lesion or multiple smaller ones (Boland et al., 2001; 

Saharan and Mehta, 2008). As the disease progresses, smaller lesions coalesce to form clusters, 

and patches appear sunken due to the formation of a dark-brown border (Watschke et al., 2013). 

Ultimately, extensive disease pressure will result in turfgrass death (Javaid, 2010). 
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Disease Cycle 

Clarireedia spp. produces mycelia that penetrates leaf tissue via wounds and stomata. 

Following inoculation, hyphae colonize epidermal and mesophyll cells, allowing the pathogen to 

secrete harmful enzymes, resulting in symptoms of dollar spot. Clarireedia spp. overwinter and 

withstand unfavorable environmental conditions through compacting masses of mycelium within 

the foliage (Boland et al., 2001; Couch, 1995; Saharan and Mehta, 2008; Smith et al., 1989; 

Watschke et al., 2013).  

2.5.2 Favourable Environmental Conditions  

Various environmental factors promote the occurrence of dollar spot (Couch and Bloom, 

1960). These include nutrient-scarce soil environments with limited moisture, elevated 

temperatures and humidity levels, prolonged periods of dew, and excessive water on turfgrass 

(Couch, 2000; Turgeon, 1991; Vargas, 2005). These ambient conditions favour the survival and 

infection of Clarireedia spp. and increase turfgrass susceptibility to disease (Couch, 1995; Couch 

and Bloom, 1960; Vargas, 2005). Moreover, if Clarireedia spp. encounters adverse settings, it 

remains dormant until the surroundings become conducive for infection (Couch, 1995; Couch, 

2000). 

Nutrient Deficient Soils 

Inadequate moisture and nitrogen content in soils reduce turfgrass health and disease 

suppression (Couch, 1995; Couch, 2000). Soils lacking nutrients increase pathogen survival, 

pathogenicity, and virulence (Beehag et al., 2016). As a result, turf grown in these adverse 

conditions has increased susceptibility to infection from Clarireedia spp. and exhibits heightened 

dollar spot severity (Schroeder and Sprague, 1996). Dry soils impose added stress on turfgrass, 
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hindering its ability to optimally execute physiological functions, thus, diminishing its vitality 

and causing foliage to wilt (Turgeon, 1991; Vargas, 2005). Fungal pathogens such as Clarireedia 

spp. feed on dying leaf tissue to improve survival and infection (Smith et al., 1989; Walsh et al., 

1999). Furthermore, insufficient concentrations of nitrogen restrict the growth of healthy leaf 

tissue (Truett, 2019). Therefore, appropriate maintenance and nutrient levels of soils are 

imperative to increasing turfgrass health and resistance to dollar spot (Couch and Bloom, 1960; 

Walsh et al., 1999). 

Leaf Wetness, Temperature, and Humidity 

Due to external surroundings, prolonged periods of dew increase the duration of leaf 

wetness, providing pathogens with a conducive environment for growth and infection (Beehag et 

al., 2016; Couch and Bloom, 1960; Turgeon, 1991). Moreover, warm temperatures ranging 

between 15 to 30 °C, coupled with extended periods of high humidity and cool nights, favour 

pathogen infection and increase disease pressure (Couch, 2000; Schroeder and Sprague, 1996; 

Vargas, 2005). As a result, dollar spot may occur from early spring to late fall (Couch, 1995; 

Schroeder and Sprague, 1996; Walsh et al., 1999). 

2.5.3  Management Strategies 

The surrounding environment affects hosts and pathogens in different ways and is 

fundamental to resisting or developing disease (Couch and Bloom, 1960; Couch, 1995). 

Management strategies must avoid environmental conditions favourable to dollar spot (Beard, 

1982; Christians et al., 2016; Couch, 2000). Moreover, various methods are implemented to 

increase host health, resistance, and abate susceptibility to disease (Truett, 2019; Turgeon, 1991). 

Additional practices aim to limit pathogen dissemination, restrict survival, and inhibit infection 

by reducing inoculation efficacy, pathogenicity, and virulence (Beehag et al., 2016 Schroeder 
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and Sprague, 1996; Vargas, 2005). These strategies involve a combination of physical, chemical, 

cultural, and biological management practices, and play a pivotal role in preventing and 

controlling dollar spot (Boland et al., 2001; Carrow, 2012b; Fagrness and Johns, 2004; Watschke 

et al., 2013). 

Physical & Chemical Practices 

Physical practices such as sanitizing maintenance equipment are used to restrict pathogen 

levels and activity (Christians et al., 2016; Turgeon, 1991). Similarly, utilizing chemicals such as 

fungicides inhibit infection and limit pathogen survival (Fagrness and Johns, 2004). These 

chemicals differ in their composition and modes of action. Many contact and systemic fungicides 

contain chlorothalonil, propiconazole, and iprodione, which are compounds effective at 

suppressing dollar spot (Fagrness and Johns, 2004; Hsiang et al., 2013). Contact fungicides 

remain on turfgrass foliage and protect the areas it covers, whereas systemic fungicides are taken 

up into plant tissue and redistributed to guard entire leaf blades (Hsiang et al., 2013; Young-Ki, 

2009). Moreover, air induction, sprayers, and fan nozzles, are needed to produce small droplets 

on turfgrass and cover entire leafage (Carrow, 2012a; Young-Ki, 2009). 

Following appropriate preventative and curative application methods of fungicides is 

necessary to ensure optimal efficacy and disease suppression (Fagrness and Johns, 2004; 

Schroeder and Sprague, 1996). Preventative measures are employed when environmental 

conditions become favourable for dollar spot. In contrast, curative practices are performed once 

dollar spot has occurred and begun to progress (Beehag et al., 2016; Fagrness and Johns, 2004; 

Hsiang et al., 2013). These involve increasing fungicide application rates and frequencies to 

mitigate disease (Young-Ki, 2009). Fungicides are beneficial for maintaining healthy turfgrass; 

however, continuous and excessive applications allow Clarireedia spp. to develop resistance 
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(Hsiang et al., 2013; Young-Ki, 2009). As a result, multiple fungicides varying in chemical 

classes and modes of action, are needed to sufficiently suppress disease (Fagrness and Johns, 

2004; Hsiang et al., 2013). Overall, utilizing fungicides is effective at reducing dollar spot 

severity, especially when coupled with other management practices (Truett, 2019; Vargas, 2005; 

Walsh et al., 1999). 

Cultural Practices 

Cultural management strategies involve manipulating the environment to reduce the 

potential for disease (Couch, 2000; Walsh et al., 1999). These methods decrease host 

susceptibility and create unfavourable ambient conditions for Clarireedia spp., hindering its 

survival and pathogenicity (Carrow, 2012a; Couch, 2000; Watschke et al., 2013). They include 

adequate fertilization, appropriate irrigation, dew removal, aeration, thatch reduction, and 

planting resistant cultivars (Schroeder and Sprague, 1996; Truett, 2019; Turgeon, 1991; Vargas, 

2005). These methods are energy-intensive and require sufficient knowledge of interactions 

between turfgrass, Clarireedia spp., and their environment (Beehag et al., 2016; Boland et al., 

2001; Couch and Bloom, 1960). Performing these practices requires understanding the history of 

dollar spot, epidemiology of Clarireedia spp., environmental conditions favourable for survival, 

growth, and dissemination, cropping, prevention methods, host susceptibility, and disease 

symptoms (Boland et al., 2001; Saharan and Mehta, 2008; Vargas, 2005; Watschke et al., 2013; 

Walsh et al., 1999). 

Turfgrass requires adequate nitrogen fertilization to increase vitality and disease 

suppression (Davis and Dernoeden, 2002; Landschoot and McNitt, 1997). Insufficient and 

excessive nitrogen levels are detrimental to plant health and promote infection from Clarireedia 

spp. (Hoyland and Landschoot, 1993; O’Keefe et al., 1986). As a result, application quantities 
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must be adjusted to provide ideal amounts of nitrogen and ensure healthy establishment 

(Schroeder and Sprague, 1996; Turgeon, 1991). Turfgrass rootzones containing low nitrogen 

contents lack the essential nutrients needed to support survival, growth, and suppress disease. 

Hence, this diminishes plant health and hinders its recuperative ability (Truett, 2019; Turgeon, 

1991). Similarly, excessive nitrogen fertilization causes foliage cell walls to deteriorate, thus 

increasing its susceptibility to dollar spot. Therefore, proper nitrogen application strategies 

involve lesser amounts and higher frequencies (Beard, 1982; Christians et al., 2016; Truett, 

2019). 

Proper irrigation schemes and dew removal are cultural practices done to ensure turfgrass 

receives sufficient moisture while limiting leaf wetness duration (Carrow, 2012b; Couch, 2000; 

Turgeon, 1991). Drought-stressed turfgrass is more susceptible to dollar spot. Hence, providing 

enough water is essential to sustain health and restrict disease (Connellan, 2013; McCarty, 

2018b; Smith et al., 1989). However, inappropriate and excessive watering techniques increase 

periods of leaf wetness, thus creating a conducive environment for Clarireedia spp. to thrive. 

Therefore, irrigation systems should be adjusted accordingly for deep and infrequent watering 

(Connellan, 2013; Couch, 2000; Walsh et al., 1999). Moreover, irrigating during mornings and 

afternoons allows foliage to dry faster, due to increased temperatures and humidity. In contrast, 

watering during evening hours prolongs leaf wetness overnight and aids in disease development 

(Turgeon, 1991; Vargas, 2005). Furthermore, removing dew and guttation fluids from foliage via 

dew-whipping, rolling, or mowing, is necessary to reduce leaf wetness and disease pressure 

(Beehag et al., 2016; Schroeder and Sprague, 1996). Collectively, these management strategies 

are effective are preventing dollar spot. 
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Maintaining soil health and limiting the external stress imposed on turfgrass are crucial 

aspects needed to withstand disease (Carrow, 2012a; Truett, 2019). To achieve this, various 

methods include aeration, thatch reduction, and elevated mowing heights (Carrow, 2012b; 

Turgeon, 1991). Aeration involves puncturing soil surfaces to create openings for enhanced 

nutrient movement and air circulation, thus reducing soil compaction and leaf wetness duration. 

Also, removing nearby trees improves air movement for drying foliage faster (Beard, 1982; 

Beehag et al., 2016; Vargas, 2005). Similarly, thatch reduction decreases soil density to facilitate 

turfgrass growth, nutrient retention, and disease suppression. Moreover, it restricts drought by 

improving water infiltration and percolation (Couch, 2000; Schroeder and Sprague, 1996; 

Turgeon, 1991). Once thatch layers exceed 1.5cm, removal is done by vertical mowing and 

topdressing with sand or soil. As a result, this destroys any pathogen structures that exist (Couch, 

2000; Beehag et al., 2016; Boland et al., 2001). Additional methods to restrict the external stress 

on turfgrass involve cutting at elevated heights (Christians et al., 2016). On golf course greens, 

continual mowing at low heights stresses turfgrass and increases its susceptibility to infection 

from Clarireedia spp. (Watschke et al., 2013). Establishing an infrequent mowing schedule and 

elevated height limits external stressors and aids in preventing dollar spot (Christians et al., 2016; 

Walsh et al., 1999). 

Planting genetically resistant and tolerant crops is a cultural practice done to avoid 

disease (Chen et al., 2010; Dowling, 1993; Hsiang et al., 2013). Resistance refers to inhibiting a 

pathogen’s life cycle, whereas tolerance involves the ability to withstand infection without dying 

(Beehag et al., 2016; Dowling, 1993; Walsh et al., 1999). Some turfgrass cultivars are less 

susceptible and possess increased tolerance for dollar spot (McCarty, 2018a; Truett, 2019). 

Among these, creeping bentgrass exhibits the ability to combat disease. However, different 
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cultivars vary in their susceptibility (Christians et al., 2016; Truett, 2019; Turgeon, 1991). 

Ongoing research aims to develop new cultivars of turfgrass that is dollar spot resistant. 

Biological Practices 

Biological management of dollar spot involves utilizing organisms to reduce pathogen 

levels (Javaid, 2010; Saharan and Mehta, 2008; Stewart et al., 2010). These organisms 

antagonize pathogens through mechanisms including competition, hyper-parasitism, induced 

resistance, etc. (Boland et al., 2001; Javaid, 2010; Stewart et al., 2010). This practice employs 

various active and passive strategies such as adding biocontrol agents and manipulating the 

environment to encourage natural antagonisms (Cook and Baker, 1983; Nelson et al., 1994; 

Javaid, 2010). For example, introducing a fungal antagonist that exhibits hyper-parasitism on 

Clarireedia spp. to obtain nutrients, can potentially restrict infection (Boland et al., 2001; 

Saharan and Mehta, 2008). Furthermore, adding microorganisms to increase competition for 

resources, can limit the ability of Clarireedia spp. to colonize leaf tissue and induce dollar spot 

(Goodman and Burpee, 1991; Nelson and Craft, 1991; Nelson and Craft, 1992a). Current 

research aims to develop methods for optimizing the use of biocontrol agents and effectively 

diminish pathogen infection (Cook and Baker, 1983; Nelson and Craft, 1992a; Nelson et al., 

1994). 

2.5.4 Organic Amendments and Dollar Spot Suppression 

Nelson and Craft (1992) studied the effects of organic fertilizers on dollar spot 

(Clarireedia jacksonii) suppression for creeping bentgrass (Agrostis palustris Huds.) and annual 

bluegrass (Poa annual L.) greens. Researchers evaluated the potential for organic compounds to 

control disease development in naturally infested turfgrass and visually measured severity from 

0-100 percent. Treatments included an unamended control, fungicides (propiconazole & 
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iprodione), plant and animal meals, and composts from sewage sludge, animal manures (cow and 

poultry), and spent mushroom substrate. Amendments were applied via top-dressing as a mixture 

including 30% of its organic material and 70% sand (vol:vol). 

Previous literature explains that disease development is favoured in nutrient-poor 

conditions with inadequate plant and soil health (Cook et al., 1964; Markland et al., 1969; Smith 

et al., 1989). Improving the chemical and biological properties of soils is imperative to enhance 

tolerance and reduce disease (Hoitink et al., 1986; Patrick and Toussoun, 1969). Although 

turfgrass received sufficient fertilization relative to their carbon content, some treatments did not 

substantially reduce disease pressure. Researchers found that composted sewage sludge and 

animal manures provided significant disease suppression relative to control plots, but were not 

greater than other treatments. Plant and animal meals were the most effective and consistent at 

reducing disease severity, with levels similar to fungicide treatments. They contained 

considerably lower nutrient concentrations compared to composts but produced higher disease 

suppression. Therefore, researchers were unable to provide a direct cause for disease reduction, 

due to their findings contradicting existing literature at that time. Nelson and Craft (1992) 

suggested that suppression of dollar spot was caused by an increase in soil organic matter 

content, which enhanced microbial communities (Cook et al., 1964; O'Neill, 1982). This led to 

increased microbial biomass, diversity, and activity, which increased decomposition, 

mineralization, and utilization of organic compounds, allowing beneficial microorganisms to 

reduce disease by antagonizing pathogens through their mechanisms of biocontrol (Cook and 

Baker, 1983; Cook et al., 1964; Goodman and Burpee, 1991; Nelson and Craft, 1991). In 

contrast, composts contained high nutrient concentrations but were highly stable and inaccessible 

for mineralization (Hoitink et al., 1986; O'Neill, 1982; Smith et al., 1989). Therefore, the specific 
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amount, composition, degradation, and accessibility of carbon are crucial attributes to ensure 

fertilizer is effective at reducing disease (Markland et al., 1969; Smith et al., 1989). Adequate 

mineralization and utilization of nutrients by beneficial microorganisms are imperative to 

stimulate their biocontrol mechanisms for combating dollar spot (Cook and Baker, 1983; Cook et 

al., 1964). 

In Boulter et al. (2002) researchers assessed the ability for five proprietary blends of 

feedstock composts to suppress dollar spot (Clarireedia jacksonii) in creeping bentgrass 

(Agrostis palustris Huds.) putting greens. Plots were inoculated once with 1g/m2 of seed 

inoculum, and disease severity was visually measured from 0-100 percent. Composts were 

applied at 12.2, 24.4, and 48.7 kg of dry matter/100m2 to provide adequate nutrient 

concentrations, and limit turfgrass stress. Moreover, they were top-dressed either once or every 

three weeks for seventy-seven days. Additional treatments included a pathogen only control and 

the fungicide Daconil 2787, applied every 14 days at its preventative rate of 95mL/100m2. 

Furthermore, environmental conditions were managed to maintain optimal aerobic and moisture 

levels within soils, allowing nutrients to remain available for extended periods. 

Researchers found no significant differences between compost varieties in their ability to 

suppress disease. They observed that a single application of compost was successful at limiting 

disease progression for up to 56 days after inoculation, with percent severity values similar to the 

fungicide. After 63 days, disease pressure intensified and composts were unable to suppress 

symptoms. Disease severity values were 20-30% greater in one-time fertilized plots, compared to 

those that received continuous fertilization. Multiple applications of compost were consistently 

effective at reducing disease and were statistically similar to the fungicide treatment. Percent 

severity values for composts were numerically lower than Daconil 2787, up to 56 days after 
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inoculation. As disease pressure reached its peak at 63 days, composts were ineffective and no 

different than the control. However, from 70-77 days they restricted disease progression and 

maintained values similar to Daconil 2787. Furthermore, the continuous addition of each 

compost at its high application rate was superior in disease suppression compared to plots that 

received lower applications of the same compost. 

Composts were successful in disease suppression due to the addition of organic matter 

content, and adequate release of nutrients into soil systems (Liu et al., 1995; Nakasaki et al., 

1998; Nelson and Craft, 1991; Nelson and Craft, 1992a). With elevated nutrient concentrations, 

turfgrass and soil microorganisms were able to utilize chemical elements to enhance plant health, 

microbial community structure including biomass, diversity, activity, and resist disease 

progression (Hoitink et al., 1993; Landschoot and McNitt, 1997; Lockwood, 1986; Nelson and 

Craft, 1991). This created competition for resources between soil microbes, which allowed 

antagonistic populations to obtain nutrients and suppress disease via its biocontrol mechanisms 

(Landschoot and McNitt, 1997; Nakasaki et al., 1998; Nelson and Craft, 1991). Previous 

research illustrates that the addition of nitrogen can increase bacterial and fungal populations 

within soils, and aid in suppressing dollar spot (Landschoot and McNitt, 1997; Nelson and Craft, 

1991). Changes in microbial community structure and population dynamics affect the ability of 

microbes to compete for resources, antagonize pathogens, and restrict disease progression 

(Hoitink, 1980; Hoyland and Landschoot, 1993; Lockwood, 1986; Nakasaki et al., 1998). 

Therefore, researchers concluded that multiple applications of feedstock composts were effective 

at suppressing dollar spot and can be utilized to minimize dependency on commercial fungicides. 

A study by Davis and Dernoeden (2002) examined the effects of organic fertilizers on 

turfgrass health and dollar spot (Clarireedia jacksonii) severity for creeping bentgrass (Agrostis 
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stolonifera L.) grown at fairway height. Researchers observed the potential of nine nitrogen 

sources to reduce dollar spot on naturally infested turfgrass by improving plant health, soil 

nutrient concentrations, and microbial activity. These included urea, sulphur-coated urea, 

Milorganite, Sustane Medium, Earthgro Select, Earthgro Dehydrated Manure, Ringer Lawn 

Restore, Com-Pro, and Scotts All Natural Turf Builder. Each fertilizer was applied at 50 kg N/ha 

to sand-based rootzones, and plots received four applications per year from 1994 to 2000. 

Researchers measured organic matter content, colour and quality ratings, foliar N concentration, 

soil microbial activity, and assessed disease severity weekly by visually counting infection 

centers within each plot. They found that Milorganite, Sustane Medium, and Ringer Lawn 

Restore consistently maintained turfgrass health, reduced dollar spot severity, and were 

statistically similar to inorganic fertilizers. The initial disease suppression from organic 

compounds was a result of increased carbon and nitrogen availability (Couch, 1995; Liu et al., 

1995). However, the efficacy of these amendments lessened as environmental conditions 

changed, and disease pressure intensified. Previous studies have shown that the addition of 

nitrogen can reduce dollar spot severity due to increased microbial activity (Couch, 1995; 

Landschoot and McNitt, 1997; Nelson and Craft, 1992a). This study did not observe significant 

changes in microbial communities relative to the control and attributed disease reduction to 

enhanced plant health (Couch, 1995). 

Liu et al. (1995) evaluated the effects of inorganic and organic amendments on dollar 

spot (Clarireedia jacksonii) suppression and microbial communities in turfgrass. They found that 

the ammonium nitrate and Ringer fertilizers significantly reduced dollar spot severity, and 

increased soil microbial biomass relative to other treatments. This was a result of elevated 

nitrogen concentrations within soils, which allowed turfgrass and soil microbes to access 
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nutrients (Nelson and Craft, 1991; O'Neill, 1982). Previous studies explain that nitrogen contents 

play a pivotal role in the ability for bacterial and fungal populations to utilize nutrients, and 

suppress disease through biocontrol mechanisms (Nelson and Craft, 1991; Nelson and Craft, 

1992a). However, researchers could not conclude that nitrogen availability was solely 

responsible for the observed results, due to fertilizers not being applied at a standardized rate. 

The use of soil amendments should provide adequate amounts of nutrients that are accessible for 

turfgrass absorption, and feed soils by enhancing their chemical and biological properties. As a 

result, this will increase plant health, soil quality, and disease suppression (Couch and Bloom, 

1960; O'Neill, 1982). 

In Goodman and Burpee (1991) researcher assessed the ability for bacterial and fungal 

species to suppress dollar spot (Clarireedia jacksonii) in creeping bentgrass (Agrostis palustris 

Huds.), through their mechanisms of biocontrol. They found that four microbial antagonists were 

successful at inhibiting the growth of Clarireedia jacksonii, and reduced disease by 25-90%. 

They produced toxic substances that suppressed disease via antibiosis and hyper-parasitism 

(Smith, 1989). Fusarium heterosporum was the most effective at restricting dollar spot 

progression by antibiotic pigmentation and repressed stromatization of Clarireedia jacksonii 

(Gordon, 1959). Therefore, researchers concluded that soil microbial populations have the 

potential to suppress dollar spot through their biocontrol mechanisms. Previous research by 

Loschinkohl and Boehm (2001) evaluated the effects of biosolid composts on turfgrass 

establishment, soil health, and leaf rust (Puccinia spp.) severity. Researchers found that biosolid 

composts significantly increased turfgrass growth, establishment, foliage percentage, and 

reduced leaf rust severity compared to control plots. The addition of organic matter and nutrients 

to soils enhanced turfgrass health through chemical uptake, soil quality, and disease suppression 
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(Sikora and Yakovchenko, 1996; Sikora et al., 1980). Therefore, researchers concluded that 

biosolid composts were effective at improving cropping systems, sub-standard soils, and 

reducing leaf rust. 

In Craft and Nelson (1996) researchers investigated the effects of various composts on 

suppressing dampening off and root rot in creeping bentgrass (Agrostis palustris Huds.). They 

found that composts from biosolids, sewage sludge, and animal manure feedstocks were the most 

effective at suppressing Pythium spp. diseases, and compost amendments improved soil organic 

matter, nutrient concentrations, and microbial community structure including biomass, diversity, 

and activity. Researchers observed that differences between composts in their ability to combat 

the disease were related to the soil’s dynamic ecosystem (Boehm et al., 1992; Chen et al., 1987). 

Overall, Craft and Nelson (1996) concluded that suppression of Pythium spp. diseases on 

turfgrass is dependent upon organic compounds sufficiently providing soils with nutrients to 

enhance microbial communities that are beneficial to plant and soil health (Boehm et al., 1993; 

Nelson and Craft, 1992b). 

2.5.5  Suppression from Biosolids 

Biosolids can potentially suppress dollar spot by increasing organic matter content, soil 

health, and natural biological antagonisms (Hoyland and Landschoot, 1993; Landschoot and 

McNitt, 1997; Nelson and Craft, 1992a). When applied as an organic fertilizer, biosolids provide 

soils with essential nutrients allowing beneficial microorganisms to out-compete pathogens, 

therefore limiting their pathogenicity and virulence (Cook and Baker, 1983; Nelson and Craft, 

1992a; Nelson et al., 1994; Patrick and Toussoun, 1969). These microbial communities 

experience intense levels of stress after turfgrass emergence, making it extremely vulnerable to 

Clarireedia spp. (Craft and Nelson, 1996; Liu et al., 1995). As a result, they utilize biosolids as a 
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nutrition source to combat infection via biocontrol mechanisms (Goodman and Burpee, 1991; 

Nelson et al., 1994). Therefore, applying biosolids to turfgrass reduces its susceptibility to dollar 

spot by improving soil health, nutrient status, and enhancing natural antagonism towards 

pathogens (Couch and Bloom, 1960; Markland et al., 1969; O'Neill, 1982). 

2.6 Summary 

Turfgrass has been cultivated for many centuries and provides numerous societal and 

environmental benefits (Beard, 1999; Beard et al., 2014). Appropriate management practices 

must be implemented to maintain optimal turfgrass health. Specifically, fertilization provides 

essential nutrients to support growth (Beard, 1982; Christians et al., 2016). Throughout the 

turfgrass industry, inorganic fertilizers are commonly used although their production requires 

extensive amounts of energy and money (Channarayappa and Biradar, 2019; Jordan, 2013). 

Excessive and long-term use of inorganic fertilizers cause serious negative environmental 

impacts and is unsustainable (Hall and Wayne, 2004; McKinlay et al., 2011; Prashar and Shah, 

2016). In contrast, utilizing organic fertilizers such as biosolids are cheaper, negate 

environmental concerns, and provides a practical method of fertilization that enhances plant and 

soil health for long periods (Sasmal, 2016; Soderberg and Mischke, 2012; Srinivasarao et al., 

2013). Biosolids are nutrient-rich organic material recycled from refined sewage sludge (Boen 

and Haraldsen, 2011; Sanchez-Monedero et al., 2004). The current methods of disposing human-

waste results in landfill accumulation and combustion, which are extremely detrimental to the 

environment (Danso-Boateng, 2018; Merzlaya et al., 2017; Ragazzi, 2016). Utilizing biosolids 

on inedible agricultural crops such as turfgrass provides an alternative method of disposal that is 

renewable and sustainable. They have the potential to increase turfgrass health, soil quality, and 

suppress diseases (Loschinkohl and Boehm, 2001; Rattan, 2016; Shammas and Wang, 2007). 
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However, inappropriate use can cause phytotoxic effects (Eljarrat et al., 2012). Furthermore, 

biosolids have the ability to suppress dollar spot (Schroeder and Sprague, 1996; Vargas, 2005). 

Dollar spot is the most prevalent and devastating turfgrass disease worldwide, infecting almost 

all species (Boland et al., 2001; Saharan and Mehta, 2008). Current management practices 

greatly depend on fungicides to combat this disease. However, chemical control is costly and 

raises concerns regarding fungicide resistance (Fagrness and Johns, 2004; Hsiang et al., 2013; 

Young-Ki, 2009). Biosolids can reduce dollar spot development by providing nutrients to 

turfgrass to withstand disease (Hoyland and Landschoot, 1993; Landschoot and McNitt, 1997). 

Moreover, they can increase the chemical and biological properties of soils to promote disease 

suppression via biocontrol from antagonistic soil microorganisms (Cook and Baker, 1983; 

Goodman and Burpee, 1991; Nelson et al., 1994). Therefore, turfgrass is an important 

agricultural crop that can be fertilized with biosolids to improve plant and soil health. 
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Chapter 3: Biosolids and Turfgrass Health 

3.1 Abstract  

This research examines the ability of biosolids to enhance turfgrass health and observes 

its effects on seedling emergence of creeping bentgrass (Agrostis stolonifera L.). Field trials 1 

and 2 assessed plant health, while the greenhouse experiment evaluated the potential toxicity of 

biosolids on seedling emergence. The results consistently showed that when supplemented with 

an inorganic fertilizer, the use of biosolids led to turfgrass quality that was comparable to solely 

using the inorganic fertilizer, and significantly greater than the negative control for all variables. 

Furthermore, biosolids did not reduce turfgrass emergence nor were they toxic to turfgrass 

seedlings. Overall, biosolids maintained turfgrass health and were not detrimental to seedling 

emergence. 

3.2 Introduction  

Maintaining optimal turfgrass health benefits the environment by reducing carbon 

dioxide emissions and soil erosion (Connellan, 2013; McCarty, 2018b; Selhorst, 2011). To 

ensure turfgrass remains healthy, proper management practices must be implemented such as 

establishing an effective fertilization program, as it provides nutrients for turfgrass to utilize and 

grow (Beard, 1982; Beard, 1999; Beard, 2002; Christians et al., 2016). Inorganic fertilizers are 

common because they are effective and efficient, however, they have numerous economic costs 

and negative environmental impacts (Cassman et al., 2008; Channarayappa and Biradar, 2019; 

Goyal et al., 1999; Weindorf et al., 2011). Utilizing biosolids to fertilize turfgrass may reduce the 

use of inorganic fertilizers and provides an alternative solution. Previous literature highlights the 

effectiveness of organic waste amendments, such as animal manures, sewage sludge, and 



 
 

50 
 

biosolid composts, at maintaining turfgrass health (Boen and Haraldsen, 2011; Dede and 

Ozdemir, 2015; Garling and Boehm, 2001; Linde and Hepner, 2005; Zhang et al., 2011). 

Biosolids can maintain turfgrass health by providing adequate levels of nutrients that nourish soil 

rootzones and improve fertility (Flavel and Murphy, 2006; Loschinkohl and Boehm, 2001; 

Petrovic, 1990; Sullivan et al., 2016). Also, fertilizing turfgrass with biosolids provides an 

alternative method of waste disposal that is sustainable, renewable, and cost-efficient. Current 

waste management practices result in the majority of sewage sludge accumulating in landfills or 

being incinerated, posing serious environmental concerns (Danso-Boateng, 2018; Moreira et al., 

2018; Ragazzi, 2016). Using biosolids to fertilize inedible crops such as turfgrass is a viable 

solution to prevent these negative environmental impacts. Although biosolids can maintain 

turfgrass health, they also have the potential to cause phytotoxic effects (Tesfamariam et al., 

2009; Tesfamariam et al., 2013). Biosolids may contain high levels of salts and other heavy 

metals that can be toxic to turfgrass (Kao et al., 2006; Mossa et al., 2017). Previous studies 

illustrate that excessive and inappropriate use of sewage sludge and biosolid composts can 

impact plant and soil health (Cheng et al., 2007; Kao et al., 2006; Mossa et al., 2017; 

Tesfamariam et al., 2009; Vietor et al., 2010). This research examined the effects of biosolids on 

turfgrass health parameters and their potential toxicity on emerging seedlings. Specifically, it 

evaluated the potential for biosolids to supplement or replace conventional inorganic fertilizers, 

their ability to improve or maintain the quality of established turfgrass, and their potential 

phytotoxic effects on seedling emergence. It is hypothesized that the use of biosolids as 

fertilizers on turfgrass will improve or maintain turfgrass health without causing detrimental 

effects. 
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3.3 Materials and Methods 

3.3.1 Fertilizer Products  

Fertilizer treatments included a negative control containing no fertilizer, two inorganic 

controls, and three organic fertilizers (Table 3.1). The FMSTM Inorganic fertilizer was produced 

by Nutrite, Inc., Guelph, ON, and contained micronutrients at levels similar to the biosolids. 

NitroformTM was supplied by Koch Agronomic Services, Kansas, US, and Triple 

Superphosphate was obtained from the Bovey Teaching Greenhouse at the University of Guelph, 

Ontario, Canada. Both inorganic fertilizers were products commonly used on turfgrass. The 

Lystek and Nutri-Pel were biosolid products created from human waste in Ontario, Canada. 

Lystek was pelletized from material obtained in Guelph, ON by Lystek International. Similarly, 

Nutri-Pel was pelletized from purified sewage collected in Toronto, ON by Veolia Water Canada 

Incorporation. Sustane (also called O’Natural) was produced from turkey litter into small 

granules and is also a product of Nutrite, Inc. This treatment was included to observe how 

processed waste material from poultry compared to biosolids when applied as an organic 

fertilizer. As well, it is a commonly used organic fertilizer on turf. 

The water-insoluble nitrogen percentage (WIN) represents the portion of nitrogen within 

each fertilizer that is insoluble to water (Table 3.1). This value affects the amount of nitrogen 

available for turfgrass absorption. All biosolids were slow-release fertilizers with similar 

nitrogen contents and WIN percentages. In contrast, the two inorganic fertilizers differed in their 

WIN; 90% of nitrogen in the FMSTM Inorganic was water-soluble while only 27% was water-

soluble for NitroformTM + TSP.
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Table 3.1. Fertilizer specifications for all research studies. Information per manufacturer is accurate from 2018 to 2020.

Fertilizer Product    N-P-K                   WIN %z       Description             Source   

  FMSTM Inorganic Inorganic 24 – 6 – 12 10 Commercial fertilizer Nutrite, Inc. 

  NitroformTM Inorganic 39 – 0 – 0 73 Commercial fertilizer Koch Agronomic Services. 

  Triple Superphosphatey       Inorganic 0 – 46 – 0   - Commercial fertilizer Unknown 

  Lystek Organic 3 – 2.4 – 0.1 52 Biosolid (human waste) Lystek International.   

  Nutri-Pel Organic 4.5 – 6 – 0 48 Biosolid (human waste) Veolia Water Canada, Inc. 

  Sustane Organic 5 – 4 – 3 48 Turkey litter Nutrite, Inc .   

z WIN represents the percent water-insoluble nitrogen of each fertilizer. This portion does not breakdown when water is present. 
y Triple Superphosphate (TSP; 0-46-0) was obtained from the Bovey Teaching Greenhouse at the University of Guelph, Ontario, Canada, and was 

only added to NitroformTM at an application rate of 1.5 kg P2O5 / 100m2/ season. 
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3.3.2 Field Trials 1 and 2 

3.3.2.1 Experimental Sites 

Both experimental sites were conducted at the old location of the Guelph Turfgrass 

Research Station in Guelph, Ontario, prior to its relocation (43.5406° N, 80.2217° W). Field trial 

1 contained a mix of fine fescue (Festuca spp.) turf, that was grown on a Granby sandy loam 

(Taylor and Doucette, 1994) established in 2006. The field was in use for this study for a total of 

three growing seasons, from May 2018 to October 2020. The turf on the site used for Field trial 2 

was a lawn mix consisting of 30% Kentucky bluegrass (Poa pratensis L.), 30% creeping red 

fescue (Festuca rubra L.), and 40% perennial ryegrass (Lolium perenne L.). It was also grown 

on a Granby sandy loam established within the last five years. This field was in use for a total of 

two growing seasons, from May 2019 to October 2020. 

3.3.2.2 Treatments 

There were a total of 26 treatments in Field trial 1, 28 treatments in Field trial 2, and plots 

were 2m2 (1 x 2 m). Treatments varied in product, ratio of inorganic to organic fertilizer, and 

application frequency (Table 3.2). The products used in Field trial 1 were FMSTM Inorganic, 

Lystek, Nutri-Pel, and Sustane. Field trial 2 contained an additional inorganic fertilizer treatment 

of NitroformTM (39-0-0) + Triple Superphosphate (TSP) (0-46-0), both of which were only 

applied at the 100% application rate. NitroformTM was applied at a rate of 1.5 kg of 

nitrogen/100m2/season and varied in frequency application. TSP was applied at a rate of 1.5 kg 

of P2O5/100m2/season. 

Application Rate 

The target application rate was 1.5 kg of nitrogen/100m2/season. All plots received the 

same amount of nitrogen per season, with the exception of the negative control treatment plots 
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which received no fertilizer throughout the course of the study, and the medium (50% of the 

recommended rate) and low (25% of the recommended rate) inorganic fertilizer (FMS) 

treatments. Total fertilizer applied was specific to each fertilizer, and varied in combinations and 

proportions to collectively attain the target application rate. Lystek, Nutri-Pel, and Sustane were 

applied solely (100% treatments) and supplemented with the FMSTM Inorganic (organic : 

inorganic; 75%/25% and 50%/50% treatments) (Table 3.2). 

Application Frequency 

All fertilizer treatments were applied to designated plots at frequencies of two or three 

times per season (Table 3.2). The duration of one season was grown for 6 months (24 weeks) and 

lasted from May to October. Applications for the Frequency 2x treatments occurred during 

weeks 1 and 12, whereas for the Frequency 3x treatments were applied at weeks 1, 8, and 16.  

3.3.2.3 Fertilizer Application  

Fertilizers were applied by hand via topdressing, and the amount of fertilizer applied to 

plots was calculated based on application rate, frequency, nitrogen content of the product, and 

plot size (Table 3.2, Appendix 3.1, Appendix 3.2). For Field trial 2, both NitroformTM and Triple 

Superphosphate were weighed and combined before application to plots. This additional 

treatment accounted for the large amounts of phosphorous applied with biosolids and provided a 

treatment comparable to those levels (Table 3.2, Appendix 3.1, Appendix 3.2).
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Table 3.2. Treatments for Field trials 1 and 2. Application percentages represent the amount of fertilizer applied relative to the target application 

rate.

Fertilizerz                                                              Target Application Ratey   Application Frequency x 

                                                                           (kg of nitrogen/100m2/season)            (per season) 

  Negative Control     No fertilization                No fertilization 

  FMSTM Inorganic (100%)  1.5  2x & 3x 

  FMSTM Inorganic (50%)  0.75  2x & 3x 

  FMSTM Inorganic (25%)  0.375  2x & 3x 

  NitroformTM + TSP (100%)w  1.5  2x & 3x 

  Lystek (100%)  1.5  2x & 3x 

  Lystek (75%) + FMSTM Inorganic (25%) 1.5  2x & 3x 

  Lystek (50%) + FMSTM Inorganic (50%) 1.5  2x & 3x 

  Nutri-Pel (100%)  1.5  2x & 3x 

  Nutri-Pel (75%) + FMSTM Inorganic (25%) 1.5  2x & 3x 

  Nutri-Pel (50%) + FMSTM Inorganic (50%) 1.5  2x & 3x 

  Sustane (100%)  1.5  2x & 3x 

  Sustane (75%) + FMSTM Inorganic (25%) 1.5  2x & 3x 

  Sustane (50%) + FMSTM Inorganic (50%) 1.5  2x & 3x

z Negative control received no fertilization. FMSTM Inorganic (N-P-K; 24-6-12) was supplied by Nutrite, Inc., and its micronutrient levels were 

similar to the biosolids. NitroformTM (N-P-K; 39-0-0) was supplied by Koch Agronomic Services and TSP (Triple Superphosphate; N-P-K; 0-46-

0) by the Bovey Teaching Greenhouse at the University of Guelph, Ontario, Canada. Lystek (N-P-K; 3-2.4-0.1) was supplied by Lystek 

International, and Nutri-Pel (N-P-K; 4.5-6-0) Veolia Water Canada, Inc. Lystek and Nutri-Pel were biosolids produced from human waste. Sustane 

(N-P-K; 5-4-3) was supplied by Nutrite, Inc., and was turkey litter. 
y Fertilizers were applied at a target application rate of 1.5 kg of nitrogen/100m2/season. All plots received the same level of fertilization except for 

FMSTM Inorganic 50% and 25%, which received 0.75kg and 0.375kg, respectively. The 75% and 50% treatments for Lystek, Nutri-Pel, and 

Sustane were supplemented with FMSTM Inorganic 25% and 50%, respectively.  
x Fertilizer treatments were applied either two or three times per season. 
w NitroformTM + TSP (Triple superphosphate) was included in Field trial 2 but not Field trial 1. 
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3.3.2.4 Environmental Conditions and Turfgrass Maintenance 

The average daily temperatures in 2018, 2019, and 2020 ranged between 70C to 210C 

during each growing season from May to October (Environmental Canada Weather Station 

Data). Irrigation was applied using an automatic irrigation system with Toro Synergy Series 

DT50 sprinkler heads. Plots were irrigated to prevent drought stress and were done once daily at 

6 am for both field trials. Each watering event lasted 10 minutes and plots received between 

15mL - 20mL of water. Moreover, irrigation was done for an additional 10 minutes following 

every fertilizer application to help with fertilizer breakdown into plots. Plots were mowed to a 

height of 6.4cm (2.5 inches) using a John Deere 7400 mower. Mowing was done twice weekly 

from May to August, and once per week from September to October for both field trials. There 

was a 0.5m wide border row between plots that was mowed once weekly using a Toro 22” 

Personal Pace Lawn Mower. Both field trials received an application of Nufarm Trillion® Turf 

Herbicide, at a rate of 60mL/10L/100m2 in June 2019 and 2020. 

3.3.2.5 Soil Sampling 

Soil samples were collected from the 100% fertilizer treatments only for both field trials. 

For Field trial 1, soil samples were taken in October 2018, and in May and October in 2019 and 

2020, whereas for Field Trial 2 they were taken in May and October in 2019 and 2020. A total of 

twenty soil cores were taken from each plot to a depth of 5cm below the thatch layer using a 

tubular soil sampling probe with an opening of 2cm in diameter The turf and thatch layer were 

removed and disposed of in the field. Soil samples were broken up by hand, spread evenly within 

14cm x 10cm aluminum foil trays, and air dried until placed in long-term storage. Within 5 days, 

they were sieved to 2mm aggregates and sectioned into Ziploc bags. To uniformly cover the 
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entire plot area (1 x 2 m), five soil cores were taken lengthwise every 40cm and were repeated 

four times with each set being 20cm apart. 

3.3.2.6 Dependent Variables  

Colour & Quality Ratings 

Turfgrass colour and quality ratings were assessed through a visual rating system using 

guidelines developed from The National Turfgrass Evaluation Program (NTEP) (Morris and 

Shearman, 1998). Visual ratings were based on a 1 to 9 scale that represented low to high 

standards, respectively. A rating of 6 and above was considered acceptable. The evaluation was 

done blindly to prevent unconscious bias, and subjective estimates involved considering multiple 

factors such as turfgrass growth, density, uniformity, colour, quality, texture, and smoothness. 

Turfgrass colour ratings accounted for both genetic and seasonal influence. Genetic 

colour illustrated the inherent genotypic characteristics of turfgrass and included a rating scale 

from light to dark green. Colour ratings were taken under minimal plant stress and during the 

active growing period. In contrast, seasonal colour assessed the overall plot and was used to 

differentiate between nutrient deficiency and environmental stress. It included a rating scale from 

straw-yellow to luscious dark green.  

Turfgrass quality ratings were associated with aesthetics and functionality. The 

assessments were based on density, leaf-blade texture, and uniformity of turfgrass. Collectively, 

these factors attributed to the overall plot rating from low to high quality turfgrass. All ratings 

were done monthly during every season for Field trials 1 and 2. Quality ratings were taken 

between 8-11 AM to ensure adequate sunlight for clearly viewing plots. Furthermore, this 
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prevented excessive sun exposure from altering the appearance of plots and established 

consistency in observation methods. 

Weed Percentage 

Weed counts were performed using the point-quadrat method, in which a twenty-five 

point quadrat (4 x 5 grid; total = 40cm x 50cm; each square was 10cm x 10cm) was placed on 

each plot four times to obtain an assessment of a hundred marks (Campbell and Madden, 1991). 

Quadrats were systematically distributed to cover the entire plot area and weed percentage was 

assessed monthly based on the number of points that touched weed foliage. A variety of 

dandelion, clover, chickweed, black medic, and broadleaf plantain were observed. Area under 

weed progress curve (AUWPC) was calculated using the equation from Campbell and Madden 

(1991): 

{ AUWPC = ∑
(𝑌𝑖)+(𝑌𝑖+1)

2

𝑛−1
𝑖=1  𝑥 [(𝑇𝑖 + 1) − (𝑇𝑖)] } 

“ Yi” is the weed count, “Ti” is the time in days at the “i”th observation, and “n” is the total 

number of observations. This calculation made use of values to produce a weed progress curve, 

which illustrated weed infestation over time. The calculated area under this curve produced a 

single AUWPC value that represented weed progression throughout the season. 

Clippings Weight 

Clippings were obtained from each plot using a Toro 22” Personal Pace Lawn Mower, 

containing a mower width of 56cm, and two 3cm guards on opposite sides. The blade width was 

50cm and the mower was set to cut turfgrass at a height of 6-6.5cm. Mowing was done 

lengthwise, through the center of each plot, and at a consistent speed for approximately five 

seconds to remove 1m2 of leaf tissue. Subsequently, clippings were transferred to plastic bins, 
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then brushed into paper bags and dried at 600C-800C for 7-14 days. Before each collection, 

maintenance mowing was delayed for 5-7 days to ensure adequate turfgrass growth. After each 

collection, the entire plots were mowed to a uniform height. Clipping collections were taken at 

the end of each season for Field trials 1 and 2. The dry weight of clippings was measured in 

grams per plot using a top-loading Balance. 

Nutrient Analysis 

Nutrient analysis was done for all treatments in Field trial 1 at the end of the study, by the 

Agricultural and Food Laboratory at the University of Guelph. Ten grams of dry leaf tissue were 

obtained via clipping collection, dried, and tested for total nitrogen, phosphorous, and potassium. 

Nitrogen concentrations was measured by catalytic combustion at 950 0C in an Elementar Vario 

Macro Cube, and analyzed using thermal conductivity detection. Phosphorous and potassium 

concentrations were measured by microwave digestion, and extracts were analyzed using a ICP-

OES (Agilent 5500). 

3.3.3 Greenhouse Toxicity Experiment  

The greenhouse experiment assessed the safety and potential phytotoxic effects of 

biosolids on turfgrass emergence. The study was conducted on creeping bentgrass (Agrostis 

stolonifera L.) cultivar ‘Penncross’ turf as a randomized complete block design with 104 tubes, 

including 26 treatments each with 4 replicates. Replicates were blocked to account for variable 

sun exposure in the greenhouse. Moreover, tubes were rotated 180 degrees once weekly. The 

seeding rate was 0.5 kg/100m2. Seeding and harvesting were done by block and coordinated to 

ensure each tube was grown for the same amount of time. This toxicity experiment lasted six 

weeks and was done in the Bovey Research Greenhouse in Guelph, ON. 
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3.3.3.1 Treatments 

Fertilizers were applied once immediately before seeding at various pre-plant application 

rates. Each fertilizer was incorporated or top-dressed at a low, medium, or high application rate 

of 0.25, 0.5 and 0.75 kg of nitrogen/100m2, respectively. The industry recommended pre-plant 

application rate was 0.5 kg of nitrogen/100m2, therefore, a fifty percent increase and reduction 

were done as comparison treatments to determine if observed differences were due to biosolid 

toxicity or nitrogen deficiency (Table 3.3, Appendix 3.3). 

Table 3.3. Treatments for the biosolids toxicity experiment. Application methods and rates varied 

between fertilizer treatments.

  Fertilizer                         Application Method & Ratezy            

              Incorporated               Top-dressed              # of Treatments

  Negative Control          N/A          N/A            2 

  FMSTM Inorganic    Low     Medium     High      Low     Medium     High          6 

  Lystek      Low     Medium     High     Low     Medium     High          6 

  Nutri-Pel     Low     Medium     High     Low     Medium     High          6 

  Sustane     Low     Medium     High     Low     Medium     High          6

z Fertilization occurred once during seeding at various pre-plant application rates. Fertilizers were applied 

at a low, medium, and high application rate of 0.25, 0.5 and 0.75 kg of nitrogen/100m2 respectively.  
y Fertilizers were incorporated and top-dressed at each application rate. The top 3cm of tubes were 

manipulated to ensure organic matter was present at a depth of 5-10cm. 

 

3.3.3.2 Turfgrass Rootzone  

Turfgrass was grown in 40cm long PVC tubes with a diameter of 8cm. Rootzones 

followed the standard USGA green guidelines including a 10cm gravel layer at the bottom and 

27cm of siliceous sand. The top 3cm was manipulated for each treatment based on 

recommendations of incorporating organic matter at a depth of 5-10cm. Sand was obtained from 

Hutcheson Sand & Mixes (Huntsville, ON), and rootzones were built following standard United 

States Golf Association (USGA) specifications. This sand was an effective medium used to 
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minimize variation, test biosolid toxicity on turfgrass emergence, and ensure observed 

differences were solely due to varying fertilizer treatments. Utilizing siliceous sand was more 

practical compared to calcareous sand where many products were buffered to stop nutrient and 

pH changes by absorption, thus making it unsuitable to observe potential toxicity of biosolids. 

Furthermore, other media such as peat contained organic matter that could potentially interact 

with fertilizers, absorb nutrients, and influence turfgrass growth. 

3.3.3.3 Greenhouse Conditions and Turfgrass Maintenance 

The temperature in the greenhouse was maintained between 200C-220C from dawn till 

dusk, and180C at night. Greenhouse lights were active from 6 AM - 9 PM. Clippings were 

collected once weekly on all tubes that turfgrass exceeded 12mm in height. The 1/3 clipping rule 

was followed by monitoring turfgrass height to ensure foliage did not surpass 18mm. 

Furthermore, top-dressing was done once weekly on tubes that required additional sand to 

protect turfgrass crowns while growing.  

At the beginning of the 6-week experiment, turfgrass rootzones were fertilized, seeded, 

and watered to field capacity using municipal water obtained in Guelph, Ontario. Tubes were 

irrigation from 6 AM to 6 PM every 30 minutes for 1 minute, and occurred from seeding to 

turfgrass emergence. Overhead sprinklers released water at a rate of 4mL/min, hence tubes 

received 8mL / hour. Preliminary tests were done assessing field capacity levels and water loss 

via evapotranspiration to determine standard irrigation levels. Tubes were potted with sand, 

watered to field capacity, and changes in weight were recorded every hour. Tests indicated each 

tube lost approximately 8mL/hour during the day, and 1mL/hr overnight. Therefore, tubes 

received 8mL/hour to replace water loss due to evapotranspiration and were done every 30 

minutes to ensure the top 3cm of soil was constantly moist. It was crucial to determine the 
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correct irrigation regime to ensure the toxicity experiment was done properly. Excessive amounts 

would cause leaching of biosolids rendering them ineffective, and minimal watering would result 

in drought stress and prevent turfgrass emergence. 

3.3.3.4 Dependent Variables 

Emergence Time 

Emergence time was measured visually by observing the day turfgrass leaf blades 

protruded the tube’s surface. Days to emergence were recorded from the initial pre-plant 

fertilization and seeding event. Previous literature stated that turfgrass emergence of creeping 

bentgrass occurs in 7-14 d after seeding. After 6 d, each treatment was checked daily for 

turfgrass emergence. 

Percent Turfgrass Coverage 

Percent turfgrass coverage was evaluated once weekly after the initial fourteen-day 

emergence period. It was done visually by assessing turfgrass growth, density, coverage of tube 

opening, and visibility of the root zone. Moreover, treatments were rated from 0-100%, with 0% 

pertaining to no turfgrass present, and 100% corresponding to dense turfgrass foliage completely 

covering the tube’s surface. 

Colour & Quality Ratings 

Colour and quality ratings were evaluated weekly using guidelines outlined by NTEP. 

Observations were taken following the same parameters as Field trials 1 and 2. 
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3.3.4 Statistical Analysis 

Statistical analyses were done using SAS Institute, University Edition, Version 9.4 

(Statistical Analysis System Software, Cary, NC). A generalized linear mixed model assessment 

was performed by Proc Glimmix to evaluate turfgrass parameters. Analysis of variance 

(ANOVA) was conducted separately for each evaluation date to produce the main effects of 

fertilizers, frequencies, and their potential interactions (model statement: variable = fertilizer, 

frequency, fertilizer-by-frequency) for Field trials 1 and 2. An ANOVA for the toxicity trial 

presented the main effects of fertilizers, application methods, rates, and their possible 

interactions (model statement: variable = fertilizer, method, rate, fertilizer-by-method, fertilizer-

by-rate, method-rate, fertilizer-by-method-by-rate). Least-square means (LSMEANS) of 

treatments were compared using the Tukey-Kramer Test (lsmeans statement: adjust = tukey 

lines), and differences were significant at p < 0.05 ( = 0.05). Furthermore, weed counts were 

transformed into seasonal summative assessments using the area under progression curve 

calculation. (Campbell and Madden, 1991; Madden et al., 2007). 

3.4 Results 

3.4.1 Field Trial 1 

Colour & Quality Ratings 

Throughout Field trial 1 there was no significant interaction between fertilizers and 

frequencies on turfgrass colour and quality (Appendix 3.4, Appendix 3.5, Table 3.4, Table 3.5, 

Table 3.6, Table 3.7). From 2018 to 2019, fertilizers applied at different frequencies did not 

significantly affect overall colour and quality ratings. However, in August and September 2020, 

plots that were fertilized twice per season had superior colour relative to those that received three 

applications (p < 0.05, Table 3.5). Similar trends were observed for turfgrass quality in 
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September 2020 (p < 0.05, Table 3.7). In addition, there were significant differences between 

fertilizers on turfgrass colour and quality ratings from 2019 to 2020 (Tables 3.4 through 3.7). 

In 2018, all plots had acceptable (6 or above) colour ratings. The negative control had the 

lowest values from 6.0–6.1, while FMSTM Inorganic 100% was significantly greater and had the 

highest values at 7.0–7.6. Nearly all other treatments were statistically similar to both the control 

and FMSTM Inorganic 100%. In August, only Sustane 100% and 75% were comparable to 

FMSTM Inorganic 100% and significantly greater than the negative control, with values ranging 

from 7.3–7.5. However, Sustane 100% and 75% were statistically equal to all other treatments (p 

< 0.05, Appendix 3.4). From May to July in 2019, all treatments had similar colour ratings and 

were below the minimum acceptable standard, ranging from 4.0–5.6. As the season proceeded, 

similar trends were seen with the negative control and FMSTM Inorganic 100%. Their values 

ranged from 3.9–4.8 and 5.4–6.4, respectively. In August, all fertilizers were statistically similar 

except for Lystek 100%, which was significantly lower than FMSTM Inorganic 100%. FMSTM 

Inorganic 100%, 50%, Sustane 75% and 50% had significantly higher colour ratings than the 

negative control. In September all fertilizers were similar, while FMSTM Inorganic 100%, Lystek 

75%, Nutri-Pel 50%, Sustane 75% and 50% were significantly greater than the control. The same 

observations were made in October while only FMSTM Inorganic 100%, and Lystek 50% were 

statistically greater than the control (p < 0.05, Table 3.4). From August to October in 2020, 

trends from previous years were observed. The negative control had the lowest values ranging 

from 4.1–5.5, while FMSTM Inorganic 100% was significantly greater with ratings from 6.3–7.6. 

All fertilizers were statistically similar while FMSTM Inorganic 100% and Lystek 50% were 

significantly greater than the control in August, Lystek 75% and 50% greater in September, and 
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FMSTM Inorganic 100%, Lystek 75%, 50%, Nutri-Pel 50%, Sustane 75% and 50% greater in 

October (p < 0.05, Table 3.5). 

In 2018, there were no significant differences between fertilizers on turfgrass quality with 

ratings ranging from 5.8–6.9 in June and 5.5–7.0 in August (Appendix 3.5). Similarly, from May 

to July in 2019 all treatments were comparable and remained below the minimum acceptable 

standard. As the season advanced, the negative control had the lowest ratings from 4.4–4.9, 

while FMSTM Inorganic 100% was significantly greater and had the highest values at 5.8–6.8. 

All other fertilizers were statistically similar to both the control and FMSTM Inorganic 100% (p < 

0.05, Table 3.6). Similar trends were observed in 2020 between the negative control and FMS 

Inorganic 100%. Quality ratings ranged from 4.4–6.1 and 6.4–7.9, respectively. In August, 

FMSTM Inorganic 100%, Lystek 75%, 50%, Nutri-Pel 50%, and Sustane 75% all had similar 

quality ratings, and were significantly greater than the control. In October, all Lystek, Nutri-Pel 

and Sustane treatments were comparable to the FMSTM Inorganic 50% and 25%, while only 

Nutri-Pel 50% was statistically equal to FMSTM Inorganic 100%. Moreover, FMSTM Inorganic 

100%, Lystek 75%, 50%, Nutri-Pel 100%, 50%, Sustane 75% and 50% were significantly 

greater than the control (p < 0.05, Table 3.7).
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Table 3.4. Colour ratings of Field trial 1 in 2019. Plots were assessed on a 1-9 rating scale with 1=yellow/straw, 6=minimum acceptable colour, and 9=dark 

green. Visual ratings were done following guidelines from the National Turfgrass Evaluation Program (NTEP), and reflected both genetic and seasonal colour.

 
                                  Evaluation Datex 

Treatment  May 2019  July 2019    August 2019   September 2019      October 2019

Fertilizerz -----------------------------------                 Turfgrass Colourw                 ----------------------------------- 

  Negative Control 5.5 4.3 4.8 c 4.0 b 3.9 b 

  FMSTM Inorganic (100%) 5.1 4.9 6.4 a 5.6 a 5.4 a 

  FMSTM Inorganic (50%) 4.8 4.8 6.0 ab 5.1 ab 4.8 ab 

  FMSTM Inorganic (25%) 5.1 4.5 5.5 abc 4.9 ab 4.3 ab 

  Lystek (100%) 5.1 4.4 5.1 bc 5.0 ab 4.9 ab 

  Lystek (75%) + FMSTM Inorganic (25%)  4.9 4.0 5.6 abc 5.0 ab 4.5 ab 

  Lystek (50%) + FMSTM Inorganic (50%) 5.3 4.4 5.9 abc 5.3 a 5.5 a 

  Nutri-Pel (100%) 5.3 4.6 5.5 abc 5.1 ab 4.3 ab 

  Nutri-Pel (75%) + FMSTM Inorganic (25%) 5.3 4.6 5.6 abc 5.3 a 5.0 ab 

  Nutri-Pel (50%) + FMSTM Inorganic (50%) 5.6 4.5 5.6 abc 5.0 ab 4.6 ab 

  Sustane (100%) 5.4 4.1 5.4 abc 4.8 ab 4.6 ab 

  Sustane (75%) + FMSTM Inorganic (25%) 5.3 4.8 6.1 ab 5.3 a 4.6 ab 

  Sustane (50%) + FMSTM Inorganic (50%) 5.1 4.8 6.4 a 5.4 a 4.8 ab 

Frequencyy 

  2x 5.2 4.6   5.7   5.0   4.6 

  3x 5.2 4.4   5.7   5.1   4.8

z Fertilizers were applied at a target application rate of 1.5 kg of nitrogen/100m2/season, except for FMSTM Inorganic 50% and 25%, which received 0.75 kg and 

0.375 

  kg, respectively. The 75% and 50% treatments for Lystek, Nutri-Pel, and Sustane were supplemented with FMSTM Inorganic 25% and 50%, respectively. 
y Fertilizer treatments were applied either two or three times per season.  
x Analysis of variance was done separately for each evaluation date. Least squares means and their significance are not compared between columns. 
w Least squares means followed by the same letters are not significantly different according to the Tukey-Kramer Test  (a = 0.05). 
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Table 3.5. Colour ratings of Field trial 1 in 2020. Plots were assessed on a 1-9 rating scale with 1=yellow/straw, 6=minimum acceptable colour, and 9=dark 

green. Visual ratings were done following guidelines from the National Turfgrass Evaluation Program (NTEP), and reflected both genetic and seasonal colour.

 
                                  Evaluation Datex 

Treatment    June 2020   July 2020   August 2020   September 2020     October 2020

Fertilizerz       -----------------------------------              Turfgrass Colourw              ----------------------------------- 

  Negative Control 4.8 5.6 ab 5.1 c 5.5 b 4.1 c 

  FMSTM Inorganic (100%) 5.6 6.8 a 6.3 ab 6.8 ab 7.6 a 

  FMSTM Inorganic (50%) 5.4 5.9 ab 5.8 abc 6.0 ab 5.5 bc 

  FMSTM Inorganic (25%) 5.1 5.5 b 5.3 bc 6.1 ab 5.5 bc 

  Lystek (100%) 5.0 5.5 b 5.8 abc 6.4 ab 5.9 abc 

  Lystek (75%) + FMSTM Inorganic (25%) 5.1 6.5 ab 5.8 abc 7.0 a 6.4 ab 

  Lystek (50%) + FMSTM Inorganic (50%) 5.5 6.4 ab 6.5 a 6.9 a 6.5 ab 

  Nutri-Pel (100%) 5.4 6.5 ab 5.5 abc 6.3 ab 5.9 abc 

  Nutri-Pel (75%) + FMSTM Inorganic (25%) 5.3 6.1 ab 5.9 abc 6.4 ab 5.8 bc 

  Nutri-Pel (50%) + FMSTM Inorganic (50%) 5.5 6.0 ab 6.0 abc 6.5 ab 6.6 ab 

  Sustane (100%) 5.5 6.0 ab 5.8 abc 5.9 ab 5.1 bc 

  Sustane (75%) + FMSTM Inorganic (25%) 5.4 6.0 ab 6.0 abc 6.4 ab 6.6 ab 

  Sustane (50%) + FMSTM Inorganic (50%) 5.3 6.6 ab 5.6 abc 5.9 ab 6.5 ab 

Frequencyy 

  2x 5.3   6.1  6.0 a  6.5 a   5.9 

  3x 5.3   6.1  5.6 b  6.1 b   6.1

z Fertilizers were applied at a target application rate of 1.5 kg of nitrogen/100m2/season, except for FMSTM Inorganic 50% and 25%, which received 0.75 kg and 

0.375 

  kg, respectively. The 75% and 50% treatments for Lystek, Nutri-Pel, and Sustane were supplemented with FMSTM Inorganic 25% and 50%, respectively. 
y Fertilizer treatments were applied either two or three times per season. 
x Analysis of variance was done separately for each evaluation date. Least squares means and their significance are not compared between columns. 
w Least squares means followed by the same letters are not significantly different according to the Tukey-Kramer Test  (a = 0.05). 
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Table 3.6. Quality ratings of Field trial 1 in 2019. Plots were assessed on a 1-9 rating scale with 1=poor/dead, 6=minimum acceptable quality, and 

9=perfect/ideal. Visual ratings were done following guidelines from the National Turfgrass Evaluation Program (NTEP), and reflected the functional and 

aesthetic aspects of turf. Values accounted for turfgrass growth, density, uniformity, and environmental stress.

 
    Evaluation Datex 

Treatment    May 2019 July 2019   August 2019 September 2019 October 2019

Fertilizerz      ------------------------------                  Turfgrass Qualityw                  ------------------------------ 

  Negative Control 5.0 ab 4.9 4.9 b 4.4 b 4.8 b 

  FMSTM Inorganic (100%) 4.9 ab 5.8 6.8 a 5.8 a 6.4 a 

  FMSTM Inorganic (50%) 4.1 b 5.5 5.6 ab 5.4 ab 5.1 ab 

  FMSTM Inorganic (25%) 4.9 ab 5.0 5.6 ab 5.0 ab 5.1 ab 

  Lystek (100%) 5.3 ab 5.3 5.3 ab 5.3 ab 5.6 ab 

  Lystek (75%) + FMSTM Inorganic (25%) 4.5 ab 5.4 5.5 ab 4.8 ab 5.4 ab 

  Lystek (50%) + FMSTM Inorganic (50%) 5.0 ab 5.4 5.5 ab 5.5 ab 6.0 ab 

  Nutri-Pel (100%) 5.0 ab 5.4 5.8 ab 5.5 ab 5.4 ab 

  Nutri-Pel (75%) + FMSTM Inorganic (25%)  5.1 ab 5.3 5.8 ab 5.3 ab 6.0 ab 

  Nutri-Pel (50%) + FMSTM Inorganic (50%) 5.4 a 5.4 5.3 ab 5.1 ab 5.4 ab 

  Sustane (100%) 5.1 ab 5.3 5.6 ab 5.0 ab 5.4 ab 

  Sustane (75%) + FMSTM Inorganic (25%) 5.1 ab 5.5 6.3 ab 5.3 ab 5.8 ab 

  Sustane (50%) + FMSTM Inorganic (50%) 4.8 ab 5.9 6.3 ab 5.5 ab 6.0 ab 

Frequencyy 

  2x   4.9 5.4   5.7   5.2   5.5 

  3x   4.9 5.3   5.7   5.2   5.6   

z Fertilizers were applied at a target application rate of 1.5 kg of nitrogen/100m2/season, except for FMSTM Inorganic 50% and 25%, which received 0.75 kg and 

0.375 

  kg, respectively. The 75% and 50% treatments for Lystek, Nutri-Pel, and Sustane were supplemented with FMSTM Inorganic 25% and 50%, respectively. 
y Fertilizer treatments were applied either two or three times per season. 
x Analysis of variance was done separately for each evaluation date. Least squares means and their significance are not compared between columns. 
w Least squares means followed by the same letters are not significantly different according to the Tukey-Kramer Test  (a = 0.05). 
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Table 3.7. Quality ratings of Field trial 1 in 2020. Plots were assessed on a 1-9 rating scale with 1=poor/dead, 6=minimum acceptable quality, and 

9=perfect/ideal. Visual ratings were done following guidelines from the National Turfgrass Evaluation Program (NTEP), and reflected the functional and 

aesthetic aspects of turf. Values accounted for turfgrass growth, density, uniformity, and environmental stress.

 
                                  Evaluation Datex 

Treatment June 2020   July 2020   August 2020   September 2020     October 2020

Fertilizerz -------------------------------                        Turfgrass Qualityw                        ------------------------------- 

  Negative Control 5.3 6.1 ab 4.9 b 5.9 4.4 c 

  FMSTM Inorganic (100%) 6.0 7.0 a 6.4 a 6.5 7.9 a 

  FMSTM Inorganic (50%) 5.8 6.0 ab 6.0 ab 5.9 5.9 bc 

  FMSTM Inorganic (25%) 5.4 6.1 ab 5.4 ab 5.6 5.6 bc 

  Lystek (100%) 5.9 5.5 b 6.1 ab 6.3 6.1 abc 

  Lystek (75%) + FMSTM Inorganic (25%) 5.6 6.5 ab 6.3 a 6.5 6.8 ab 

  Lystek (50%) + FMSTM Inorganic (50%) 5.9 6.8 ab 6.5 a 6.5 6.8 ab 

  Nutri-Pel (100%) 5.9 6.8 ab 6.1 ab 6.0 6.4 ab 

  Nutri-Pel (75%) + FMSTM Inorganic (25%) 5.8 6.0 ab 6.0 ab 6.0 6.0 bc 

  Nutri-Pel (50%) + FMSTM Inorganic (50%) 5.8 6.3 ab 6.3 a 6.1 6.4 a 

  Sustane (100%) 6.1 6.1 ab 5.8 ab 5.8 5.3 bc 

  Sustane (75%) + FMSTM Inorganic (25%) 5.6 6.3 ab 6.5 a 6.1 6.8 ab 

  Sustane (50%) + FMSTM Inorganic (50%) 5.8 6.9 a 6.1 ab 6.0 6.5 ab 

Frequencyy 

  2x 5.7   6.4   6.2 6.2 a   6.0 

  3x 5.8   6.3   5.9 5.9 b   6.3

z Fertilizers were applied at a target application rate of 1.5 kg of nitrogen/100m2/season, except for FMSTM Inorganic 50% and 25%, which received 0.75 kg and 

0.375 

  kg, respectively. The 75% and 50% treatments for Lystek, Nutri-Pel, and Sustane were supplemented with FMSTM Inorganic 25% and 50%, respectively. 
y Fertilizer treatments were applied either two or three times per season. 
x Analysis of variance was done separately for each evaluation date. Least squares means and their significance are not compared between columns. 
w Least squares means followed by the same letters are not significantly different according to the Tukey-Kramer Test  (a = 0.05). 
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Weed Percentage 

Nufarm Trillion® Turf Herbicide was sprayed in June 2019 and 2020. From 2018 to 

2019, all plots had similar percentages of weed infestation (Appendix 3.6, Table 3.8). 

Throughout Field trial 1, there was no significant interaction between fertilizers and frequencies 

on weed counts. Moreover, statistical differences between application frequencies were not 

observed. During 2018, weed counts ranged from 1.1–5.9% in July, 1.5–11.9% in August, 6.1–

14.1% in September, and area under weed progression curve (AUWPC) values were statistically 

comparable between all fertilizers. However, there were numerical differences with the negative 

control at 639 while the fertilizers ranged from 274–439 (Appendix 3.6). Weed infestation 

consistently remained under 13.0% in 2019, 15.0% in 2020, and AUWPC values were 

statistically insignificant for both seasons (Table 3.8, Table 3.9). There were no significant 

differences between fertilizers in June, July, and October 2020. Moreover, in August and 

September 2020, nearly all treatments were statistically similar (Table 3.9). Weed infestation 

only occurred in Field trial 1 and was not observed in Field trial 2. 

 

 

 



 
 

83 
 

Table 3.8. Weed percentage of Field trial 1 in 2019. Plots were assessed using the point-quadrat method. A 25-point (4 x 5) square grid was placed on each plot 4 

times to adequately cover the entire area. Area under weed progress curve values represent weed percentage over time.

 
                                   Evaluation Datex 

Treatment    May 2019     July 2019  August 2019       September 2019           October 2019       AUWPCv

Fertilizerz --------------------------------------                Weed Count (%)w             -------------------------------------- 

Negative Control 9.6  ±  3.49 2.3  ±  0.65 8.9  ±  1.63 8.5  ±  1.24 5.5  ±  1.22 816 

FMSTM Inorganic (100%) 11.6  ±  4.31 1.5  ±  0.68 4.9  ±  0.77 3.1  ±  1.11 3.8  ±  1.37 516 

FMSTM Inorganic (50%) 11.0  ±  2.06 3.4  ±  1.19 8.3  ±  1.74 7.1  ±  2.02 5.4  ±  2.40 808 

FMSTM Inorganic (25%) 5.1  ±  0.74 3.0  ±  1.22 9.9  ±  1.79 7.8  ±  1.29 7.8  ±  1.60 812 

Lystek (100%) 5.6  ±  1.03 3.8  ±  1.41 10.5  ±  1.77 10.0  ±  1.70 5.5  ±  1.57 894 

Lystek (75%) + FMSTM Inorganic (25%) 8.4  ±  1.48 4.8  ±  1.52 11.6  ±  2.84 11.1  ±  1.92 9.3  ±  1.45 1059 

Lystek (50%) + FMSTM Inorganic (50%) 8.8  ±  1.56 4.4  ±  1.60 7.1  ±  1.41 5.9  ±  1.66 6.0  ±  1.46 743 

Nutri-Pel (100%) 6.9  ±  1.99 2.4  ±  1.07 7.1  ±  2.82 6.1  ±  1.36 5.0  ±  1.04 647 

Nutri-Pel (75%) + FMSTM Inorganic (25%)  4.8  ±  1.45 3.9  ±  1.30 11.6  ±  2.65 10.3  ±  3.27 6.3  ±  1.41 938 

Nutri-Pel (50%) + FMSTM Inorganic (50%)  4.9  ±  1.23 3.6  ±  1.49 9.6  ±  1.58 7.8  ±  1.46 5.3  ±  1.57 782 

Sustane (100%) 4.8  ±  1.03 4.1  ±  1.14 7.5  ±  1.30 4.6  ±  0.94 3.3  ±  0.82 608 

Sustane (75%) + FMSTM Inorganic (25%) 12.4  ±  1.58 3.9  ±  1.48 8.3  ±  1.42 7.0  ±  1.36 2.9  ±  0.79 803 

Sustane (50%) + FMSTM Inorganic (50%) 6.6  ±  1.18 3.1  ±  1.63 6.9  ±  1.95 3.1  ±  1.23 2.6  ±  1.29 533 

Frequencyy 

  2x 8.1  ±  1.02 3.5  ±  0.51 8.4  ±  0.62 7.3  ±  0.77 5.0  ±  0.61 773 

  3x 7.4  ±  0.99 3.3  ±  0.48 8.8  ±  0.87 6.9  ±  0.65 5.5  ±  0.56 764

z Fertilizers were applied at a target application rate of 1.5 kg of nitrogen/100m2/season, except for FMSTM Inorganic 50% and 25%, which received 0.75 

   kg and 0.375 kg, respectively. The 75% and 50% treatments for Lystek, Nutri-Pel, and Sustane were supplemented with FMSTM Inorganic 25% and 50%, 

respectively. 
y Fertilizer treatments were applied either two or three times per season. 
x Analysis of variance was done separately for each evaluation date. Least squares means and their significance are not compared between columns. 
w Least squares means ± SEM followed by the same letters are not significantly different according to the Tukey-Kramer Test  (a = 0.05). 
v Area under weed progress curve value was calculated using the equation from Campbell and Madden, 1991. 
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Table 3.9. Weed percentage of Field trial 1 in 2020. Plots were assessed using the point-quadrat method. A 25-point (4 x 5) square grid was placed on each plot 4 

times to adequately cover the entire area. Area under weed progress curve values represent weed percentage over time.

       Evaluation Datex 

Treatment        June 2020     July 2020       August 2020         September 2020         October 2020       AUWPCv

Fertilizerz       -------------------------------                        Weed Count (%)w                        ------------------------------- 

Negative Control 7.1  ±  0.83 6.4  ±  1.73 14.0  ±  2.97  ab 14.4  ±  3.22  ab 13.3  ±  2.46 1348 

FMSTM Inorganic (100%) 5.8  ±  1.19 2.6  ±  1.13 4.6  ±  1.43    b 5.6  ±  1.64    b 6.0  ±  1.93 563 

FMSTM Inorganic (50%) 9.4  ±  1.46 7.6  ±  3.16 10.8  ±  3.10  ab 13.5  ±  3.64  ab 11.3  ±  2.97 1266 

FMSTM Inorganic (25%) 5.3  ±  0.96 3.8  ±  1.47 12.8  ±  2.14  ab 18.1  ±  2.74  a 14.6  ±  3.06 1337 

Lystek (100%) 8.8  ±  1.06 3.9  ±  1.67 11.9  ±  1.81  ab 10.0  ±  2.54  ab 12.1  ±  2.15 1086 

Lystek (75%) + FMSTM Inorganic (25%) 7.0  ±  0.85 4.5  ±  1.51 10.4  ±  1.95  ab 12.6  ±  2.88  ab 10.3  ±  0.98 1084 

Lystek (50%) + FMSTM Inorganic (50%) 7.4  ±  1.08 1.5  ±  0.71 7.0  ±  1.27    ab 7.6  ±  1.24    ab 7.6  ±  0.98 709 

Nutri-Pel (100%) 7.5  ±  1.56 3.9  ±  1.67 8.3  ±  1.51    ab 6.0  ±  1.35    b 9.0  ±  1.05 791 

Nutri-Pel (75%) + FMSTM Inorganic (25%) 6.3  ±  1.00 5.6  ±  2.20 14.9  ±  2.58  a 13.4  ±  3.20  ab 13.0  ±  2.19 1305 

Nutri-Pel (50%) + FMSTM Inorganic (50%) 6.8  ±  1.28 4.6  ±  1.29 10.0  ±  1.66  ab 10.4  ±  2.24  ab 11.6  ±  1.83 1026 

Sustane (100%) 6.5  ±  1.25 7.6  ±  1.85 10.0  ±  1.05  ab 11.8  ±  2.51  ab 14.3  ±  1.93 1193 

Sustane (75%) + FMSTM Inorganic (25%) 7.4  ±  0.80 5.1  ±  1.56 7.3  ±  1.22    ab 9.3  ±  2.27    ab 11.4  ±  1.70 930 

Sustane (50%) + FMSTM Inorganic (50%) 5.3  ±  0.92 2.3  ±  1.01 6.4  ±  2.31    ab 6.1  ±  1.49    ab 7.8  ±  1.99 638 

Frequencyy 

  2x 7.5  ±  0.48 4.5  ±  0.77 9.8  ±  0.88 11.2  ±  1.14 11.0  ±  0.81 1043 

  3x 6.4  ±  0.40 4.6  ±  0.58 10.0  ±  0.83 10.1  ±  0.95 10.8  ±  0.86 999

z Fertilizers were applied at a target application rate of 1.5 kg of nitrogen/100m2/season, except for FMSTM Inorganic 50% and 25%, which received 0.75 

   kg and 0.375 kg, respectively. The 75% and 50% treatments for Lystek, Nutri-Pel, and Sustane were supplemented with FMSTM Inorganic 25% and 50%, 

respectively. 
y Fertilizer treatments were applied either two or three times per season. 
x Analysis of variance was done separately for each evaluation date. Least squares means and their significance are not compared between columns. 
w Least squares means ± SEM followed by the same letters are not significantly different according to the Tukey-Kramer Test  (a = 0.05). 
v Area under weed progress curve value was calculated using the equation from Campbell and Madden, 1991.  
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Clippings Weight 

At the end of each season, there was no significant interaction between fertilizers and 

frequencies on clippings weight. Also, statistical differences were not present between 

frequencies in 2018 and 2019. In 2020 plots that received fertilizer twice per season had 

significantly higher foliage weight compared to plots fertilized thrice. Throughout Field trial 1, 

there were significant differences between fertilizers. The negative control consistently produced 

the lowest clippings weight with 18.0g in 2018, 32.0g in 2019, and 20.3g in 2020. In contrast, 

FMSTM Inorganic 100% had values that were significantly greater than the control, and 

numerically the highest of all treatments. Tissue weights were 37.2, 61.7, and 50.0 g in 2018, 

2019, and 2020, respectively. In 2018, all treatments of Nutri-Pel, Sustane, and Lystek 50% had 

clippings that were statistically similar to FMSTM Inorganic 100%, and significantly greater than 

the control. This trend was maintained in 2019 for Lystek 50%, Nutri-Pel 50%, Sustane 75% and 

50%. In 2020, all Nutri-Pel treatments, Lystek 50%, and Sustane 75% showed similar results. 

Throughout Field trial 1, all Lystek, Nutri-Pel, and Sustane treatments were statistically equal to 

FMSTM Inorganic 50%, and this same trend was observed in 2019 and 2020 for FMSTM 

Inorganic 25%. In 2018, all Lystek treatments, Nutri-Pel 100%, 50%, and Sustane 50% were 

comparable to FMSTM Inorganic 25%. Nutri-Pel 75%, Sustane 100%, and 75% were statistically 

greater than FMSTM Inorganic 25% (p < 0.05, Table 3.10). 
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Table 3.10. Clippings weight of Field trial 1 from 2018 to 2020. Collection was done using a Toro 22” Personal Pace Lawn Mower (blade width=0.5m) to cut 

each plot (1m x 2m) lengthwise for 5 seconds. A total of 1m2 of clippings were obtained, dried to remove moisture, and weighted in grams.

 
    Evaluation Datex 

Treatment   August 2018     October 2019    October 2020

Fertilizerz       -----------------------     Clippings Weight (g)w     ----------------------- 

  Negative Control 18.3 e 32.0 c 20.3 c 

  FMSTM Inorganic (100%) 37.2 a 61.7 a 50.0 a 

  FMSTM Inorganic (50%) 27.8 abcde 49.0 ab 41.4 ab 

  FMSTM Inorganic (25%) 21.8 cde 41.6 bc 24.4 bc 

  Lystek (100%) 24.3 bcde 45.2 abc 30.6 bc 

  Lystek (75%) + FMSTM Inorganic (25%) 21.7 de 41.6 bc 35.3 abc 

  Lystek (50%) + FMSTM Inorganic (50%) 29.3 abcd 53.9 ab 40.1 ab 

  Nutri-Pel (100%) 29.6 abcd 40.9 bc 39.9 ab 

  Nutri-Pel (75%) + FMSTM Inorganic (25%) 32.7 ab 46.5 abc 39.7 ab 

  Nutri-Pel (50%) + FMSTM Inorganic (50%) 32.5 abc 50.7 ab 40.1 ab 

  Sustane (100%) 32.8 ab 48.0 abc 31.8 bc 

  Sustane (75%) + FMSTM Inorganic (25%) 36.2 a 52.0 ab 41.3 ab 

  Sustane (50%) + FMSTM Inorganic (50%) 32.1 abcd 50.2 ab 33.6 abc 

Frequencyy 

  2x   28.3   45.2  32.4 b 

  3x   29.5   49.1  39.7 a

z Fertilizers were applied at a target application rate of 1.5 kg of nitrogen/100m2/season, except for FMSTM Inorganic 50% and 25%, which received 0.75 kg and 

0.375 

  kg, respectively. The 75% and 50% treatments for Lystek, Nutri-Pel, and Sustane were supplemented with FMSTM Inorganic 25% and 50%, respectively. 
y Fertilizer treatments were applied either two or three times per season. 
x Analysis of variance was done separately for each evaluation date. Least squares means and their significance are not compared between columns. 
w Least squares means followed by the same letters are not significantly different according to the Tukey-Kramer Test  (a = 0.05). 
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Nutrient Analysis 

Nutrient analysis of all plots was done at the end of Field trial 1 in October 2020. There 

was no significant interaction between fertilizers and frequencies on nitrogen, phosphorous, and 

potassium concentrations of turfgrass clippings samples. Moreover, fertilizers and application 

frequencies did not significantly affect phosphorous percentages, and values ranged from 0.42–

0.46%. Plots that received fertilizers three times per season were significantly greater in their 

nitrogen and potassium concentrations, compared to those that were fertilized twice. The 

negative control had the lowest percentages with 2.87% for nitrogen, and 1.96% for potassium. 

Conversely, nutrient concentrations for FMSTM Inorganic 100% were significantly greater than 

the control and had the highest values of 3.80% and 2.63%, respectively. Lystek 50%, Nutri-Pel 

75% and 50% had nitrogen concentrations that were comparable to FMSTM Inorganic 100% and 

were significantly greater than the control. Similarly, Lystek 75%, 50%, Nutri-Pel 75%, 50%, 

and Sustane 75% showed the same trend for potassium concentrations. All organic fertilizer 

treatments had percent nitrogen and potassium values that were statistically equal to FMSTM 

Inorganic 50% and 25% (p < 0.05, Table 3.11). Additional data from the nutrient analysis 

included macro-nutrient concentration (nitrogen, phosphorous, potassium) for each application 

frequency (Appendix 3.7, Appendix 3.8), and micro-nutrient percentages of magnesium, 

calcium, copper, zinc, manganese, boron, iron, molybdenum, aluminum, sodium, and sulphur 

(Appendix 3.9, Appendix 3.10). 
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Table 3.11. Nutrient analysis of turfgrass for Field trial 1 in October 2020. Total nitrogen, phosphorous, and potassium concentrations were measured by the 

Agricultural and Food Laboratory at the University of Guelph.

 
Macro-nutrientwv    Nitrogen   Phosphorous    Potassium 

Measurementz         %          %         % 

Fertilizery 

  Negative Control 2.87  c 0.42 1.96  c 

  FMSTM Inorganic (100%) 3.80  a 0.43 2.63  a 

  FMSTM Inorganic (50%) 3.29  abc 0.44 2.35  abc 

  FMSTM Inorganic (25%) 3.24  bc 0.45 2.34  abc 

  Lystek (100%) 3.19  bc 0.45 2.26  abc 

  Lystek (75%) + FMSTM Inorganic (25%) 3.30  abc 0.46 2.45  ab 

  Lystek (50%) + FMSTM Inorganic (50%) 3.46  ab 0.46 2.53  ab 

  Nutri-Pel (100%) 2.98  bc 0.45 2.17  bc 

  Nutri-Pel (75%) + FMSTM Inorganic (25%) 3.41  ab 0.46 2.42  ab 

  Nutri-Pel (50%) + FMSTM Inorganic (50%) 3.47  ab 0.45 2.51  ab 

  Sustane (100%) 3.05  bc 0.45 2.23  abc 

  Sustane (75%) + FMSTM Inorganic (25%) 3.34  abc 0.45 2.44  ab 

  Sustane (50%) + FMSTM Inorganic (50%) 3.27  abc 0.44 2.35  abc 

Frequencyx 

  2x 3.13 b 0.44 2.27 b 

  3x 3.43 a 0.45 2.44 a 

z The total percentage of nitrogen, phosphorous, and potassium in clipping samples were measured.  
y Fertilizers were applied at a target application rate of 1.5 kg of nitrogen/100m2/season, except for FMSTM Inorganic 50% and 25%, which received 0.75 

  kg and 0.375 kg, respectively. The 75% and 50% treatments for Lystek, Nutri-Pel, and Sustane were supplemented with FMSTM Inorganic 25% and 50%, 

respectively. 
x Fertilizer treatments were applied either two or three times per season. 
w Analysis of variance was done separately for each macro-nutrient. Least squares means and their significance are not compared between columns. 
v Least squares means followed by the same letters are not significantly different according to the Tukey-Kramer Test  (a = 0.05). 
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3.4.2 Field Trial 2 

Colour Ratings & Quality Ratings 

Throughout Field trial 2, there was no significant interaction between fertilizers and 

frequencies on turfgrass colour and quality ratings. However, there were statistical differences 

between fertilizers and application frequencies on both parameters. In September 2019, plots that 

received soil amendments twice per season had greater colour ratings than those that were 

fertilized three times (p < 0.05, Table 3.12). During 2020, this trend was maintained in August 

and September, but the opposite was observed in October (p < 0.05, Table 3.13). Similar trends 

were present for turfgrass quality ratings with 2x treatments having higher values than 3x 

treatments in September 2019, and from August to September in 2020. In contrast, the 3x 

treatments were superior to 2x treatments in August and October of 2019, and October 2020 (p < 

0.05, Table 3.14, Table 3.15). 

In 2019, there were no significant differences in colour ratings between fertilizers from 

June to July, and values ranged from 5.8–6.5. In August and September, nearly all treatments 

were comparable and all Lystek, Nutri-Pel, and Sustane treatments were statistically similar to 

FMSTM Inorganic 50% and 25%. Sustane 75% was significantly lower than FMSTM Inorganic 

100% in August, and FMSTM Inorganic 50% was significantly lower than NitroformTM + TSP in 

September. In October 2019, all treatments of Lystek, Nutri-Pel, and Sustane 100% were 

statistically equal to FMSTM Inorganic 100%, NitroformTM + TSP, and the negative control. 

Lystek and Nutri-Pel 75% was statistically equal to than FMSTM Inorganic 25%. Moreover, 

Lystek 50% was comparable to FMSTM Inorganic 50%, whereas Nutri-Pel 50% was significantly 

greater than FMSTM Inorganic 50%. Sustane 75% and 50% were significantly lower than all 

treatments except for FMSTM Inorganic 50% (p < 0.05, Table 3.12). 
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Throughout 2020, the negative control had the lowest colour ratings from 4.1–6.6, while 

FMSTM Inorganic 100% was significantly greater and had the highest values from 6.9–9.0. In 

June, all treatments except for Lystek 100% and FMSTM Inorganic 25% were statistically similar 

to FMSTM Inorganic 100% and significantly greater than the control. The same result was present 

for Lystek 50%, Nutri-Pel 75%, Sustane 75%, 50%, and NitroformTM + TSP in July. Moreover, 

this trend was maintained for all biosolid treatments supplemented with inorganic fertilizer and 

NitroformTM + TSP from August to October. From June to September 2020, all organic fertilizer 

treatments were statistically similar to FMSTM Inorganic 50%. In relation to FMSTM Inorganic 

25%, all Lystek, Nutri-Pel, and Sustane treatments were statistically similar except for Lystek 

50%, Sustane 75%, and 50% in June, and Lystek 50%, Nutri-Pel 100%, 75%, and Sustane 50% 

in August. In October, Lystek, Nutri-Pel, and Sustane 50% were statistically equal to FMSTM 

Inorganic 50%. Similarly, Lystek and Nutri-Pel 75% was comparable to FMSTM Inorganic 25%, 

whereas Sustane 75% was significantly greater than FMSTM Inorganic 25% (p < 0.05, Table 

3.13). 

In July and September of 2019, the negative control had the lowest quality ratings at 5.9 

and 6.0, while FMSTM Inorganic 100% values were statistically greater at 6.9 and 7.1, 

respectively. All other treatments were comparable to both the control and FMSTM Inorganic 

100%. In October, FMSTM Inorganic 100% had the highest rating at 7.1, and all other fertilizers 

were statistically lower. From June to September, all organic fertilizer treatments were 

statistically similar to FMSTM Inorganic 50%, 25%, and NitroformTM + TSP. In October, Lystek, 

Nutri-Pel, and Sustane 50% were statistically equal to FMSTM Inorganic 50%. Lystek and 

Sustane 75% were comparable to FMSTM Inorganic 25%, whereas Nutri-Pel 75% was 
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significantly greater than FMSTM Inorganic 25%. Moreover, all treatments except for FMSTM 

Inorganic 100% were statistically similar to NitroformTM + TSP (p < 0.05, Table 3.14).  

Throughout 2020, similar trends were observed with the negative control ranging from 

4.3–6.6, and FMSTM Inorganic 100% at 7.1–9.0. In June, all treatments were statistically similar 

to FMSTM Inorganic 100% and significantly greater than the control. Similar observations were 

made for Lystek 50%, Nutri-Pel 75%, Sustane 75%, 50% and NitroformTM + TSP in July. 

Moreover, this trend was maintained for all biosolid treatments supplemented with inorganic 

fertilizer and NitroformTM + TSP from August to October. In June, all organic fertilizer 

treatments were comparable to FMSTM Inorganic 50%, 25%, and NitroformTM + TSP. This trend 

was observed in July except for Lystek 100%, which was significantly lower than FMSTM 

Inorganic 50%. Throughout the rest of 2020, all Lystek, Nutri-Pel, and Sustane treatments were 

comparable to FMSTM Inorganic 50%, except for Sustane 100% in October, which was 

significantly lower. Moreover, all organic fertilizer treatments were comparable to NitroformTM 

+ TSP, except for Nutri-Pel 100% in August. From August to September, Lystek and Sustane 

75% were statistically equal to FMSTM Inorganic 25%, while Nutri-Pel 75% was significantly 

greater than FMSTM Inorganic 25%. In October, Lystek, Nutri-Pel and Sustane 75% were all 

statistically similar to FMSTM Inorganic 25% (p < 0.05, Table 3.15). 
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Table 3.12. Colour ratings of Field trial 2 in 2019. Plots were assessed on a 1-9 rating scale with 1=yellow/straw, 6=minimum acceptable colour, and 9=dark 

green. Visual ratings were done following guidelines from the National Turfgrass Evaluation Program (NTEP), and reflected both genetic and seasonal colour.  

 
                                   Evaluation Datex 

Treatment   June 2019  July 2019  August 2019    September 2019  October 2019

Fertilizerz ---------------------------------------              Turfgrass Colourw              -------------------------------------------- 

  Negative Control  5.8  6.5 5.1 ab 6.3 ab 6.6 a 

  NitroformTM + TSP  6.0  6.5 5.1 ab 6.4 a 6.0 ab 

  FMSTM Inorganic (100%)  5.9  6.4 5.0 a 5.5 ab 5.6 abc 

  FMSTM Inorganic (50%)  5.9  5.9 4.6 ab 5.4 b 4.5 cd 

  FMSTM Inorganic (25%)  6.0  5.6 4.9 ab 5.9 ab 5.3 bc 

  Lystek (100%)  5.9  6.1 5.0 ab 6.0 ab 6.1 ab 

  Lystek (75%) + FMSTM Inorganic (25%)  6.0  6.1 5.1 ab 5.8 ab 6.0 ab 

  Lystek (50%) + FMSTM Inorganic (50%)  5.8  6.0 5.0 ab 5.8 ab 5.6 abc 

  Nutri-Pel (100%)  5.9  6.1 5.0 ab 6.0 ab 5.9 ab 

  Nutri-Pel (75%) + FMSTM Inorganic (25%)   5.9  6.6 5.0 ab 5.6 ab 6.5 ab 

  Nutri-Pel (50%) + FMSTM Inorganic (50%)   5.9  6.3 5.3 a 6.1 ab 5.6 ab 

  Sustane (100%)  6.0  6.4 5.3 a 6.3 ab 6.0 ab 

  Sustane (75%) + FMSTM Inorganic (25%)  5.9  6.0 4.5 b 5.5 ab 3.9 d 

  Sustane (50%) + FMSTM Inorganic (50%)  6.0  5.6 5.0 ab 5.5 ab 3.4 d 

Frequencyy  

  2x  5.9  6.2 5.0 6.0 a 5.4 

  3x  5.9  6.1 5.0 5.7 b 5.6   

z Fertilizers were applied at a target application rate of 1.5 kg of nitrogen/100m2/season, except for FMSTM Inorganic 50% and 25%, which received 0.75 kg and 

0.375 

  kg, respectively. The 75% and 50% treatments for Lystek, Nutri-Pel, and Sustane were supplemented with FMSTM Inorganic 25% and 50%, respectively. 
y Fertilizer treatments were applied either two or three times per season. 
x Analysis of variance was done separately for each evaluation date. Least squares means and their significance are not compared between columns. 
w Least squares means followed by the same letters are not significantly different according to the Tukey-Kramer Test  (a = 0.05). 
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Table 3.13. Colour ratings of Field trial 2 in 2020. Plots were assessed on a 1-9 rating scale with 1=yellow/straw, 6=minimum acceptable colour, and 9=dark 

green. Visual ratings were done following guidelines from the National Turfgrass Evaluation Program (NTEP), and reflected both genetic and seasonal colour.  

 
                                    Evaluation Datex 

Treatment    June 2020    July 2020    August 2020 September 2020  October 2020

Fertilizerz ---------------------------------------              Turfgrass Colourw              -------------------------------------------- 

  Negative Control 5.0 e 6.6 c 4.6 f 4.4 c 4.1 f 

  NitroformTM + TSP 6.6 abc 7.6 ab 7.3 abc 7.9 ab 8.1 abc 

  FMSTM Inorganic (100%) 6.9 a 7.9 a 8.0 a 8.1 a 9.0 a 

  FMSTM Inorganic (50%) 6.4 abcd 7.8 ab 6.5 bcde 7.5 ab 8.3 ab 

  FMSTM Inorganic (25%) 5.8 de 7.5 abc 5.9 def 6.4 b 6.6 de 

  Lystek (100%) 5.9 cd 6.9 bc 6.5 bcde 7.1 ab 7.1 bcde 

  Lystek (75%) + FMSTM Inorganic (25%) 6.4 abcd 7.4 abc 6.8 abcde 6.9 ab 7.6 abcde 

  Lystek (50%) + FMSTM Inorganic (50%) 6.8 ab 7.8 ab 7.8 ab 7.8 ab 8.0 abcd 

  Nutri-Pel (100%) 6.5 abcd 7.5 abc 5.6 ef 6.4 b 6.8 cde 

  Nutri-Pel (75%) + FMSTM Inorganic (25%) 6.4 abcd 7.9 a 7.3 abc 7.9 ab 7.3 bcde 

  Nutri-Pel (50%) + FMSTM Inorganic (50%) 6.3 abcd 7.5 abc 7.1 abcd 7.4 ab 7.9 abcde 

  Sustane (100%) 6.0 abcd 7.5 abc 6.1 cde 6.4 b 6.5 e 

  Sustane (75%) + FMSTM Inorganic (25%) 6.6 abc 8.0 a 6.9 abcde 7.3 ab 8.1 abc 

  Sustane (50%) + FMSTM Inorganic (50%) 6.6 abc 7.8 ab 7.3 abc 7.6 ab 8.0 abcd 

Frequencyy 

  2x   6.3   7.6   7.0 a  7.3 a  7.1 b 

  3x   6.2   7.5   6.4 b  6.9 b  7.6 a

 z Fertilizers were applied at a target application rate of 1.5 kg of nitrogen/100m2/season, except for FMSTM Inorganic 50% and 25%, which received 0.75 kg and 

0.375 

  kg, respectively. The 75% and 50% treatments for Lystek, Nutri-Pel, and Sustane were supplemented with FMSTM Inorganic 25% and 50%, respectively. 
y Fertilizer treatments were applied either two or three times per season. 
x Analysis of variance was done separately for each evaluation date. Least squares means and their significance are not compared between columns. 
w Least squares means followed by the same letters are not significantly different according to the Tukey-Kramer Test  (a = 0.05). 
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Table 3.14. Quality ratings of Field trial 2 in 2019. Plots were assessed on a 1-9 rating scale with 1=poor/dead, 6=minimum acceptable quality, and 

9=perfect/ideal. Visual ratings were done following guidelines from the National Turfgrass Evaluation Program (NTEP), and reflected the functional and 

aesthetic aspects of turf. Values accounted for turfgrass growth, density, uniformity, and environmental stress.

 
    Evaluation Datex 

Treatment   June 2019   July 2019    August 2019  September 2019  October 2019

Fertilizerz ---------------------------------------              Turfgrass Qualityw              -------------------------------------------- 

  Negative Control 5.4 5.9 b 5.4 6.0 b 5.5 b 

  NitroformTM + TSP 5.1 6.4 ab 5.8 6.6 ab 5.4 bc 

  FMSTM Inorganic (100%) 5.4 6.9 a 5.8 7.1 a 7.1 a 

  FMSTM Inorganic (50%) 5.0 6.5 ab 6.0 6.1 b 5.5 b 

  FMSTM Inorganic (25%) 5.5 6.8 ab 5.6 6.0 b 4.4 c 

  Lystek (100%) 5.3 6.0 ab 5.6 6.6 ab 4.9 bc 

  Lystek (75%) + FMSTM Inorganic (25%) 5.4 6.1 ab 6.0 6.4 ab 4.9 bc 

  Lystek (50%) + FMSTM Inorganic (50%) 5.4 6.4 ab 6.0 6.4 ab 5.6 b 

  Nutri-Pel (100%) 5.6 6.5 ab 5.8 6.3 ab 5.0 bc 

  Nutri-Pel (75%) + FMSTM Inorganic (25%) 4.9 6.4 ab 5.8 6.6 ab 5.9 b 

  Nutri-Pel (50%) + FMSTM Inorganic (50%) 5.4 6.8 ab 5.6 6.5 ab 5.9 b 

  Sustane (100%) 5.1 6.6 ab 5.9 6.6 ab 5.4 bc 

  Sustane (75%) + FMSTM Inorganic (25%) 5.5 6.5 ab 6.0 6.4 ab 5.4 bc 

  Sustane (50%) + FMSTM Inorganic (50%) 5.3 6.5 ab 5.9 6.8 ab 5.8 b 

Frequencyy  

  2x 5.3 6.5 5.7 b 6.6 a 5.0 b 

  3x  5.3 6.4 5.9 a 6.3 b 5.5 a    

z Fertilizers were applied at a target application rate of 1.5 kg of nitrogen/100m2/season, except for FMSTM Inorganic 50% and 25%, which received 0.75 kg and 

0.375 

  kg, respectively. The 75% and 50% treatments for Lystek, Nutri-Pel, and Sustane were supplemented with FMSTM Inorganic 25% and 50%, respectively. 
y Fertilizer treatments were applied either two or three times per season. 
x Analysis of variance was done separately for each evaluation date. Least squares means and their significance are not compared between columns. 
w Least squares means followed by the same letters are not significantly different according to the Tukey-Kramer Test  (a = 0.05). 

 

 



 
 

95 
 

Table 3.15. Quality ratings of Field trial 2 in 2020. Plots were assessed on a 1-9 rating scale with 1=poor/dead, 6=minimum acceptable quality, and 

9=perfect/ideal. Visual ratings were done following guidelines from the National Turfgrass Evaluation Program (NTEP), and reflected the functional and 

aesthetic aspects of turf. Values accounted for turfgrass growth, density, uniformity, and environmental stress.

 
    Evaluation Datex 

Treatment    June 2020    July 2020   August 2020    September 2020 October 2020

Fertilizerz ---------------------------------------              Turfgrass Qualityw              -------------------------------------------- 

  Negative Control 5.4 b 6.6 c 5.1 f 5.0 d 4.3 d 

  NitroformTM + TSP 7.0 a 8.1 ab 7.8 abc 7.5 abc 7.9 abc 

  FMSTM Inorganic (100%) 7.1 a 8.5 a 8.0 a 8.1 a 9.0 a 

  FMSTM Inorganic (50%) 6.9 a 8.3 a 6.9 abcde 7.3 abc 8.0 ab 

  FMSTM Inorganic (25%) 6.5 a 7.9 abc 6.1 def 6.4 bcd 6.5 c 

  Lystek (100%) 6.9 a 6.9 bc 6.5 cde 7.1 abc 7.1 bc 

  Lystek (75%) + FMSTM Inorganic (25%) 6.9 a 7.5 abc 7.4 abcd 7.0 abc 7.6 abc 

  Lystek (50%) + FMSTM Inorganic (50%) 7.0 a 8.1 ab 7.9 ab 7.5 abc 7.6 abc 

  Nutri-Pel (100%) 6.9 a 7.6 abc 5.9 ef 6.0 cd 6.9 bc 

  Nutri-Pel (75%) + FMSTM Inorganic (25%) 7.0 a 8.3 a 7.5 abc 8.3 a 7.1 bc 

  Nutri-Pel (50%) + FMSTM Inorganic (50%) 7.1 a 7.8 abc 7.0 abcde 7.4 abc 7.8 abc 

  Sustane (100%) 6.8 a 7.6 abc 6.6 bcde 6.4 bcd 6.5 c 

  Sustane (75%) + FMSTM Inorganic (25%) 7.0 a 8.5 a 7.3 abcd 7.1 abc 7.9 abc 

  Sustane (50%) + FMSTM Inorganic (50%) 7.0 a 8.6 a 7.5 abc 7.8 ab 7.9 abc 

Frequencyy 

  2x  6.8  8.0  7.3 a  7.3 a  7.1 b 

  3x  6.8  7.8  6.7 b  6.9 b  7.5 a

 z Fertilizers were applied at a target application rate of 1.5 kg of nitrogen/100m2/season, except for FMSTM Inorganic 50% and 25%, which received 0.75 kg and 

0.375 

  kg, respectively. The 75% and 50% treatments for Lystek, Nutri-Pel, and Sustane were supplemented with FMSTM Inorganic 25% and 50%, respectively. 
y Fertilizer treatments were applied either two or three times per season. 
x Analysis of variance was done separately for each evaluation date. Least squares means and their significance are not compared between columns. 
w Least squares means followed by the same letters are not significantly different according to the Tukey-Kramer Test  (a = 0.05). 
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Clippings Weight 

Throughout Field trial 2, there was no significant interaction between fertilizers and 

frequencies for clippings weight. However, there were statistical differences between fertilizers 

and application frequencies. In 2019, plots that were fertilized twice had significantly higher 

foliage compared to those that received three applications. Conversely, in 2020 the opposite was 

observed. For both seasons, the negative control produced the least clippings with 8.2g in 2019 

and 7.4g in 2020. FMSTM Inorganic 100% was substantially greater and had the highest values at 

47.8g and 36.3g, respectively.  In 2019, Nutri-Pel 50%, Sustane 75% and 50% produced biomass 

at levels comparable to FMSTM Inorganic 100%, and significantly greater than the control. This 

trend was observed for Lystek and Sustane 50% in 2020. Moreover, all organic fertilizer 

treatments that were supplemented with FMSTM Inorganic were comparable to NitroformTM + 

TSP. During both seasons, Lystek, Nutri-Pel, and Sustane 50% treatments were statistically 

equal to FMSTM Inorganic 50%. In 2019 Lystek, and Nutri-Pel 75% were comparable to FMSTM 

Inorganic 25%, while Sustane 75% was significantly greater than FMSTM Inorganic 25%. 

Similarly, in 2020 Lystek, Nutri-Pel, and Sustane 75% treatments were statistically similar to 

FMSTM Inorganic 25% (p < 0.05, Table 3.16). 
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Table 3.16. Clippings weight of Field trial 2 from 2019 to 2020. Collection was done using a Toro 22” Personal Pace Lawn Mower (blade width=0.5m) to cut 

each plot (1m x 2m) lengthwise for 5 seconds. A total of 1m2 of clippings were obtained, dried to remove moisture, and weighted in grams. 

 
                          Evaluation Datex 

Treatment    October 2019     October 2020

Fertilizerz      ----------    Clippings Weight (g)w    ---------- 

  Negative Control 8.2 g 7.4 f 

  NitroformTM + TSP 30.4 bcdef 25.7 abc 

  FMSTM Inorganic (100%) 47.8 a 36.3 a 

  FMSTM Inorganic (50%) 33.2 bcde 24.9 bcd 

  FMSTM Inorganic (25%) 21.8 ef 16.2 bcdef 

  Lystek (100%) 19.9 fg 12.4 ef 

  Lystek (75%) + FMSTM Inorganic (25%) 26.6 cdef 21.6 bcdef 

  Lystek (50%) + FMSTM Inorganic (50%) 32.9 bcde 29.6 abc 

  Nutri-Pel (100%) 26.4 cdef 21.2 bcde 

  Nutri-Pel (75%) + FMSTM Inorganic (25%) 32.1 cdef 15.4 cdef 

  Nutri-Pel (50%) + FMSTM Inorganic (50%) 38.5 abc 23.3 bcd 

  Sustane (100%) 25.6 def 14.2 def 

  Sustane (75%) + FMSTM Inorganic (25%) 37.4 abcd 24.4 bcd  

  Sustane (50%) + FMSTM Inorganic (50%) 42.8 ab 26.0 abc 

Frequencyy 

  2x 31.7 a 18.3 b 

  3x 28.8 b 24.3 a   

 
z Fertilizers were applied at a target application rate of 1.5 kg of nitrogen/100m2/season, except for FMSTM Inorganic 50% and 25%, which received 0.75 kg and 

0.375 

  kg, respectively. The 75% and 50% treatments for Lystek, Nutri-Pel, and Sustane were supplemented with FMSTM Inorganic 25% and 50%, respectively. 
y Fertilizer treatments were applied either two or three times per season. 
x Analysis of variance was done separately for each evaluation date. Least squares means and their significance are not compared between columns. 
w Least squares means followed by the same letters are not significantly different according to the Tukey-Kramer Test  (a = 0.05). 
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Regression Analysis 

Regression analysis highlighted the relationship between synthetic nitrogen percentage of 

treatments and clippings yield at the end of each field trial. The results showed that turfgrass 

growth was positively correlated with nitrogen content. As synthetic nitrogen concentrations 

increased, more turfgrass was produced (Figure 3.1, Figure 3.2). Similarly, an additional analysis 

was done to evaluate the relationship between tissue nitrogen concentration and clippings yield 

(R2 = 0.35, Figure 3.3). The values illustrated the same trend as Figures 3.1 and 3.2. 

Furthermore, phosphorous, potassium, and the micro-nutrients within fertilizers were variables 

that confounded with the nitrogen application rate. 
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Figure 3.1. The relationship between synthetic nitrogen percentage of treatments and clippings yield (grams) for Field trial 1 in October 2020. Regression 

analysis compared weights for both 2x and 3x frequencies. 

 

Note: Field trial 1 was conducted from 2018 to 2020. Fertilizers were applied at a target application rate of 1.5 kg of nitrogen/100m2/season, except for 

FMSTM Inorganic 50% and 25%, which received 0.75 kg and 0.375 kg, respectively. The 75% and 50% treatments for Lystek, Nutri-Pel, and Sustane 

were supplemented with FMSTM Inorganic 25% and 50%, respectively. The equations for each treatment were: FMSTM Inorganic (y = -0.0068x2 + 1.18x 

– 1.0), Lystek (y = 0.00005x2 + 0.19x + 30.6), Nutri-Pel (y = 0.00053x2 - 0.02x + 39.9), and Sustane (y = -0.014x2 + 0.72x + 31.8). 
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Figure 3.2. The relationship between synthetic nitrogen percentage of treatments and clippings yield (grams) for Field trial 2 in October 2020. Regression 

analysis compared weights for both 2x and 3x frequencies. 

 

Note: Field trial 2 was conducted from 2019 to 2020. Fertilizers were applied at a target application rate of 1.5 kg of nitrogen/100m2/season, except for 

FMSTM Inorganic 50% and 25%, which received 0.75 kg and 0.375 kg, respectively. The 75% and 50% treatments for Lystek, Nutri-Pel, and Sustane 

were supplemented with FMSTM Inorganic 25% and 50%, respectively. The equations for each treatment were: FMSTM Inorganic (y = -0.0016x2 + 0.47x 

+ 5.5), Lystek (y = -0.0011x2 + 0.40x + 12.4), Nutri-Pel (y = 0.011x2 - 0.50x + 21.2), and Sustane (y = -0.007x2 + 0.59x + 14.2). 
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Figure 3.3. The relationship between tissue nitrogen percentage and clippings yield (grams) for Field trial 1 in October 2020. Regression analysis 

compared weights for both 2x and 3x frequencies. 

 

Note: Field trial 1 was conducted from 2018 to 2020. Fertilizers were applied at a target application rate of 1.5 kg of nitrogen/100m2/season, 

except for FMSTM Inorganic 50% and 25%, which received 0.75 kg and 0.375 kg, respectively. The 75% and 50% treatments for Lystek, Nutri-

Pel, and Sustane were supplemented with FMSTM Inorganic 25% and 50%, respectively. The equation for the trendline was: (y = 20.7x - 31.7; R2 

= 0.3529). 
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3.4.3 Greenhouse Toxicity Trial  

Emergence Time & Percent Turfgrass Coverage 

There were no significant interactions between fertilizers, application methods, and rates 

for emergence time and percent turfgrass coverage. Days to turfgrass emergence ranged from 

8.3–10.0, and all treatments were statistically similar (Table 3.17). Percent turfgrass coverage 

was evaluated at the end of the 6-week toxicity trial, and values were statistically comparable 

between fertilizers for all application methods and rates. However, numerical differences were 

substantial (Table 3.18). 

The negative control consistently had the lowest turfgrass coverage levels with 37.5% 

and 21.5% for incorporated and top-dressed treatments, respectively. Tubes where Lystek and 

Nutri-Pel were incorporated at the low application rate, had less turfgrass coverage compared to 

those that received fertilization at medium and high rates. At low rates values were 33.8% and 

29.5%, respectively. As medium and high rates were incorporated, the percentage coverage rose 

to 52.5% and 51.3% for Lystek. Moreover, they increased to 81.3% and 65.0% for Nutri-Pel. 

The same trend was observed for FMSTM Inorganic and Lystek when top-dressed on tubes. 

Values at low rates were 26.3% and 23.8%, respectively. As application rates increased to 

medium and high levels, percentages rose to 61.3% and 42.5% for FMSTM Inorganic. 

Furthermore, they increased to 53.8% and 46.3% for Lystek. In contrast, opposite results were 

found for FMSTM Inorganic when incorporated, and Nutri-Pel when top-dressed. Percent 

turfgrass coverage was greater at low and medium application rates, with values of 57.5% and 

58.8% for FMSTM Inorganic, while at 55.0% and 63.8% for Nutri-Pel. Measurements at the high 

application rate decreased to 35.3% and 37.5% for FMSTM Inorganic and Nutri-Pel, respectively. 

Furthermore, turfgrass coverage for Sustane remained consistent for all application rates, with 
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values ranging from 51.3–53.8% and 57.5–67.0% for incorporated and top-dressed treatments, 

respectively (Table 3.18). 

The main effects highlight statistical significance between fertilizers. The negative 

control had the least percent coverage at 29.5%, while Nutri-Pel and Sustane were significantly 

greater, and had the highest values of 55.3 and 57.6%, respectively. Moreover, FMSTM Inorganic 

and Lystek were comparable to all treatments with values of 46.9% and 43.5% (p < 0.05, Table 

3.18). 
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Table 3.17. Turfgrass emergence time of toxicity trial. Days to emergence was measured by observing the time required for leaf blades to protrude from its 

rootzone. Recordings were taken from the initial pre-plant fertilization and seeding of tubes.

           Application Methodx 

Treatmentz  Incorporated    Top-dressed                  

Application Ratey  Low      Medium   High   Low     Medium    High 

Fertilizerwv  ------------------------------------------       Days to Emergenceu       ------------------------------------------ 

  Negative Control 8.5 8.5 8.5 10.5 10.5 10.5 

  FMSTM Inorganic 9.0 8.3 9.8 10.8 8.3 9.5 

  Lystek 10.0 8.8 9.3 10.5 9.0 9.8 

  Nutri-Pel 10.0 7.3 8.8 8.8 8.3 9.8 

  Sustane 8.8 9.0 9.5 8.3 8.5 8.5

z Turfgrass was grown under standard greenhouse conditions and within a sand-based rootzone. Tubes were seeded at 0.5 kg/100m2. 
y Fertilization occurred once during seeding at various pre-plant application rates. Fertilizers were applied at a low, medium, and high application rate of 0.25, 0.5 

  and 0.75 kg of nitrogen/100m2 respectively. 
x Fertilizers were incorporated and top-dressed at each application rate. The top 3cm of tubes were manipulated to ensure organic matter was present at a depth of 

  5-10cm. 
w Analysis of variance was done for all treatments. Least squares means and their significance are compared between columns. 
v Least squares means followed by the same letters are not significantly different according to the Tukey-Kramer Test  (a = 0.05). 
u The main effects of fertilizers are not depicted. Least-squares means and their corresponding significance letters are: Negative Control (estimate = 9.5), FMSTM 

Inorganic (estimate = 9.3), Lystek (estimate = 9.5), Nutri-Pel (estimate = 8.8), Sustane (estimate = 8.8). 
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Table 3.18. Percent turfgrass coverage of toxicity trial. Tubes were evaluated once weekly after the initial 14-day emergence period. Visual assessments included 

turfgrass growth, density, coverage of tube opening, and visibility of the root zone. Treatments were rated from 0-100 percent turfgrass coverage with 0%=no 

turfgrass present, and 100%=dense turfgrass foliage completely covering the tube’s surface. Values represent percent turfgrass coverage at the end of the 6-week 

trial.

                 Application Methodx 

Treatmentz    Incorporated     Top-dressed                  

Application Ratey      Low       Medium     High      Low       Medium      High 

Fertilizerwv  ----------------------------------------------------------          Emergence (%)u          ---------------------------------------------------------- 

  Negative Control 37.5 ± 7.50 37.5 ± 7.50 37.5 ± 7.50 21.5 ± 11.46 21.5 ± 11.46 21.5 ± 11.46 

  FMSTM Inorganic 57.5 ± 11.09 58.8 ± 13.90 35.3 ± 19.22 26.3 ± 8.98 61.3 ± 15.60 42.5 ± 17.02 

  Lystek 33.8 ± 12.48 52.5 ± 17.97 51.3 ± 21.05 23.8 ± 10.28 53.8 ± 17.72 46.3 ± 16.25 

  Nutri-Pel 29.5 ± 11.74 81.3 ± 6.57 65.0 ± 18.93 55.0 ± 17.08 63.8 ± 13.44 37.5 ± 10.31 

  Sustane 51.3 ± 19.62 53.8 ± 17.72 53.8 ± 25.28 62.5 ± 14.51 67.0 ± 21.56 57.5 ± 12.50

z Turfgrass was grown under standard greenhouse conditions and within a sand-based rootzone. Tubes were seeded at 0.5 kg/100m2. 
y Fertilization occurred once during seeding at various pre-plant application rates. Fertilizers were applied at a low, medium, and high application rate of 0.25, 0.5 

  and 0.75 kg of nitrogen/100m2 respectively. 
x Fertilizers were incorporated and top-dressed at each application rate. The top 3cm of tubes were manipulated to ensure organic matter was present at a depth of 

  5-10cm. 
w Analysis of variance was done for all treatments. Least squares means and their significance are compared between columns. 
v Least squares means followed by the same letters are not significantly different according to the Tukey-Kramer Test  (a = 0.05). 
u The main effects of fertilizers are not depicted. Least-squares means and their corresponding significance letters are: Negative Control (estimate = 29.5 b), 

FMSTM Inorganic (estimate = 46.9 ab), Lystek (estimate = 43.5 ab), Nutri-Pel (estimate = 55.3 a), Sustane (estimate = 57.6 a). 
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Colour & Quality Ratings 

There were no significant interactions between fertilizers, application methods, and rates 

for turfgrass colour and quality ratings (Table 3.19, Table 3.20). All treatments were statistically 

similar for both parameters, and ratings were comparable between fertilizers for all application 

methods and rates. However, variation in numerical values illustrates meaningful differences. 

Colour ratings ranged from 5.8–8.0 and 5.3–8.3 for incorporated and top-dressed treatments, 

respectively. In addition, the main effects of fertilizers showed statistical differences. The 

negative control had the lowest colour rating at 5.5 and was considered unacceptable. 

Conversely, Nutri-Pel and Sustane were significantly greater than the control, and had the 

highest ratings of 7.4 and 7.0, respectively. FMSTM Inorganic and Lystek were comparable to all 

treatments were values of 6.5 and 6.7 (p < 0.05, Table 3.19). Similar trends were observed for 

turfgrass quality ratings. Values ranged from 5.9–8.3 and 5.3–8.6 for incorporated and top-

dressed treatments, respectively. Significant differences between fertilizer main effects followed 

the same trend as colour ratings. The negative control had the lowest quality ratings of 5.6, while 

Nutri-Pel and Sustane had values of 7.5 and 7.4. Moreover, FMSTM Inorganic and Lystek were 

comparable to all treatments with ratings of 6.9 and 6.7, respectively (p < 0.05, Table 3.20). 
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Table 3.19. Colour ratings of toxicity trail. Treatments were assessed on a 1-9 rating scale with 1=yellow/straw, 6=minimum acceptable colour, and 9=dark 

green. Visual ratings were done following guidelines from the National Turfgrass Evaluation Program (NTEP), and reflected both genetic and seasonal colour.

           Application Methodx 

Treatmentz   Incorporated    Top-dressed                  

Application Ratey  Low      Medium   High   Low     Medium    High 

Fertilizerwv  ------------------------------------------           Colour Ratingsu           ------------------------------------------ 

  Negative Control 5.8 5.8 5.8 5.3 5.3 5.3 

  FMSTM Inorganic 7.3 6.8 5.6 5.5 6.8 7.3 

  Lystek 6.5 7.3 7.3 5.8 6.5 7.0 

  Nutri-Pel 5.6 8.0 8.0 7.5 8.0 7.0 

  Sustane 6.3 6.6 7.3 6.5 8.3 7.0

z Turfgrass was grown under standard greenhouse conditions and within a sand-based rootzone. Tubes were seeded at 0.5 kg/100m2. 
y Fertilization occurred once during seeding at various pre-plant application rates. Fertilizers were applied at a low, medium, and high application rate of 0.25, 0.5 

  and 0.75 kg of nitrogen/100m2 respectively. 
x Fertilizers were incorporated and top-dressed at each application rate. The top 3cm of tubes were manipulated to ensure organic matter was present at a depth of 

  5-10cm. 
w Analysis of variance was done for all treatments. Least squares means and their significance are compared between columns. 
v Least squares means followed by the same letters are not significantly different according to the Tukey-Kramer Test  (a = 0.05). 
u The main effects of fertilizers are not depicted. Least-squares means and their corresponding significance letters are: Negative Control (estimate = 5.5 b), 

FMSTM Inorganic (estimate = 6.5 ab), Lystek (estimate = 6.7 a), Nutri-Pel (estimate = 7.4 a), Sustane (estimate = 7.0 a). 
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Table 3.20. Quality ratings of toxicity trial. Treatments were assessed on a 1-9 rating scale with 1=poor/dead, 6=minimum acceptable quality, and 

9=perfect/ideal. Visual ratings were done following guidelines from the National Turfgrass Evaluation Program (NTEP), and reflected the functional and 

aesthetic aspects of turf. Values accounted for turfgrass growth, density, uniformity, and environmental stress.

           Application Methodx 

Treatmentz   Incorporated    Top-dressed                  

Application Ratey  Low      Medium   High   Low     Medium    High 

Fertilizerwv  ------------------------------------------           Quality Ratingsu           ------------------------------------------ 

  Negative Control 6.0 6.0 6.0 5.3 5.3 5.3 

  FMSTM Inorganic 7.3 7.3 6.3 6.0 7.5 7.3 

  Lystek 6.8 7.5 7.0 5.8 6.5 6.8 

  Nutri-Pel 5.9 8.3 8.3 7.8 8.0 7.0 

  Sustane 7.0 7.3 7.3 7.3 8.6 7.0

z Turfgrass was grown under standard greenhouse conditions and within a sand-based rootzone. Tubes were seeded at 0.5 kg/100m2. 
y Fertilization occurred once during seeding at various pre-plant application rates. Fertilizers were applied at a low, medium, and high application rate of 0.25, 0.5 

  and 0.75 kg of nitrogen/100m2 respectively. 
x Fertilizers were incorporated and top-dressed at each application rate. The top 3cm of tubes were manipulated to ensure organic matter was present at a depth of 

  5-10cm. 
w Analysis of variance was done for all treatments. Least squares means and their significance are compared between columns. 
v Least squares means followed by the same letters are not significantly different according to the Tukey-Kramer Test  (a = 0.05). 
u The main effects of fertilizers are not depicted. Least-squares means and their corresponding significance letters are: Negative Control (estimate = 5.6 b), 

FMSTM Inorganic (estimate = 6.9 a), Lystek (estimate = 6.7 ab), Nutri-Pel (estimate = 7.5 a), Sustane (estimate = 7.4 a). 
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3.5 Discussion 

Turfgrass health refers to its growth, survival, and function. Factors that indicate optimal 

health include morphology, density, and quality (McCarty, 2018b; Truett, 2019). This research 

investigated the effects of biosolids on the health of established turfgrass, and the potential of 

biosolids to supplement or replace conventional inorganic fertilizers. Field trials 1 and 2 

evaluated the ability of biosolids to maintain plant health compared to inorganic fertilizers while 

the greenhouse toxicity trial examined the potential phytotoxic effects of biosolids on emerging 

seedlings. We hypothesized that biosolids could be used as a fertilizer for turfgrass and would be 

able to improve or maintain its health. The results showed that although biosolid treatments did 

not consistently improve turfgrass health relative to the inorganic fertilizers, they did maintain 

health to an equivalent level as inorganic fertilizers when used alone, and at a higher level than 

the negative control when supplemented with the inorganic product. In addition, it was 

determined that the biosolid products did not exhibit any phytotoxic effects on turfgrass 

seedlings.  

Field Trials 1 & 2 

 The results from the two field studies suggest that the biosolids supplied turfgrass with 

enough nutrients to maintain turf health at an acceptable level (Tables 3.4 through 3.16). 

Specifically, nitrogen played an integral role in maintain health (Table 3.11). Tissue nutrient 

analysis suggested that all treatments provided plots with sufficient amounts of nitrogen and 

other nutrients to maintain turfgrass health (Table 3.11). Previous research has shown that 

nitrogen is an essential element needed to maintain turfgrass health (Christians et al., 2016; 

Garling and Boehm, 2001; Petrovic, 1990). Various studies highlight that fertilizer degradation 

and nitrogen mineralization are crucial factors that ensure nitrogen is present in accessible forms 
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for absorption by turfgrass (Bengtsson et al., 2003; Bernal et al., 1998b; Flavel and Murphy, 

2006; Luxhoi et al., 2007). Tissue nutrient analysis data from Field trial 1 showed that the 

organic fertilizers were able to provide nutrients to turfgrass (Table 3.11) and consistently 

maintain plant health relative to the inorganic fertilizer (Tables 3.4 through 3.10), despite their 

high water-insoluble nitrogen percentages. Previous research suggests that the presence of free 

moisture on turfgrass aids the physical breakdown of biosolids (Leita and de Nobili, 1991; 

Soderberg and Mischke, 2012; Srinivasarao et al., 2013). Both field trials were maintained at 

lawn height and watered once daily, likely leading to increased periods of leaf wetness and 

ultimately aiding the break-down of biosolids and their nutrient availability. 

The findings from this research (Tables 3.4 through 3.16) agreed with previous literature. 

Zhang et al. (2011) concluded that biosolid composts were effective as a soil conditioner and 

improved turfgrass health when applied annually. Similarly, in Dede and Ozdemir (2015), 

biosolid composts increased nutrient supply, which enhanced the soil’s physical and chemical 

properties. As a result, this facilitated turfgrass production. In Garling and Boehm (2001), 

researchers found that biosolid compost applied annually for three years improved turfgrass 

health by increasing soil organic matter content, nitrogen concentrations, and overall quality. 

Furthermore, Boen and Haraldsen (2011) concluded that biosolid composts effectively enhanced 

turfgrass health by providing adequate nutrients to support growth. 

This research highlights that nutrient availability, particularly nitrogen, was the primary 

driving factor that maintained turfgrass health (Figures 3.1 through 3.3). Biosolids, FMSTM 

Inorganic 100%, and NitroformTM + TSP all received the same nitrogen application rate of 1.5 kg 

of nitrogen/100m2/season, and the micro-nutrient composition within the FMSTM Inorganic was 

similar to those of Lystek and Nutri-Pel (Table 3.2). FMSTM Inorganic 100% did not contain any 
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organic material and produced results that were consistent and significantly greater than the 

negative control for turfgrass colour, quality, growth, and nitrogen concentration (Tables 3.4 

through 3.16). Figures 3.1 through 3.3 illustrated how increasing nitrogen concentration and 

nutrient availability positively influenced turfgrass growth. If the 100% biosolid treatments had 

consistently and significantly exceeded the FMSTM Inorganic 100% when measuring turfgrass 

health parameters (Tables 3.4 through 3.16), its performance may have been attributed to the 

addition of carbon. However, this was not observed and only the biosolid treatments 

supplemented with the inorganic fertilizer were consistently comparable to FMSTM Inorganic 

100% for all measured variables (Tables 3.4 through 3.16). 

In addition, the 75% and 50% treatments for Lystek, Nutri-Pel, and Sustane were 

statistically similar to FMSTM Inorganic 25% and 50%, respectively for turfgrass colour, quality, 

growth, and nitrogen concentration (Tables 3.4 through 3.7 and 3.11 through 3.15). If the 

biosolid supplemented treatments had outperformed FMSTM Inorganic 25% and 50% for the 

various turfgrass health parameters (Tables 3.4 through 3.7 and 3.11 through 3.15), it may have 

been caused by the addition of organic matter or an increase in nitrogen application. The biosolid 

supplemented treatments received a nitrogen application rate of 1.5 kg of nitrogen/100m2/season, 

whereas FMSTM Inorganic 25% and 50% received 0.375 and 0.75 kg of nitrogen/100m2/season, 

respectively (Table 3.2). Despite the higher application of carbon and nitrogen, biosolids 

supplemented with inorganic fertilizers did not surpass FMSTM Inorganic 25% and 50% but had 

consistently comparable values (Tables 3.4 through 3.7 and 3.11 through 3.15). 

The findings from this research illustrate that utilizing biosolids to fertilizer turfgrass did 

not consistently improve turfgrass health relative to the inorganic fertilizers but were successful 

at maintaining plant health to an equivalent level when used alone or supplemented with the 



 
 

112 
 

inorganic fertilizer. Moreover, when supplemented with the inorganic fertilizer, biosolids were 

consistently superior to the negative control for all turfgrass health parameters. 

Greenhouse Toxicity Trial 

Utilizing human waste as a fertilizer on crops raises numerous concerns about its safety 

and potential to contaminate ecosystems (Fliebach et al., 1994; Ragazzi, 2016). There is a 

hesitancy regarding applying biosolids on crops due to the uncertainty about their effects on 

plant health (Eljarrat et al., 2012; Filcheva et al., 1996). Previous studies highlight that biosolids 

may contain heavy metals and pathogens that can be detrimental to turfgrass health (Baath et al., 

1998; Merzlaya et al., 2017; Zerzghi et al., 2009). This greenhouse toxicity experiment evaluated 

the potentially toxic effects of biosolids on emerging turfgrass seedlings. The results showed that 

biosolids did not produce phytotoxic effects on emerging seedlings and there were no statistical 

differences between treatments for emergence time, percent turfgrass coverage, colour, and 

quality ratings (Tables 3.17 through 3.20). 

Turfgrass emergence occurred between 8.3–10.5 days for all treatments (Table 3.17). 

These values correspond to the existing literature which highlights that emergence time for 

creeping bentgrass seedlings occurs between 7–14 days after seeding (Macbryde, 2006; McCarty 

and Dudeck, 1993). Hence, biosolids did not negatively affect seedling emergence compared to 

the negative control. Furthermore, the results for percent turfgrass coverage, colour, and quality 

ratings were similar for all fertilizers (Tables 3.17 through 3.20). Numerical differences suggest 

that biosolids improved turfgrass health compared to the negative control, and was equivalent to 

the inorganic fertilizer (Tables 3.18 through 3.20). Moreover, there were no significant 

differences between application methods (incorporated and top-dressed) and rates (low, medium, 

and high) (Table 3.3), for all measured parameters (Tables 3.17 through 3.20). 
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Previous research highlighted that excessive and inappropriate application of biosolids 

can cause phytotoxic effects on turfgrass (Cheng et al., 2007; Linde and Hepner, 2005; 

Tesfamariam et al., 2009). Linde and Hepner (2005) evaluated the effects of biosolid compost on 

seed and sod establishment. Their results showed a 2–3 week delay in establishment due to 

elevated salt and ammonium levels. In this experiment, biosolids treatments that were applied at 

the high application rate (0.75 kg of nitrogen/100m2) had the greatest potential to cause 

deleterious effects on emerging seedlings (Tables 3.17 through 3.20). However, the results 

indicated that biosolids applied at the high rate had values that were comparable to the low and 

medium rates (0.25, 0.5 kg of nitrogen/100m2, respectively) for all measured parameters (Tables 

3.17 through 3.20). Thus, illustrating that biosolids did not cause phytotoxic effects on emerging 

seedlings. Similar findings were concluded in Cheng et al. (2007) where researchers found that 

biosolid compost enhanced turfgrass production without causing toxic effects, despite elevated 

heavy metal and soluble salt concentrations. Moreover, Tesfamariam et al. (2009) observed that 

anaerobically digested sewage sludge was safe for growing and maintaining turfgrass while 

limiting salt accumulation. 

The lack of phytotoxic effects on emerging seedlings may be due to adequate processing 

and purification of sewage sludge to produce high-quality biosolids. Previous literature 

highlights that human-waste material is purified through a series of primary, secondary, and 

tertiary distillations (Amuda et al., 2008; Moreira et al., 2018). Various physical, chemical, and 

biological methods are employed to remove toxic chemicals and pathogens (Amuda et al., 2008; 

Danso-Boateng, 2018; Moreira et al., 2018; Ragazzi, 2016). A study by Vaughn et al. (2018) 

evaluated the effects of biosolids anaerobically pyrolyzed at 300, 400, 500, 600, and 900 degrees 

Celsius, on seed germination and growth of turfgrass. They found that pyrolysis at lower 
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temperatures was effective at sustaining plant health, and reduced toxicity from heavy metals and 

harmful pathogens.  

Summary 

Overall, Field trials 1 and 2 evaluated the effects of biosolids on turfgrass health, while 

the greenhouse toxicity experiment investigated the potential toxicity of biosolids on emerging 

turfgrass seedlings. Collectively, all three studies assessed the different aspects of turfgrass 

health including colour, quality, growth, nutrient concentration, emergence time, and percent 

turfgrass coverage. The data from Field trials 1 and 2 illustrate that biosolids supplemented with 

the inorganic fertilizer consistently maintained turfgrass health at levels comparable to solely 

using the inorganic fertilizer, and were significantly greater than the negative control for all 

measured variables (Tables 3.4 through 3.16). In addition, results from the greenhouse toxicity 

trial showed that biosolids did not cause phytotoxic effects on emerging turfgrass seedlings 

(Tables 3.17 through 3.20). Therefore, this research shows that biosolids are safe and effective at 

maintaining turfgrass health. 
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Chapter 4: Biosolids and Soil Quality 

4.1 Abstract  

This research investigates the effects of biosolids on soil quality in turfgrass rootzones. 

Field trials 1 and 2 were conducted from 2018–2020 and 2019–2020, respectively. The results 

showed that biosolids did not substantially enhance soil quality, and significant differences 

observed were not consistent. This may be attributed to the duration of the field trials and 

decomposition time of fertilizers. Minor improvements were made in microbial respiration 

towards the end of each trial, thus, highlighting that additional seasons may have been required 

to observe the full potential of biosolids as a soil conditioner. Overall, this study concluded that 

biosolids have the potential increase soil quality and health over long periods. 

4.2 Introduction  

Maintaining soil health is imperative when cultivating turfgrass (Carey et al., 2015). Soil 

health refers to its ability to function as a vital living component within a particular ecosystem 

and is greatly influenced by soil quality, which involves its chemical, physical, and biological 

properties (Krupenikov et al., 2011; Rattan, 2016; Reicosky, 2018). Ensuring high levels of soil 

quality is necessary to appropriately maintain a healthy stand of turf (Barbarick et al., 2004; Tian 

et al., 2008). Turfgrass absorbs nutrients from the soil and utilizes them to grow (Linde and 

Hepner, 2005). For this to occur, the soil’s chemical profile must be sufficient to nourish 

turfgrass and support its growth (Debosz et al., 2002; Sidhu et al., 2016). The concentration of 

chemical elements in soils influences their biological properties by allowing microorganisms to 

mineralize and utilize these elements in their physiological processes (Carlson et al., 2015; 

Sullivan et al., 2016; Tian et al., 2008). In turn, this alters their microbial community structure 
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and population dynamics, which plays a pivotal role in facilitating turfgrass growth (Sanchez-

Monedero et al., 2004; Sastre et al., 1996). Furthermore, the physical attributes of soils, 

including texture, porosity, aggregate stability, bulk density, etc., are important factors that affect 

the soil structure of turfgrass rootzones (Debosz et al., 2002; Krupenikov et al., 2011; Tian et al., 

2009). The chemical, physical, and biological properties of soils affect their condition and 

fertility, which refers to their capacity to function and ability to sustain life (Krupenikov et al., 

2011; Reicosky, 2018; Speir et al., 2003; Speir et al., 2004). As a result, this enhances overall 

soil health and facilitates turfgrass growth (Li et al., 2000). Previous literature highlights that 

utilizing organic amendments can enhance soil quality, health, and aid in turfgrass growth 

(Barbarick et al., 2004; Sullivan et al., 2016; Tian et al., 2008). Specifically, biosolids have the 

potential to increase soil quality by supplying soils with essential nutrients such as organic matter 

and nitrogen (Garcia et al., 1994; Garcia-Gil et al., 2004; Monedero et al., 2014; Speir et al., 

2004). They can enhance turfgrass rootzones by improving their chemical, physical, and 

biological properties (Carlson et al., 2015; Debosz et al., 2002; Sastre et al., 1996). Subsequently, 

this would improve its condition, fertility, and health (Samaras et al., 2008; Speir et al., 2004). 

Previous research also shows the effectiveness of organic wastes at restoring soil health by their 

ability to supply soils with (Bastida et al., 2015; Sidhu et al., 2016; Tian et al., 2009). This 

research assessed the effects of biosolids on soil quality by measuring the chemical, physical, 

and biological properties of turfgrass rootzones. It is hypothesized that biosolids would enhance 

soil quality by increasing organic matter content and nutrient status, specifically nutrient 

availability, retention, and mineralization. 
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4.3 Materials and Methods 

Methods were consistent with Chapter 3, Section 3.3, and soil parameters were assessed 

for Field trials 1 and 2. All evaluations were done under standard laboratory conditions, between 

temperatures of 200C–250C, and humidity levels ranging from 20-50%. 

4.3.1 Dependent Variables 

Organic Matter Content 

Organic matter content was measured by loss on ignition using an Isotemp 51G Lab 

Oven, and Isotemp Programmable Muffle Furnace (650-750 Series) from Fisher Scientific. 

Before the assessment, soil samples obtained from field trials were air-dried for a minimum of 

seven days and sieved to 2mm. Approximately 25 cm3 of soil was then placed in crucibles 

(height = 37mm; diameter opening = 43mm; total capacity = 30cc of soil), and oven-dried at 

1000C for 24 hours. Subsequently, samples were placed in the muffle furnace at 5500C for 4 

hours to burn-off organic matter (Heiri et al., 2001). 

The muffle furnace was programmed to increase at a rate of 100C per minute for 1 hour 

until it reached its peak temperature of 5500C. After 4 hours, it decreased at the same rate and the 

temperature was maintained at 300C until final weights were taken. To prevent samples from 

absorbing moisture they were placed into Bel-Art SP Scienceware desiccators containing blue 

W.A. Hammond drierite and sealed with parafilm. Finally, organic matter content was calculated 

using the following formula: Organic Matter Content % = [1 – (Final weight / Initial weight)] x 

100. 
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Aggregate Stability 

Aggregate stability was assessed using an Eijkelkamp Soil and Water Wet-Sieving 

Apparatus that contained weighted stainless steel cans (64mm x 45mm), and 0.25mm sieves 

(39mm x 39mm). Soil samples obtained from field trials were air-dried for a minimum of seven 

days and sieved to 1-2mm. For each treatment, 4 cm3 of soil was weighed, placed into sieves, 

and pre-moistened for five minutes by submerging them in cans filled with 100ml of distilled 

water. Next, they were agitated in a vertical motion (stroke = 1.3cm) for three minutes 

(frequency = 34 times/minute), then placed into their leak-out position for one minute, allowing 

excess water to drain. 

Samples were then immersed in cans filled with 100mL of dispersing solution specific to 

their pH. A pH greater than seven contained 2g of sodium hexametaphosphate/L, whereas a pH 

less than seven contained 2g of sodium hydroxide/L. Subsequently, they were shaken following 

the same cycle and repeated three times. Thus, each sample received twelve minutes of 

disturbance and four minutes of water exudation. The soil able to withstand agitation was the 

percent stable aggregates. Therefore, they were collected from the sieve, placed in circular 

aluminum foil trays, and oven-dried at 1000C for 24 hours to remove moisture. Percent aggregate 

stability was calculated by the following equation: Aggregate Stability % = [(Final weight - 0.2) / 

(Initial weight)] x 100. 

pH 

Soil pH was measured using a calibrated HI-98129 Combo pH tester from Hanna 

Instruments. Samples were sieved to 1-2mm aggregates, and pH was evaluated through a 1:1 

ratio of soil and water, where 10 cm3/mL of soil and distilled water were placed into 50mL 
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beakers and stirred. Measurements were recorded after 5-10 s, allowing the pH meter to stabilize 

and provide accurate readings. 

Microbial Respiration (LI-COR Soil Respiration Chamber) 

Microbial respiration was measured using a LI-COR Soil Respiration Chamber (LI-

6400/XT) calibrated to measure carbon dioxide flux. Before evaluation, soil samples obtained 

from field trials were sieved to 2mm aggregates and air-dried for 24-48 hours. Also, the efficacy 

of desiccant and soda-lime was tested to ensure optimal functioning for removing moisture and 

atmospheric carbon dioxide from the chamber. Carbon dioxide levels were maintained at a 

constant reference value of 400 micromoles/L within the chamber, while sample measurements 

indicated fluctuations. Therefore, microbial respiration was determined by differences between 

the CO2 sample and reference values. 

A short PVC tube was inserted into the extended rim of the chamber and placed on soil 

samples to obtain readings. It was surrounded by soil to prevent atmospheric carbon dioxide 

from entering the chamber. This ensured that respiration readings were taken solely from soil 

samples, and values represented accurate measurements. Furthermore, the chamber was placed 

on samples for three minutes to allow adequate time for stabilization before recording values in 

micromoles of CO2/m
2 of soil/second. 

Microbial Respiration (Solvita CO2 Respiration) 

Microbial respiration was assessed using a Solvita Environmental Diagnostics CO2-Burst 

Test Kit. Before evaluation, soil samples obtained from field trials were sieved to 2mm 

aggregates and air-dried for 24-72 hours. 40 cm3 of soil was then inserted into 50mL plastic 

beakers and placed in 475mL glass jars. Subsequently, 12mL of distilled water was added over a 
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mesh filter to evenly distribute it through the soil surface. The Solvita test strips were then placed 

in each jar, and lids containing gaskets were fastened tightly to prevent atmospheric carbon 

dioxide from entering. Samples remained in jars for 24 h before removing test strips and 

inserting them into a digital colour reader (Solvita DCR), that measured carbon dioxide levels in 

parts per million (ppm). The Solvita DCR illustrated a colour reading between 1-5 that 

represented specific carbon dioxide levels: Rating 1 (very low; > 5 ppm); Rating 2 (low; 5 > 12 

ppm); Rating 3 (moderate-low; 12 > 30 ppm); Rating 4 (moderate; 30 > 70 ppm); Rating 5 (high; 

70 > 160 ppm). 

4.3.2 Statistical Analysis 

Statistical analyses were done using SAS Institute, University Edition, Version 9.4 

(Statistical Analysis System Software, Cary, NC). A generalized linear mixed model assessment 

was performed by Proc Glimmix to evaluate soil parameters. Moreover, analysis of variance 

(ANOVA) was conducted separately for each evaluation date to produce the main effects of 

fertilizers, frequencies, and their potential interactions (model statement: variable = fertilizer, 

frequency, fertilizer-by-frequency) for Field trials 1 and 2. Least-square means (LSMEANS) of 

treatments were compared using the Tukey-Kramer Test (lsmeans statement: adjust = tukey 

lines), and differences were significant at p < 0.05 ( = 0.05). 
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4.4 Results 

4.4.1 Field Trial 1 

Organic Matter Content  

Throughout Field trial 1, there was no significant interaction between fertilizers and 

frequencies on organic matter content. Application frequencies did not affect organic matter 

content. However, percentages varied between fertilizers. In May 2019, the negative control had 

the lowest level of organic matter at 14.9%, while Lystek and Nutri-Pel were significantly 

greater, and had the highest values at 17.7% and 18.1%, respectively. Furthermore, FMSTM 

Inorganic and Nutri-Pel were statistically similar to all treatments. In May 2020 the negative 

control had the highest value at 16.6%, and was notably greater than Lystek and Sustane, while 

comparable to FMSTM Inorganic and Nutri-Pel. Values for fertilizer treatments ranged from 

12.3–13.9%. There were no statistical differences between fertilizers in October 2019 and 2020. 

Percentages ranged from 9.1–10.5% and 16.1–18.2%, respectively (p < 0.05, Table 4.1). 
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Table 4.1. Organic matter content of soil in Field trial 1 from 2019 to 2020. Evaluation was done by loss on ignition using an Isotemp Programmable Muffle 

Furnace (650-750 Series). Soil samples were oven-dried for 24 hours, then placed in the muffle furnace at 5500C for 4 hours to allow sublimation of carbon. 

Percent organic matter was calculated using the initial and final weights.

                         Evaluation Datex 

Treatment   May 2019   October 2019       May 2020       October 2020

Fertilizerz ---------------------------------------    Organic Matter Content (%)w    --------------------------------------- 

  Negative Control 14.9  ±  0.35  b 9.1  ±  0.48 16.6  ±  0.87  a 17.3  ±  1.22 

  FMSTM Inorganic 16.7  ±  0.49  ab 9.6  ±  0.35 13.9  ±  0.91  ab 18.2  ±  1.17 

  Lystek 17.7  ±  0.24  a 10.5  ±  0.64 12.3  ±  0.65  b 16.6  ±  0.96 

  Nutri-Pel 18.1  ±  0.80  a 9.7  ±  0.39 13.6  ±  0.68  ab 16.1  ±  0.94 

  Sustane 16.7  ±  0.72  ab 9.7  ±  0.32 13.3  ±  0.75  b 16.8  ±  1.25 

Frequencyy 

  2x 16.5  ±  0.38 9.8  ±  0.34 13.8  ±  0.59 16.8  ±  0.89 

  3x 17.2  ±  0.45 9.6  ±  0.25 14.1  ±  0.58 17.2  ±  0.42  

z Fertilizers were applied at a target application rate of 1.5 kg of nitrogen/100m2/season. Assessed only the 100% treatments. 
y Fertilizer treatments were applied either two or three times per season. 
x Analysis of variance was done separately for each evaluation date. Least squares means and their significance are not compared between columns. 
w Least squares means ± SEM followed by the same letters are not significantly different according to the Tukey-Kramer Test  (a = 0.05). 
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Aggregate Stability 

There was no significant interaction between fertilizers and frequencies on aggregate 

stability. However, there were statistical differences between application frequencies. In October 

2019, plots that received fertilizers twice per season were more stable compared to those that 

were fertilized thrice. However, the opposite was observed in May 2020. There were no 

considerable differences between fertilizers in 2019 and October 2020. Percentages were 

comparable ranging from 35.5–39.4% in May 2019, 44.1–48.1% in October 2019, and 40.5–

45.8% in October 2020. In May 2020, the negative control and FMSTM Inorganic had the lowest 

values at 35.5% and 36.9%, respectively. Lystek and Nutri-Pel were significantly greater than all 

treatments and had measurements of 55.2% and 53.8%, respectively. Moreover, Sustane had a 

level of 44.8% which was statistically similar to FMSTM Inorganic. However, it was significantly 

lower than Lystek and Nutri-Pel (p < 0.05, Table 4.2). 
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Table 4.2. Aggregate stability of soil in Field trial 1 from 2019 to 2020. Assessment was done using an Eijkelkamp Soil and Water Wet-Sieving Apparatus. Soil 

samples were agitated in water and its pH-dependent salt solution for a total of 12 minutes. The unfiltered soil portions were oven-dried and used to calculate 

percent aggregate stability.

 
                              Evaluation Datex 

Treatment   May 2019       October 2019    May 2020    October 2020

Fertilizerz ---------------------------------------        Aggregate Stability (%)w        --------------------------------------- 

  Negative Control 38.4  ±  1.63 48.1  ±  1.92 35.5  ±  3.94  c 44.6  ±  1.9 

  FMSTM Inorganic 35.8  ±  1.82 46.9  ±  2.05 36.9  ±  5.62  bc 40.5  ±  1.75 

  Lystek 39.4  ±  0.94 47.0  ±  2.58 55.2  ±  2.77  a 45.7  ±  4.15 

  Nutri-Pel 35.5  ±  1.40 44.5  ±  2.23 53.8  ±  1.15  a 44.3  ±  1.41 

  Sustane 36.3  ±  0.89 44.1  ±  3.81 44.8  ±  2.79  b 45.8  ±  1.41 

Frequencyy 

  2x 35.9  ±  0.82 49.5  ±  1.37  a 39.5  ±  3.37  b 45.1  ±  0.94 

  3x 38.2  ±  0.92 42.7  ±  1.45  b 51.0  ±  1.28  a 43.2  ±  1.88   

 
z Fertilizers were applied at a target application rate of 1.5 kg of nitrogen/100m2/season. Assessed only the 100% treatments. 
y Fertilizer treatments were applied either two or three times per season. 
x Analysis of variance was done separately for each evaluation date. Least squares means and their significance are not compared between columns. 
w Least squares means ± SEM followed by the same letters are not significantly different according to the Tukey-Kramer Test  (a = 0.05). 
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pH 

There was no significant interaction between fertilizers and frequencies on soil pH. In 

2019 and May 2020, there were statistical differences between fertilizers for pH measurements. 

Throughout the entire field trial, values ranged from 7.06–7.25. The slight numerical variation 

within each evaluation date attributed to statistical significance between treatments. However, 

the differences in pH values did not represent meaningful changes within the soil (p < 0.05, 

Table 4.3). 
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Table 4.3. Soil pH of Field trial 1 from 2019 to 2020. A HI-98129 Combo pH tester from Hanna Instruments was calibrated and placed in a mixture of soil and 

water (vol:vol) to obtain pH levels.

 
                          Evaluation Datex 

Treatment     May 2019   October 2019      May 2020    October 2020

Fertilizerz --------------------------------------------------           pHw           -------------------------------------------------- 

  Negative Control 7.14  ±  0.013  bc 7.25  ±  0.038  a 7.14  ±  0.040  a 7.19  ±  0.011  

  FMSTM Inorganic 7.19  ±  0.023  ab 7.06  ±  0.015  b 7.12  ±  0.020  ab 7.17  ±  0.017 

  Lystek 7.13  ±  0.007  bc 7.21  ±  0.031  a 7.09  ±  0.019  ab 7.18  ±  0.017 

  Nutri-Pel 7.09  ±  0.023  c 7.12  ±  0.015  b 7.08  ±  0.012  b 7.17  ±  0.014 

  Sustane 7.22  ±  0.023  a 7.23  ±  0.009  a 7.12  ±  0.015  ab 7.15  ±  0.013 

Frequencyy 

  2x 7.14  ±  0.012 7.16  ±  0.023 7.13  ±  0.018  a 7.17  ±  0.010 

  3x 7.17  ±  0.017 7.19  ±  0.021 7.09  ±  0.011  b 7.18  ±  0.008  

z Fertilizers were applied at a target application rate of 1.5 kg of nitrogen/100m2/season. Assessed only the 100% treatments. 
y Fertilizer treatments were applied either two or three times per season. 
x Analysis of variance was done separately for each evaluation date. Least squares means and their significance are not compared between columns. 
w Least squares means ± SEM followed by the same letters are not significantly different according to the Tukey-Kramer Test  (a = 0.05). 
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Microbial Respiration (LI-COR) 

In Field trial 1, there was no significant interaction between fertilizers and frequencies for 

microbial respiration measured in umol of CO2/m
2 of soil/second. Statistical differences were 

present for application frequencies in October 2019, with 2x treatments having superior 

respiration levels to 3x treatments. There was no substantial variation between fertilizers in May 

2019 and 2020, with values ranging from 13.5–16.9 and 11.4–13.2, respectively. In October 

2019, FMSTM Inorganic and Lystek had the highest respiration levels at 15.3 and 14.4, 

respectively and were considerably greater than all other treatments. Nutri-Pel had the lowest 

value at 7.3, while the negative control and Sustane had slightly higher levels at 10.5 and 7.7. 

Similar results were found in October 2020 with minimal microbial respiration in the negative 

control at 5.1 and Sustane at 5.9, while FMSTM Inorganic and Lystek had notably higher values 

at 7.0 and 7.5, respectively. In addition, Nutri-Pel was significantly greater than the control and 

statistically equal to FMSTM Inorganic and Lystek (p < 0.05, Table 4.4). 
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Table 4.4. Microbial respiration results of soil in Field trial 1 from 2019 to 2020. Measurements were taken from soil samples using a LI-COR Soil Respiration 

Chamber (LI-6400/XT) calibrated to measure instantaneous carbon dioxide flux as mmol of CO2/m2 of soil/second.

 
                Evaluation Datex 

Treatment                 May 2019                 October 2019                     May 2020                 October 2020

Fertilizerz   -----------------------------------           mol of CO2/m2 of soil/secondw           ----------------------------------- 

  Negative Control 13.5  ±  0.64 10.5  ±  0.66  b 13.2  ±  0.52 5.1  ±  0.08  c 

  FMSTM Inorganic 16.1  ±  1.67 15.3  ±  0.74  a 12.6  ±  0.52 7.0  ±  0.23  ab 

  Lystek 16.9  ±  1.22 14.4  ±  1.38  a 11.9  ±  0.56 7.5  ±  0.48  a 

  Nutri-Pel 16.0  ±  1.32 7.3  ±  0.58  c 11.4  ±  0.62 6.3  ±  0.23  b 

  Sustane 13.9  ±  0.62 7.7  ±  0.62  bc 11.4  ±  0.51 5.9  ±  0.32  bc 

Frequencyy 

  2x 16.5  ±  0.82  a 10.3  ±  0.65  b 12.5  ±  0.40 6.6  ±  0.27 

  3x 14.0  ±  0.60  b 11.9  ±  1.09  a 11.7  ±  0.30 6.1  ±  0.25  

 
z Fertilizers were applied at a target application rate of 1.5 kg of nitrogen/100m2/season. Assessed only the 100% treatments. 
y Fertilizer treatments were applied either two or three times per season. 
x Analysis of variance was done separately for each evaluation date. Least squares means and their significance are not compared between columns. 
w Least squares means ± SEM followed by the same letters are not significantly different according to the Tukey-Kramer Test  (a = 0.05). 
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Microbial Respiration (Solvita) 

There was no significant interaction between fertilizers and frequencies for microbial 

respiration measured parts per million (ppm). Plots that received three applications of fertilizers 

had superior respiration values compared to those that were fertilized twice in May 2020. 

Moreover, there were no significant differences between fertilizers in 2019. In May 2020, the 

negative control had the lowest respiration level at 70.7ppm, while all other treatments were 

significantly greater and comparable, ranging from 114.3–129.8ppm. Similar results were 

observed in October 2020 with the negative control at 33.8ppm, and Lystek, Nutri-Pel, and 

Sustane at values ranging from 81.9–87.2ppm. Furthermore, FMSTM Inorganic had a value of 

71.4ppm and was statistically similar to all treatments (p < 0.05, Table 4.5). 
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Table 4.5. Microbial respiration results of soil in Field trial 1 from 2019 to 2020. Measurements were taken using a Solvita Environmental Diagnostics CO2-

Burst Test Kit, which assessed carbon dioxide levels of soil after 24 hours. Colour test strips were placed in jars with soil samples, then inserted into the Solvita 

Digital Colour Reader (DCR) to obtain readings with a corresponding carbon dioxide value measured in parts per million (ppm).

 
                         Evaluation Datex 

Treatment   May 2019  October 2019     May 2020      October 2020

Fertilizerz ---------------------------------------                parts per millionw                --------------------------------------- 

  Negative Control 90.2  ±  12.95 129.8  ±  7.10 70.7  ±  11.93  b 33.8  ±  5.53   b 

  FMSTM Inorganic 85.2  ±  7.18 142.0  ±  5.19 114.3  ±  8.35  a 71.4  ± 11.53  ab 

  Lystek 86.2  ±  9.04 134.3  ±  5.83 127.9  ±  5.78  a 83.4  ± 12.43  a 

  Nutri-Pel 97.9  ±  9.82 133.8  ±  4.66 120.6  ± 11.00 a 87.2  ±  7.70   a 

  Sustane 86.8  ±  10.24 130.8  ±  8.01 129.8  ±  8.57  a 81.9  ± 10.00  a 

Frequencyy 

  2x 90.3  ±  6.36 133.2  ±  4.46 101.5  ±  8.15  b 67.0  ±  8.80  

  3x 88.2  ±  5.97 135.1  ±  3.32 123.8  ±  5.90  a 76.0  ±  5.59

 
z Fertilizers were applied at a target application rate of 1.5 kg of nitrogen/100m2/season. Assessed only the 100% treatments. 
y Fertilizer treatments were applied either two or three times per season. 
x Analysis of variance was done separately for each evaluation date. Least squares means and their significance are not compared between columns. 
w Least squares means ± SEM followed by the same letters are not significantly different according to the Tukey-Kramer Test  (a = 0.05). 
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4.4.2 Field Trial 2 

Organic Matter Content, Aggregate Stability, and pH 

Throughout Field trial 2, there was no significant interaction between fertilizers and 

frequencies on soil organic matter content, aggregate stability, and pH. Application frequency 

did not substantially affect any parameters. Moreover, significant differences between fertilizers 

were minimal for all variables. Soil organic matter content was comparable for all treatments 

throughout Field trial 2, with values ranging from 6.8–9.0% in October 2019, 5.0–5.4% in May 

2020, and 11.7–15.0% in October 2020 (Table 4.6). Similarly, there were no statistical 

differences between fertilizers on aggregate stability in October 2019 and May 2020, with 

percentages ranging from 10.1–14.2% and 24.6–33.9%, respectively. In October 2020, 

NitroformTM + TSP stability value was notably lower compared to the other treatments. 

Moreover, all other fertilizers were statistically similar (p < 0.05, Table 4.7). For soil pH, 

statistical differences were present in October 2019 and 2020. However, the minimal numerical 

differences were not meaningful to soil dynamics. pH values ranged from 7.10–7.28 throughout 

Field trial 2 (p < 0.05, Table 4.8). 
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Table 4.6. Organic matter content of soil in Field trial 2 from 2019 to 2020. Evaluation was done by loss on ignition using an Isotemp Programmable Muffle 

Furnace (650-750 Series). Soil samples were oven-dried for 24 hours, then placed in the muffle furnace at 5500C for 4 hours to allow sublimation of carbon. 

Percent organic matter was calculated using the initial and final weights. 

 
    Evaluation Datex 

Treatment     October 2019        May 2020      October 2020

Fertilizerz -----------------------         Organic Matter Content (%)w     ----------------------- 

  Negative Control 7.2  ±  0.17 5.2  ±  0.10 12.0  ±  1.00 

  NitroformTM + TSP 9.0  ±  1.56 5.0  ±  0.10 12.4  ±  1.11 

  FMSTM Inorganic 7.3  ±  0.15 5.2  ±  0.12 15.0  ±  1.36 

  Lystek 7.1  ±  0.12 5.2  ±  0.17 11.7  ±  0.99 

  Nutri-Pel 7.0  ±  0.07 5.4  ±  0.07 12.0  ±  0.74 

  Sustane 6.8  ±  0.09 5.0  ±  0.08 13.7  ±  1.19 

Frequencyy 

  2x 7.4  ±  0.41 5.1  ±  0.05 12.4  ±  0.68 

  3x 7.4  ±  0.36 5.3  ±  0.07 13.2  ±  0.59

z Fertilizers were applied at a target application rate of 1.5 kg of nitrogen/100m2/season. Assessed only the 100% treatments. 
y Fertilizer treatments were applied either two or three times per season. 
x Analysis of variance was done separately for each evaluation date. Least squares means and their significance are not compared between columns. 
w Least squares means ± SEM followed by the same letters are not significantly different according to the Tukey-Kramer Test  (a = 0.05). 
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Table 4.7. Aggregate stability of soil in Field trial 2 from 2019 to 2020. Assessment was done using an Eijkelkamp Soil and Water Wet-Sieving Apparatus. Soil 

samples were agitated in water and its pH-dependent salt solution for a total of 12 minutes. The unfiltered soil portions were oven-dried and used to calculate 

percent aggregate stability.

 
      Evaluation Datex 

Treatment       October 2019         May 2020        October 2020

Fertilizerz ------------------------            Aggregate Stability (%)w         ------------------------ 

Negative Control 13.5  ±  0.76 24.6  ±  2.86 21.0  ±  1.51  ab 

NitroformTM + TSP 10.1  ±  1.00 29.9  ±  2.98 16.7  ±  1.44  b 

FMSTM Inorganic 12.2  ±  0.82 24.9  ±  0.91 20.3  ±  1.99  ab 

Lystek 14.2  ±  0.99 25.1  ±  1.50 24.2  ±  2.87  ab 

Nutri-Pel 14.1  ±  0.82 27.5  ±  1.81 23.3  ±  1.45  ab 

Sustane 13.6  ±  1.32 33.9  ±  2.55 24.6  ±  2.32  a 

Frequencyy 

  2x 13.0  ±  0.59 26.5  ±  1.28 20.3  ±  1.08 

  3x 12.8  ±  0.63 28.8  ±  2.87 23.1  ±  1.32

z Fertilizers were applied at a target application rate of 1.5 kg of nitrogen/100m2/season. Assessed only the 100% treatments. 
y Fertilizer treatments were applied either two or three times per season. 
x Analysis of variance was done separately for each evaluation date. Least squares means and their significance are not compared between columns. 
w Least squares means ± SEM followed by the same letters are not significantly different according to the Tukey-Kramer Test  (a = 0.05). 
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Table 4.8. Soil pH of Field trial 2 from 2019 to 2020. A HI-98129 Combo pH tester from Hanna Instruments was calibrated and placed in a mixture of soil and 

water (vol:vol) to obtain pH levels.

 
    Evaluation Datex 

Treatment   October 2019      May 2020    October 2020

Fertilizerz ----------------------------                  pHw                 ------------------------------ 

Negative Control 7.31  ±  0.014  a 7.21  ±  0.008 7.28  ±  0.006  a 

NitroformTM + TSP 7.12  ±  0.018  bc 7.12  ±  0.012 7.23  ±  0.009  b 

FMSTM Inorganic 7.16  ±  0.020  bc 7.14  ±  0.012 7.24  ±  0.009  ab 

Lystek 7.17  ±  0.029  bc 7.13  ±  0.028 7.23  ±  0.015  b 

Nutri-Pel 7.10  ±  0.017  c 7.12  ±  0.016 7.23  ±  0.012  b 

Sustane 7.19  ±  0.021  b 7.16  ±  0.013 7.25  ±  0.011  ab 

Frequencyy 

  2x 7.18  ±  0.019 7.15  ±  0.010 7.25  ± 0.007 

  3x 7.16  ±  0.017 7.13  ±  0.012 7.24  ±  0.007

z Fertilizers were applied at a target application rate of 1.5 kg of nitrogen/100m2/season. Assessed only the 100% treatments. 
y Fertilizer treatments were applied either two or three times per season. 
x Analysis of variance was done separately for each evaluation date. Least squares means and their significance are not compared between columns. 
w Least squares means ± SEM followed by the same letters are not significantly different according to the Tukey-Kramer Test  (a = 0.05). 
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Microbial Respiration (LI-COR) 

Throughout Field trial 2, there was no significant interaction between fertilizers and 

frequencies for microbial respiration measured in umol of CO2/m
2 of soil/second. Statistical 

differences were present between application frequencies in October 2019, with 3x treatments 

having higher respiration levels than 2x treatments. Moreover, there was significant variation 

among fertilizers for all evaluation dates. The negative control consistently had the lowest 

respiration values ranging from 3.3–6.7. In October 2019, all treatments were significantly 

greater than the control. FMSTM Inorganic, Nutri-Pel, and Sustane had the highest levels of 

microbial respiration at 22.6, 19.6, and 19.0, respectively. Moreover, Lystek was comparable to 

the other biosolids with a value of 17.1. All fertilizer treatments were greater than NitroformTM + 

TSP. In May 2020, similar trends were observed between the negative control and most other 

treatments. FMSTM Inorganic, NitroformTM + TSP, and Lystek had the highest values at 8.7, 8.2, 

7.2, respectively. Nutri-Pel was similar to Lystek with a value of 6.4. Moreover, Sustane was 

comparable to the control and had a value of 5.7. In October 2020, Lystek had the highest level 

of respiration at 6.1, while Nutri-Pel and Sustane had similar values at 5.9 and 5.2, respectively. 

Biosolid treatments were significantly greater than FMSTM Inorganic and NitroformTM + TSP, 

which had values of 4.3 and 4.8, respectively (p < 0.05, Table 4.9). 
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Table 4.9. Microbial respiration results of soil in Field trial 2 from 2019 to 2020. Measurements were taken from soil samples using a LI-COR Soil Respiration 

Chamber (LI-6400/XT) calibrated to measure instantaneous carbon dioxide flux as mol of CO2/m2 of soil/second. 

 
      Evaluation Datex 

Treatment       October 2019         May 2020       October 2020

Fertilizerz ---------------------                 mol of CO2/m2/secondw                ---------------------     

Negative Control 6.7  ±  0.54   d 4.2  ±  0.11  c 3.3  ±  0.12  d 

NitroformTM + TSP 14.2  ±  2.05  c 8.2  ±  0.42  a 4.3  ±  0.13  cd 

FMSTM Inorganic 22.6  ±  0.90  a 8.7  ±  0.59  a 4.8  ±  0.23  bc 

Lystek 17.1  ±  1.23  bc 7.2  ±  0.50  ab 6.1  ±  0.37  a 

Nutri-Pel 19.6  ±  1.38  ab 6.4  ±  0.41  b 5.9  ±  0.36  ab 

Sustane 19.0  ±  1.11  ab 5.7  ±  0.18  bc 5.2  ±  0.08  abc 

Frequencyy 

  2x 15.0  ±  1.25  b 6.7  ±  0.34 5.0  ±  0.24  

  3x 18.0  ±  1.22  a 6.8  ±  0.43 4.8  ±  0.24

z Fertilizers were applied at a target application rate of 1.5 kg of nitrogen/100m2/season. Assessed only the 100% treatments. 
y Fertilizer treatments were applied either two or three times per season. 
x Analysis of variance was done separately for each evaluation date. Least squares means and their significance are not compared between columns. 
w Least squares means ± SEM followed by the same letters are not significantly different according to the Tukey-Kramer Test  (a = 0.05). 
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Microbial Respiration (Solvita) 

There was no significant interaction between fertilizers and frequencies for microbial 

respiration measured parts per million (ppm). Moreover, there were no statistical differences 

between application frequencies. In October 2019, all treatments were similar with microbial 

respiration levels ranging from 100.1–133.2ppm. As the field trial proceeded into 2020, the 

negative control had the lowest values with 47.4ppm in May and 44.8ppm in October. In May 

2020, Sustane was significantly greater than the control with a value of 69.5ppm. All other 

fertilizers were statistically similar to the control. In contrast, the opposite was observed in 

October 2020. All fertilizers were notably greater than the control, while Sustane was 

comparable. Lystek had the highest respiration value at 111.3ppm, followed by NitroformTM + 

TSP, Nutri-Pel, FMSTM Inorganic, and Sustane at 84.3, 84.1, 78.7, and 63.0ppm, respectively (p 

< 0.05, Table 4.10). 

 

 

 

 

 

 

 

 

 



 
 

138 
 

Table 4.10. Microbial respiration results of soil in Field trial 2 from 2019 to 2020. Measurements were taken using a Solvita Environmental Diagnostics CO2-

Burst Test Kit, which assessed carbon dioxide levels of soil after 24 hours. Colour test strips were placed in jars with soil samples, then inserted into the Solvita 

Digital Colour Reader (DCR) to obtain readings with a corresponding carbon dioxide value measured in parts per million (ppm). 

 
       Evaluation Datex 

Treatment       October 2019          May 2020  October 2020

Fertilizerz -----------------------------           parts per millionw           ----------------------------- 

Negative Control 106.4  ±  9.89 47.4  ±  5.01  b 44.8  ±  8.88  c 

NitroformTM + TSP 95.8  ±  11.58 61.0  ±  3.12  ab 84.3  ±  4.11  ab 

FMSTM Inorganic 118.3  ±  9.89 64.1  ±  3.06  ab 78.7  ±  9.86  ab 

Lystek 100.7  ±  5.70 59.7  ±  4.92  ab 111.3 ±  8.70  a 

Nutri-Pel 133.2  ±  17.01 64.0  ±  5.29  ab 84.1  ±  7.61  ab 

Sustane 100.1  ±  9.73 69.5  ±  5.34  a 63.0  ±  5.42  bc 

Frequencyy 

  2x 116.0  ±  8.47 60.5  ±  2.70 73.1  ±  6.79 

  3x 102.1  ±  3.77 61.4  ±  3.07 82.3  ±  4.96

z Fertilizers were applied at a target application rate of 1.5 kg of nitrogen/100m2/season. Assessed only the 100% treatments. 
y Fertilizer treatments were applied either two or three times per season. 
x Analysis of variance was done separately for each evaluation date. Least squares means and their significance are not compared between columns. 
w Least squares means ± SEM followed by the same letters are not significantly different according to the Tukey-Kramer Test  (a = 0.05). 
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4.5 Discussion 

Soil health refers to its ability to function as a vital living component within a particular 

ecosystem. Its condition, quality, and fertility allow life to thrive (Rattan, 2016; Reicosky, 2018). 

Soil condition involves its capacity to function, while quality is associated with maintaining the 

optimal chemical, physical, and biological properties (Krupenikov et al., 2011). Moreover, 

fertility refers to the soil's ability to sustain life by providing a suitable habitat that aids plant 

health (Rattan, 2016; Speir et al., 2004). Overall, these characteristics improve soil health 

(Reicosky, 2018). This research evaluated the effects of biosolids on soil quality. The chemical, 

physical, and biological properties of turfgrass rootzones were assessed by measuring organic 

matter content, aggregate stability, pH, and microbial respiration. We hypothesized that biosolids 

would enhance soil quality by increasing organic matter content and nutrient status, specifically 

nutrient availability, retention, and mineralization. 

The results showed that biosolids had minimal effects on soil quality and all measured 

variables were comparable between fertilizers for most evaluation dates in Field trials 1 and 2 

(Tables 4.1 through 4.10). Statistical differences observed during particular evaluation dates 

were not consistent throughout each field trial for organic matter content, aggregate stability, and 

pH (Tables 4.1 through 4.3, and 4.6 through 4.8). Variation in organic matter content values in 

Field trial 1 and 2 may have been due to the presence of remnant root material in samples (Table 

4.1). However, applying biosolids slightly improved soil quality, thus, highlighting its potential 

to be used as a soil conditioner (Tables 4.1 through 4.10).  

In this study, the limited duration of the field trials and subsequently reduced physical 

degradation of biosolids may have attributed to the minimal effects observed from biosolids on 

soil quality. Field trial 1 was conducted from 2018–2020 and Field trial 2 from 2019–2020. If 
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both field trials were continued for additional years, the biosolid treatments may have had a 

greater effect on soil quality. Also, biosolids were produced as large clumps or pellets and were 

extremely difficult to physically break down. Their high WIN percentages required more time 

for them to disintegrate and made nutrients less available compared to the inorganic fertilizer 

(Table 3.1). Previous studies explain that the rate of biosolid decomposition and mineralization 

of its components limits its effects on soil quality (Filcheva et al., 1996; Hattori and Mukai, 

1986; Luxhoi et al., 2007). Hence, additional seasons may have been required for Field trials 1 

and 2 to observe significant results. 

Previous research highlights that the long-term application of biosolids allows organic 

matter and other essential nutrients to feed soils and enhance its health (Barbarick et al., 2004; 

Sullivan et al., 2016; Tian el at., 2008). A study by Barbarick et al. (2004) found that biosolids 

applied for six years significantly improved soil health and aided in creating a nutrient-rich 

environment that facilitated plant growth. Sullivan et al. (2016) observed that biosolids applied 

for twelve years improved the soil’s chemical profile, and provided sufficient nutrients for 

microorganisms to utilize, thus, increasing their biomass, activity, nutrient-mineralization rates. 

Similarly, research by Tian el at. (2008) showed that biosolids applied for seven years nourished 

soils, improved soil quality, and supported nitrogen-cycling by soil microbes.  

Additional studies highlighted the effectiveness of biosolids on land reclamation (Bastida 

et al., 2015; Sidhu et al., 2016; Tian et al., 2009). Sidhu et al. (2016) concluded that soils 

damaged from mining activities can be rehabilitated by amending them with biosolids. They 

observed that the application of biosolids enhanced the chemical composition of soil and 

facilitated plant growth. Similarly, Bastida et al. (2015) found that biosolids applied for ten years 

were able to restore soils by supplying nutrients for microbial communities to utilize, thus, 
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elevating rates of nutrient mineralization and cycling. A study by Tian et al. (2009) found that 

biosolids increased soil microbial biomass, activity, and nutrient mineralization. In turn, this 

improved organic matter stabilization through the production of humic substances. 

The data from Field trials 1 and 2 show minimal effects on soil organic matter content, 

aggregate stability and pH values (Tables 4.1 through 4.3, and 4.6 through 4.8). Moreover, 

significant differences between fertilizers were not consistent for all evaluation dates (Tables 4.1 

through 4.10). Similar trends were observed in Field trial 1 for microbial respiration, measured 

using an LI-COR Soil Respiration Chamber (Table 4.4). In contrast, during Field trial 2 there 

were significant differences in microbial respiration between treatments for all evaluation dates 

(Table 4.9). Biosolids consistently and significantly had greater microbial respiration values 

relative to the negative control but were not consistently comparable to FMSTM Inorganic (Table 

4.9). Microbial respiration values measured using a Solvita CO2 Burst test kit produced similar 

results for Field trials 1 and 2 (Table 4.5, Table 4.10). Throughout the first two seasons of Field 

trial 1, there were no significant differences between treatments (Table 4.5). However, as the 

season proceeded into 2020, biosolids were statistically similar to the inorganic fertilizer and 

significantly greater than the negative control (Table 4.5). Similar observations were made for 

Field trial 2 in 2020, with Lystek and Nutri-Pel having respiration values comparable to FMSTM 

Inorganic and significantly greater than the control (Table 4.10). It is likely that the changes in 

soil microbial activity were attributed to soil microbes responding to the addition of biosolids. 

Previous literature highlights that biosolids can nourish soils, and provide nutrients that soil 

microorganisms can utilize to enhance their community structure (e.g., biomass, activity, 

diversity) and population dynamics (interactions between populations) (Bastida et al., 2008; 

Carlson et al., 2015; Heijboer et al., 2016; Sullivan et al., 2016; Tian el at., 2008). 
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Overall, Field trials 1 and 2 evaluated the effects of biosolids on soil quality (Sections 

4.4.1 and 4.4.2). Although the data shows minimal and inconsistent changes in soil quality 

parameters, it suggests that biosolids can possibly enhance or maintain soil quality with long-

term applications. Moreover, if each field trial was extended for additional years, the effects of 

biosolids on soil quality may have been more substantial. 
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Chapter 5: Biosolids and Dollar Spot Suppression 

5.1 Abstract  

This research examines the efficacy of biosolids on dollar spot (Clarireedia jacksonii sp. 

nov.) disease suppression in established creeping bentgrass (Agrostis stolonifera L.). Field trial 

3-A occurred in 2019, received 5 g/m2 of Kentucky bluegrass seed inoculum, and disease 

severity was assessed between fertilizers with varying inoculation times. Similarly, Field trial 3-

B occurred in 2020, received 2.5 g/m2 of seed inoculum and all plots were inoculated on the 

same day. The results showed that biosolids suppressed disease to levels comparable to the 

inorganic fertilizer, and at a higher level than the control. The findings suggest that biosolids 

may have reduced dollar spot development by nourishing turfgrass rootzones. Biosolids likely 

enhanced turfgrass health and soil microbial activity, thus, improving the ability of turfgrass to 

withstand disease. Moreover, high water-insoluble nitrogen percentages could have limited 

biosolid decomposition and nutrient accessibility. 

5.2 Introduction 

Dollar spot is a fungal disease caused by species within the genus Clarireedia which 

infect almost all turfgrass species (Salgado-Salazar et al., 2018). Among the many turfgrass 

diseases, dollar spot is one of the most prevalent and persistent (Boland et al., 2001; Smiley et 

al., 1992). Clarireedia spp. infect turfgrass through mycelia that form on leaf blades (Saharan 

and Mehta, 2008; Walsh et al., 1999). Once infected, Clarireedia spp. causes blight on leaf tissue 

and creates a circular yellow/straw-coloured spot ranging between 1 to 10 centimeters in 

diameter (Saharan and Mehta, 2008; Salgado-Salazar et al., 2018). Dollar spot is a major 

problem on North American golf course greens, tees, and fairways (Couch, 1995; Walsh et al., 
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1999). Controlling this disease is imperative to maintain healthy turfgrass on golf courses and 

professional landscapes (Smith et al., 1989; Watschke et al., 2013). However, its management 

can be costly and requires extensive resources (Beehag et al., 2016; Schroeder and Sprague, 

1996). 

Dollar spot is the turf disease requiring the most management on North American golf 

courses, with control methods comprising a range of physical, chemical, cultural, and biological 

practices (Fagrness and Johns, 2004; Turgeon, 1991; Vargas, 2005; Walsh et al., 1999). Physical 

measures such as maintenance equipment sanitization can restrict pathogen levels, activity, and 

reduce its pathogenicity (Christians et al., 2016; Turgeon, 1991). Similarly, chemical 

management involves applying fungicides that inhibit infection and limit pathogen survival 

(Fagrness and Johns, 2004; Hsiang et al., 2013; Young-Ki, 2009). Cultural practices involve 

decreasing host susceptibility by manipulating the environment to reduce conditions that are 

conducive for disease and creating unfavorable ambient conditions that hinder the survival and 

pathogenicity of Clarireedia spp. (Carrow, 2012a; Carrow, 2012b; Couch, 2000; Walsh et al., 

1999). These methods include adequate fertilization, appropriate irrigation, dew removal, 

aeration, thatch reduction, and resistant cultivars (Schroeder and Sprague, 1996; Turgeon, 1991; 

Vargas, 2005; Watschke et al., 2013). Also, biological management of dollar spot involves using 

microbial antagonists that combat Clarireedia spp. through various mechanisms including 

competition, antibiosis, hyper-parasitism, and induced resistance (Boland et al., 2001; Javaid, 

2010; Stewart et al., 2010). 

Previous research has shown that utilizing organic amendments can increase nitrogen 

availability to turfgrass and soil microorganisms, which subsequently reduces dollar spot 

development (Christians et al., 2016; Liu et al., 1995; Nelson and Craft, 1991; Vargas, 2005). 
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Specifically, organic fertilizers provide turfgrass and soil microflora with essential nutrients such 

as carbon and nitrogen, to aid turfgrass in withstanding disease, nourish beneficial soil 

microorganisms that can antagonize Clarireedia spp. via their biocontrol mechanisms, and 

ultimately suppress dollar spot (Hoyland and Landschoot, 1993; Landschoot and McNitt, 1997; 

Nelson and Craft, 1992a; Turgeon, 1991). Biosolids can increase soil microbial biomass and 

activity, thus, improving nutrient mineralization and turfgrass absorption of chemical elements 

(Couch, 2000; Davis and Dernoeden, 2002; Truett, 2019). In turn, this promotes turfgrass health, 

while enhancing its ability to resist pathogen infection and withstand disease (Liu et al., 1995; 

Nelson and Craft, 1991). Moreover, beneficial microorganisms can utilize these nutrients to 

antagonize Clarireedia spp. via their mechanisms of biocontrol including competitive 

exploitation, antibiosis, hyper-parasitism, etc. (Goodman and Burpee, 1991; Javaid, 2010; 

Nelson and Craft, 1992a; Nelson et al., 1994; Stewart et al., 2010). Previous literature by Boland 

et al. (2001), Walsh et al. (1999), and Watschke et al. (2013) highlight that the supply of 

nutrients from organic amendments can enhance nutrient availability, retention, soil structure, 

and microbial populations dynamics. This research studied the effects of locally sourced 

biosolids (Ontario, Canada) on dollar spot development in established creeping bentgrass 

(Agrostis stolonifera L.), and assessed disease severity, for Field trials 3-A and 3-B. It is 

hypothesized that biosolids would suppress dollar spot by increasing organic matter content and 

nutrient status. 

5.3 Materials and Methods  

5.3.1 Field Trial 3-A  

Field trial 3-A was conducted on a USGA calcareous green using a 007 cultivar of 

creeping bentgrass (Agrostis stolonifera L.). It was a randomized complete block design with 84 
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plots, including 21 treatments each with 4 replicates. Blocking by replicate was done to increase 

the accessibility for collecting data. The target application rate was 2 kg of 

nitrogen/100m2/season, with fertilizers being applied at their 100% application rate four times 

per season. Plot sizes were 1m2 (1m x 1m) with no border rows and were inoculated once with 

dollar spot (Clarireedia jacksonii sp. nov.) by topdressing using Kentucky bluegrass seed at a 

medium rate of 5 g/m2. This trial was conducted from May to October in 2019 and repeated in 

2020 with various alterations. The first season lasted 6 months (24 weeks) and plots were 

fertilized during weeks 1, 7, 13 and 19. 

Seed Inoculum 

Kentucky bluegrass seed mix was obtained from the Ontario Seed Company Ltd. to 

produce inoculum. Seeds were sterilized and inoculated with dollar spot (Clarireedia jacksonii 

sp. nov.) under standard laboratory conditions, then applied to field plots. Sterilization was 

carried out by placing 1000 cm3 of seed and 1L of deionized water in a 2L beaker and stirred. 

Seeds were soaked for 24 hours, decanted, and the 1000 cm3 of seed was separated into two 2L 

beakers, each containing 500 cm3 of seeds. Each beaker was covered with aluminum foil and 

autoclaved on a liquid cycle for 45 minutes at 1210C. This was repeated twice every 24 hours, 

then beakers were placed into a sterile fume hood. The period between autoclaving was 

necessary to allow undesirable organisms to germinate and be sterilized. 

For inoculation, dollar spot cultures were initially taken from long-term storage and re-

cultured to obtain new samples. Following aseptic technique, ten cultures of dollar spot 

(Clarireedia jacksonii sp. nov.) present on petri dishes were cut into small cubes (0.5cm x 

0.5cm), placed within each beaker, and stirred. Subsequently, beakers were covered with 

aluminum foil and left for five days to allow disease development. Seeds were then placed in a 
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sterile fume hood and spread evenly on a flat aluminum tray to minimize clumps, thus, 

increasing the efficiency of drying. They were dried for 5-7 days, placed in brown paper bags, 

and stored in a freezer at -200C for up to 12 months. 

Preliminary tests were done in a greenhouse to determine the efficacy of seed inoculum 

and the time required to produce disease. Turfgrass was established in six 15cm round pots and 

were inoculated via topdressing at a low, medium and high rate of 1, 5, and 10 g/m2 respectively. 

Before observing symptoms of dollar spot, 7-10 days were needed. Pots that exhibited the low 

rate did not provide sufficient disease pressure. In contrast, the level of disease produced from 

the high rate was excessive and resulted in turfgrass death. Therefore, the medium rate of 5g/m2 

was determined to be ideal for the field. Seed inoculum was then weighed and plots were 

inoculated via topdressing at three different times relative to the first fertilizer application on Day 

0. Inoculation occurred seven days before, during, and seven days after the first fertilizer 

application (Table 5.1). 

Treatments 

Field trial 3 contained an additional treatment including the fungicides Banner Maxx and 

Daconil 2787, obtained from Syngenta Canada Inc. They were combined and applied following 

the manufacturer recommended application rates and frequencies. This treatment represented a 

positive control that was deemed effective at minimizing disease, thus allowing comparison with 

fertilizer treatments. Banner Maxx is a systemic fungicide containing mainly propiconazole and 

was absorbed by turfgrass. In contrast, Daconil 2787 is a contact fungicide containing mainly 

chlorothalonil and remained on leaf tissue, protecting the regions where the spray was applied. 

Mixing these fungicides provided both preventative and curative methods to suppress disease. 

Due to the varying inoculation times, it was imperative to include a systemic and contact 
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fungicide to ensure adequate dollar spot suppression. However, the fungicide treatment did not 

receive additional fertilization (Table 5.1). 

Table 5.1. Treatments for Field trial 3-A. Inoculation time varied relative to the first fertilizer application. 

Plots were inoculated seven days before (7-DBF), during (0-DBF), and seven days after (7-DAF) the 

initial fertilization.

  Fertilizer /           Applicationzy   Applicationx               Inoculation             Number of 

  Fungicide                 Rate           Frequency            Time                     Treatments

           Before               During             After

 

  Negative Control     N/A        N/A      7-DBF               0-DBF             7-DAF      3 

  Banner + Daconil     N/A        N/A      7-DBF               0-DBF             7-DAF      3 

  FMSTM Inorganic   100%         4x      7-DBF               0-DBF             7-DAF 3 

  NitroformTM + TSP   100%         4x      7-DBF               0-DBF             7-DAF 3 

  Lystek    100%         4x      7-DBF               0-DBF             7-DAF 3 

  Nutri-Pel    100%         4x      7-DBF               0-DBF             7-DAF 3 

  Sustane    100%         4x      7-DBF               0-DBF             7-DAF 3

z Fertilizers were applied at a target application rate of 2.0 kg of nitrogen/100m2/season. Banner Maxx + 

Daconil 2787 did not receive any fertilization. 
y The application percentage represents the amount of fertilizer applied relative to the target application 

rate. 
x Fertilizer treatments were applied to plots four times per season. 

 

Fertilizer and Fungicide Application  

The nitrogen/phosphorous content of each fertilizer, plot size, application rate, and 

frequency was accounted for when calculating fertilizer amounts (Table 5.2), applied to each 

block as grams per plot via topdressing, and occurred during weeks 1, 7, 13, and 19. 

Fungicide applications occurred each month from May to October in 2019. They were 

done on days with ideal conditions including no rain, and minimal wind. Both fungicides were 

applied at their recommended application rates and combined in a tank mix with water at 

6L/100m2; 60mL/m2. Mixing was done following instructions on the product label by first 
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adding water, Banner Maxx, and then Daconil 2787. Subsequently, specific plots were flagged 

and received 60ml of fungicide solution. The tank and spray nozzle used remained consistent for 

all applications (Table 5.2). 

Table 5.2. Division of target application rate at a frequency of four times per season, and 

fertilizer/fungicide amounts for Field trial 3-A. Fertilizer values are rounded to its nearest whole number 

and applied in grams per plot, whereas fungicides are applied in millilitres.

  Fertilizer /   Target Application Rate   Frequency   Rate per Application   Product per Application 

  Fungicide     (kg of N;P/100m2/season)         (kg of N;P/100m2/season)            (g;mL/plot)

  FMSTM Inorganic    2          4x    0.5              21 

  NitroformTM     2          4x    0.5              13 

  TSP      2          4x    0.5              11 

  Lystek     2          4x    0.5             167 

  Nutri-Pel     2          4x    0.5             111 

  Sustane     2          4x    0.5             100

  Banner Maxx        26ml/100m2        Every 28 days     Maximum of 6 applications     0.26ml 

  Daconil 2787       190ml/100m2       Every 28 days     Maximum of 6 applications     1.9ml

 
 

Environmental Conditions and Turfgrass Maintenance 

Field Trial 3 was conducted at the new location of the Guelph Turfgrass Institute in 

Guelph, Ontario. The average daily temperatures in 2019 ranged between 50C to 250C. Mowing 

was done once daily at greens height (approximately 3mm) using a Toro Greensmaster TriFlex 

and was delayed for 7-10 days after each inoculation and fertilizer application. Thus, between 

mowing periods turfgrass growth varied. Irrigation was done three times daily at 6 am, 12 pm, 

and 4 pm by an automatic irrigation system with two sprinkler heads. Each watering cycle lasted 

10 minutes and plots received 12-14mL of water, with each sprinkler delivering 6-7mL. An 

additional irrigation cycle was done following each inoculation and fertilizer application. 

Overall, watering was done to promote leaf wetness for disease development and aid the 

breakdown of biosolids. 
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5.3.2 Field Trial 3-B 

Field trial 3-B was grown on a Penn-A4 cultivar of creeping bentgrass (Agrostis 

stolonifera L.). It was a randomized complete block design with 35 plots, including 7 treatments 

each with 5 replicates. Application rate, frequency, plot size, inoculation method, and fungicide 

application were consistent with Field trial 3-A. However, plots were inoculated once and 

received 2.5 g/m2 of seed inoculum seven days after the first fertilization (Table 5.3). Also, the 

fungicide treatment received additional fertilization with FMSTM Inorganic at its 100% 

application rate. This trial was conducted from July to October in 2020 at the old location of the 

Guelph Turfgrass Institute in Guelph, Ontario. The season lasted 4 months (16 weeks) and plots 

were fertilized during weeks 1, 5, 9, and 13.  

Treatments 

Table 5.3. Treatments for Field trial 3-B. Inoculation occurred seven days after (7-DAF) the initial 

fertilization.

  Fertilizer /              Applicationzy        Applicationx            Inoculation            Number of 

  Fungicide                   Rate                  Frequency                Time                   Treatments

 

  Negative Control  N/A N/A 7-DAF      1 

  Banner + Daconil  N/A N/A 7-DAF      1 

  FMSTM Inorganic 100%  4x 7-DAF 1 

  NitroformTM + TSP 100%  4x 7-DAF 1 

  Lystek 100%  4x 7-DAF 1 

  Nutri-Pel 100%  4x 7-DAF 1 

  Sustane 100%  4x 7-DAF 1

z Fertilizers were applied at a target application rate of 2.0 kg of nitrogen/100m2/season. Banner Maxx + 

Daconil 2787 received fertilization with the FMSTM Inorganic fertilizer.  
y The application percentage represents the amount of fertilizer applied relative to the target application 

rate. 
x Fertilizer treatments were applied to plots four times per season. 
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Environmental Conditions, Turfgrass Maintenance, and Soil Sampling 

The average daily temperatures in 2020 ranged between 30C to 260C. Mowing was done 

twice weekly at fairway height (approximately 12-13mm), and plots were irrigated once daily 

between 6am-8am by an automatic irrigation system with two sprinkler heads. Each plot was 

watered for 10 minutes and received 12-14mL of water. Furthermore, ten soil cores were taken 

following the same procedure in Field trials 1 and 2. 

5.3.3 Dependent Variables 

Disease Severity 

Disease severity was evaluated by visually assessing the percent disease of dollar spot on 

each plot and included ratings from 0-100% disease presence. Before evaluation, turfgrass was 

grown in greenhouse pots and inoculated to observe dollar spot growth, infection, signs, and 

symptoms. This ensured adequate training for accurately assessing plots. During rating, plots 

were mentally placed into a range of disease presence and methodically reduced to obtain a 

single value. Moreover, assessments accounted for the percentage of healthy, and infected/dead 

turfgrass. Disease severity ratings were gauged weekly by standing above the plots, and from 

pictures taken using an iPhone 8. Ratings were carried out between 7-11 AM to ensure sufficient 

sunlight was present for clearly viewing plots. This prevented excessive sun exposure from 

altering the appearance of plots and established consistency in observation methods. Area under 

disease progress curve (AUDPC) was calculated using the equation from Campbell and Madden 

(1991): 

{ AUDPC = ∑
(𝑌𝑖)+(𝑌𝑖+1)

2

𝑛−1
𝑖=1  𝑥 [(𝑇𝑖 + 1) − (𝑇𝑖)] } 

“ Yi” is the percent disease severity, “Ti” is the time in days at the “i”th observation, and “n” is 
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the total number of observations. This calculation made use of values that were used to produce a 

disease progress curve, which illustrated dollar spot severity over time. The calculated area under 

this curve produced a single AUDPC value that represented disease progression throughout the 

season. 

Clipping Weight 

Before mowing, leaves and remaining fertilizers were removed using an Echo PB-755H 

Backpack Blower. Clippings were obtained from each plot using a Toro Greensmaster Flex 2120 

with a blade width of 0.5m that cut turfgrass at 3mm. Mowing was done lengthwise, through the 

center of the plot, and at a medium speed to collect 0.5m2 of clippings. Clippings were collected 

and transferred to plastic bins, brushed into paper bags and dried at 600C for 5-7 days to remove 

moisture. Excessive moisture can cause inaccurate measurements and alter results. Thus, dry 

weights were taken after the drying period. A single clipping collection was done at the end of 

each season for Field trial 3. 

Leaf Elongation 

Leaf elongation was evaluated by measuring turfgrass growth using a Turf-Tec Grass 

Height Prism Gauge. The prism was systematically placed in six different locations on each plot. 

Thus, covering the entire area and receiving a representative measure. Measurements were taken 

in millimetres every 33cm widthwise and included a 40cm gap between them. Moreover, they 

occurred 7-10 days after every fertilization event. 

Leaf Tissue Nitrogen 

Analysis of leaf tissue nitrogen was done by the Agricultural and Food Laboratory at the 

University of Guelph. Ten grams of leaf tissue were obtained via clipping collection, dried at 
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600C for 5 days, and tested for total nitrogen. Nitrogen content was measured by catalytic 

combustion at 950 0C in an Elementar Vario Macro Cube, and analyzed using thermal 

conductivity detection. 

5.3.4 Statistical Analysis 

Statistical analyses were carried out using SAS Institute, University Edition, Version 9.4 

(Statistical Analysis System Software, Cary, NC). A generalized linear mixed model assessment 

was performed by Proc Glimmix to evaluate turfgrass parameters. For most variables analysis of 

variance (ANOVA) was conducted separately for each evaluation date. This produced the main 

effects of fertilizers, inoculation times, and their potential interactions (model statement: variable 

= fertilizer, inoculation, fertilizer-by-inoculation) for Field trial 3. Moreover, an additional 

ANOVA was done using repeated measures to analyze all evaluation dates within a season and 

determine the relationship between fertilizers and disease severity over time. This illustrated the 

main effects of fertilizers, evaluation dates, and their possible interactions (model statement: 

variable = fertilizer, month, fertilizer-by-month). Furthermore, disease severity values were 

transformed into seasonal summative assessments using the area under progression curve 

calculation. (Campbell and Madden, 1991; Madden et al., 2007). Least-square means 

(LSMEANS) of treatments were compared using the Tukey-Kramer Test (lsmeans statement: 

adjust = tukey lines), and differences were significant at p < 0.05 ( = 0.05). 
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5.4 Results 

5.4.1 Field Trial 3-A 

Disease Severity 

Throughout Field trial 3-A, there were significant differences between fertilizers on 

disease severity for all inoculation times. Assessments were done separately for each evaluation 

date. In July, there was a significant interaction between fertilizers and inoculation time (p < 

0.05, Table 5.4). Plots were inoculated in June and varied relative to the first fertilizer 

application. Disease severity of 7-DBF treatments was significantly greater than all other 

inoculation times at 5.5–37.8%. 0-DBF treatments had lower disease pressure ranging from 0.3–

18.3%, and 7-DAF treatments had the least at 0.3–4.0%. Plots that were inoculated earlier had 

significantly greater disease development compared to those that received inoculum at later 

dates. As disease severity intensified from August to October, the interaction diminished and 

values were comparable between inoculation times (Table 5.4). 

In July, the negative control had the highest disease pressure ranging from 4.0–37.8%, 

while Banner + Daconil (no fertilization) had the least at 0.3–5.5%. For all inoculation times, 

FMSTM Inorganic, NitroformTM + TSP, and all the biosolids were statistically similar with values 

from 1.8–32.0%. For 7-DBF treatments, all fertilizers and the negative control were comparable, 

except for Sustane, which was statistically similar to the fungicide, fertilizers, and significantly 

lower than the control. Among the 0-DBF treatments, the fungicide had values that were 

significantly lower than all fertilizers, Nutri-Pel and Sustane were comparable all treatments, and 

all fertilizers were statistically similar to the negative control. Furthermore, all treatments were 

statistically equal for the 7-DAF treatments (p < 0.05, Table 5.4). 
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In August, the negative control and NitroformTM + TSP had the highest disease severity 

with values ranging from 63.5–85.8% and 43.5–63.3%, respectively. In contrast, Banner + 

Daconil had the lowest values at 1.3–3.0%. Disease level for FMSTM Inorganic ranged from 

16.5–29.0%, and was considerably lower than the control and NitroformTM + TSP, but greater 

than Banner + Daconil. Lystek and Sustane had percentages comparable to FMSTM Inorganic for 

the 7-DBF treatments. Similarly, for the 0-DBF and 7-DAF treatments, all biosolids were 

statistically equal to FMSTM Inorganic. Lystek, Nutri-Pel, and Sustane ranged from 19.0–34.8%, 

26.0–53.0%, and 15.8–17.3%, respectively (p < 0.05, Table 5.5). 

The same trends were observed in September with the negative control and NitroformTM 

+ TSP ranging from 98.3–99.0% and 65.5–83.3%, while Banner + Daconil at 0.3–0.8%. FMSTM 

Inorganic values ranged from 29.8–48.0%, while Lystek and Sustane were comparable to 

FMSTM Inorganic for all inoculation times at 44.3–57.5% and 32.8–46.8%, respectively. Nutri-

Pel was comparable to FMSTM Inorganic for the 7-DBF and 0-DBF treatments at 56.8% and 

67.3%, however, it was comparable to the control for the 7-DAF treatments at 79.0% (p < 0.05, 

Table 5.6). 

In October, the negative control had the highest disease severity with all plots at 100.0% 

disease, while Banner + Daconil had the lowest ranging from 9.0–10.3%. Disease development 

in plots fertilized with FMSTM Inorganic ranged from 29.5–32.3%, and was statistically 

comparable to the fungicide for all inoculation times. Lystek and Sustane followed the previous 

trends of having considerably less disease than the control, but more than the fungicide. 

Moreover, they were statistically similar to FMSTM Inorganic with values of 43.3–58.8% and 

40.0–50.0%, respectively. Nutri-Pel was comparable to FMSTM Inorganic for the 7-DBF 

treatments with a value of 53.3%, however, within the 0-DBF and 7-DAF treatments, they were 
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similar to the control at 71.0% and 84.3%. Furthermore, NitroformTM + TSP was comparable to 

FMSTM Inorganic for the 7-DBF and 0-DBF treatments with values of 52.5% and 58.5%. Within 

the 7-DAF treatments, they were similar to the control at 75.0% (p < 0.05, Table 5.7). 

Throughout Field trial 3-A, there were significant differences between fertilizers on 

disease severity for the 7-DAF treatments (p < 0.05, Table 5.8). Dollar spot inoculation occurred 

in late June. Subsequently, disease pressure intensified in August and reached its highest levels 

from September to October for all fertilizers. At the end of Field trial 3-A, disease reduction 

occurred in FMSTM Inorganic and NitroformTM + TSP with values decreasing from 47.0–29.5% 

and 83.3–75.0%, respectively. Moreover, Lystek remained relatively constant at 44.5–44.3%, 

while Nutri-Pel and Sustane increased from 79.0–84.3% and 41.8–47.5%, respectively (p < 0.05, 

Table 5.8). 

For all evaluation dates, the negative control had the highest disease severity with 63.5% 

in August and 98.5–100.0% from September to October. Similarly, disease development of 

NitroformTM + TSP was significantly greater than all other fertilizers in August and September, 

with values of 43.5% and 83.3%. Throughout the field trial, FMSTM Inorganic, Lystek, and 

Sustane consistently had lower disease pressure compared to NitroformTM + TSP. In contrast, 

Banner + Daconil (no fertilization) had the least disease with values of 0.3–3.0% from August to 

September, and 9.5% in October. In August, FMSTM Inorganic and Sustane were comparable to 

the fungicide treatment with values of 16.5% and 15.8%, respectively. Lystek and Nutri-Pel had 

values of 19.0% and 26.0%, which were statistically similar to FMSTM Inorganic and Sustane, 

but higher than the fungicide. Similar results were observed in September. However, no 

fertilizers were comparable to Banner + Daconil. Disease severity of FMSTM Inorganic, Lystek, 

and Sustane was statistically similar with values of 47.0%, 44.5%, and 41.8%, respectively. 
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Moreover, Nutri-Pel was significantly lower than the control and greater than FMSTM Inorganic, 

Lystek, and Sustane at 79.0%. In October, FMSTM Inorganic notably reduced disease level to 

29.5%, and only Lystek was comparable at 44.3%. Sustane was statistically lower than the 

control but higher than FMSTM Inorganic and Lystek at 47.5%. Furthermore, Nutri-Pel had the 

highest disease severity for all fertilizers at 84.3% and was comparable to the control (p < 0.05, 

Table 5.8). 

Area under disease progress curve (AUDPC) values illustrated disease severity over time. 

Overall, the negative control had the highest disease development at 6420, while Banner + 

Daconil was significantly lower than all other treatments at 244. FMSTM Inorganic, Lystek, and 

Sustane were comparable and notably lower than the control with values of 2393, 2599, and 

2606 respectively. Moreover, Nutri-Pel and NitroformTM + TSP were significantly lower than the 

control but greater than the other fertilizers at 4448 and 4973 (p < 0.05, Table 5.8). 
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Table 5.4. Percent disease severity of Field trial 3-A for July 2019. Visual assessments from 0-100% were done by placing plots into disease ranges and 

systematically reducing them to obtain accurate values. Inoculation of plots with 5.0 g/m2 of seed inoculum differed relative to the first fertilizer application. 

Percentages below illustrate 7-DBF (7 days before fertilization), 0-DBF (0 days before fertilization), and 7-DAF (7 days after fertilization). 

 
                                          Evaluation Datex 

Treatment                                             July 2019 

Inoculation Time 7-DBF   0-DBF 7-DAF 

Fertilizerzy                                    -------------------------            Disease Severity (%)w           ------------------------- 

  Banner + Daconilv 5.5 abcde 0.3 a 0.3 a 

  FMSTM Inorganic 25.5 fgh 15.3 bcdef 3.0 abc 

  Lystek 25.0 fgh 18.0 defg 2.0 abc 

  Nutri-Pel 25.8 fgh 14.0 abcdef 2.3 abc 

  Sustane 19.8 efg 8.0 abcde 1.8 ab 

  NitroformTM + TSP 32.0 gh 16.8 cdef 3.0 abc 

  Negative Control 37.8 h 18.3 defg 4.0 abcd 

z Fertilizers were applied at a target application rate of 2.0 kg of nitrogen/100m2/season, assessing only the 100% treatments. Fertilizer treatments were applied to 

  plots four times per season. Banner Maxx + Daconil 2787 did not receive any fertilization. 
y Water-insoluble nitrogen content (WIN %) of each fertilizer: FMSTM Inorganic=10%, Lystek=52%, Nutri-Pel=48%, Sustane=48%, NitroformTM=73%. 
x Analysis of variance was done for all treatments within a single evaluation date. Least squares means and their significance are compared between columns. 
w Least squares means followed by the same letters are not significantly different according to the Tukey-Kramer Test  (a = 0.05). 
v Banner Maxx was applied at 0.26ml/m2 and Daconil 2787 at 1.9ml/100m2. Both fungicides were combined in a tank mix with 60ml of water/m2, and applied 

  every 28 days from the May to October 2019. The initial fungicide application occurred on the same day as the first fertilizer application. 
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Table 5.5. Percent disease severity of Field trial 3-A for August 2019. Visual assessments from 0-100% were done by placing plots into disease ranges and 

systematically reducing them to obtain accurate values. Inoculation of plots with 5.0 g/m2 of seed inoculum differed relative to the first fertilizer application. 

Percentages below illustrate 7-DBF (7 days before fertilization), 0-DBF (0 days before fertilization), and 7-DAF (7 days after fertilization).

 
                                        Evaluation Datex 

Treatment                                         August 2019   

Inoculation Time 7-DBF 0-DBF 7-DAF 

Fertilizerzy                                 -------------------------            Disease Severity (%)w           ------------------------- 

  Banner + Daconilv 2.8 ab 1.3 a 3.0 ab 

  FMSTM Inorganic 20.3 abcd 29.0 def 16.5 abc 

  Lystek 34.8 cdefg 40.8 cdefgh 19.0 abcd 

  Nutri-Pel 53.0 fgh 51.3 efgh 26.0 abcde 

  Sustane 17.3 abc 27.5 bcdef 15.8 abc 

  NitroformTM + TSP 58.0 ghi 63.3 hij 43.5 defgh 

  Negative Control 85.8 j 81.0 ij 63.5 hij 

z Fertilizers were applied at a target application rate of 2.0 kg of nitrogen/100m2/season, assessing only the 100% treatments. Fertilizer treatments were applied to 

  plots four times per season. Banner Maxx + Daconil 2787 did not receive any fertilization. 
y Water-insoluble nitrogen content (WIN %) of each fertilizer: FMSTM Inorganic=10%, Lystek=52%, Nutri-Pel=48%, Sustane=48%, NitroformTM=73%. 
x Analysis of variance was done for all treatments within a single evaluation date. Least squares means and their significance are compared between columns. 
w Least squares means followed by the same letters are not significantly different according to the Tukey-Kramer Test  (a = 0.05). 
v Banner Maxx was applied at 0.26ml/m2 and Daconil 2787 at 1.9ml/100m2. Both fungicides were combined in a tank mix with 60ml of water/m2, and applied 

  every 28 days from the May to October 2019. The initial fungicide application occurred on the same day as the first fertilizer application. 
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Table 5.6. Percent disease severity of Field trial 3-A for September 2019. Visual assessments from 0-100% were done by placing plots into disease ranges and 

systematically reducing them to obtain accurate values. Inoculation of plots with 5.0 g/m2 of seed inoculum differed relative to the first fertilizer application. 

Percentages below illustrate 7-DBF (7 days before fertilization), 0-DBF (0 days before fertilization), and 7-DAF (7 days after fertilization).

 
                                         Evaluation Datex 

Treatment                                        September 2019

Inoculation Time 7-DBF 0-DBF 7-DAF 

Fertilizerzy                                  -------------------------            Disease Severity (%)w           ------------------------- 

  Banner + Daconilv 0.5 a 0.8 a 0.3 a 

  FMSTM Inorganic 29.8 b 48.0 bcde 47.0 bcde 

  Lystek 44.3 bcd 57.5 cdefg 44.5 bcd 

  Nutri-Pel 56.8 cdef 67.3 efgh 79.0 ghi 

  Sustane 32.8 b 46.8 bcde 41.8 bc 

  NitroformTM + TSP 65.5 defgh 74.5 fgh 83.3 hi 

  Negative Control 99.0 i 98.3 i 98.5 i 

z Fertilizers were applied at a target application rate of 2.0 kg of nitrogen/100m2/season, assessing only the 100% treatments. Fertilizer treatments were applied to 

  plots four times per season. Banner Maxx + Daconil 2787 did not receive any fertilization. 
y Water-insoluble nitrogen content (WIN %) of each fertilizer: FMSTM Inorganic=10%, Lystek=52%, Nutri-Pel=48%, Sustane=48%, NitroformTM=73%. 
x Analysis of variance was done for all treatments within a single evaluation date. Least squares means and their significance are compared between columns. 
w Least squares means followed by the same letters are not significantly different according to the Tukey-Kramer Test  (a = 0.05). 
v Banner Maxx was applied at 0.26ml/m2 and Daconil 2787 at 1.9ml/100m2. Both fungicides were combined in a tank mix with 60ml of water/m2, and applied 

  every 28 days from the May to October 2019. The initial fungicide application occurred on the same day as the first fertilizer application. 
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Table 5.7. Percent disease severity of Field trial 3-A for October 2019. Visual assessments from 0-100% were done by placing plots into disease ranges and 

systematically reducing them to obtain accurate values. Inoculation of plots with 5.0 g/m2 of seed inoculum differed relative to the first fertilizer application. 

Percentages below illustrate 7-DBF (7 days before fertilization), 0-DBF (0 days before fertilization), and 7-DAF (7 days after fertilization). 

 
                                       Evaluation Datex 

Treatment                                        October 2019   

Inoculation Time 7-DBF 0-DBF 7-DAF 

Fertilizerzy                                -------------------------            Disease Severity (%)w           ------------------------- 

  Banner + Daconilv 10.3 a 9.0 a 9.5 a 

  FMSTM Inorganic 31.8 ab 32.3 ab 29.5 ab 

  Lystek 43.3 bcd 58.8 bcde 44.3 bcd 

  Nutri-Pel 53.3 bcde 71.0 cdef 84.3 ef  

  Sustane 40.0 abc 50.0 bcd 47.5 bcd 

  NitroformTM + TSP 52.5 bcde 58.5 bcde 75.0 def 

  Negative Control 100.0 f 100.0 f 100.0 f 

z Fertilizers were applied at a target application rate of 2.0 kg of nitrogen/100m2/season, assessing only the 100% treatments. Fertilizer treatments were applied to 

  plots four times per season. Banner Maxx + Daconil 2787 did not receive any fertilization. 
y Water-insoluble nitrogen content (WIN %) of each fertilizer: FMSTM Inorganic=10%, Lystek=52%, Nutri-Pel=48%, Sustane=48%, NitroformTM=73%. 
x Analysis of variance was done for all treatments within a single evaluation date. Least squares means and their significance are compared between columns. 
w Least squares means followed by the same letters are not significantly different according to the Tukey-Kramer Test  (a = 0.05). 
v Banner Maxx was applied at 0.26ml/m2 and Daconil 2787 at 1.9ml/100m2. Both fungicides were combined in a tank mix with 60ml of water/m2, and applied 

  every 28 days from the May to October 2019. The initial fungicide application occurred on the same day as the first fertilizer application. 
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Table 5.8. Percent disease severity of Field trial 3-A in 2019. Visual assessments from 0-100% were done by placing plots into disease ranges and systematically 

reducing them to obtain accurate values. Inoculation of plots with 5.0 g/m2 of seed inoculum differed relative to the first fertilizer application. Percentages below 

represent the 7-DAF (7 days after fertilization) treatments.

 
                Evaluation Datex 

Treatment            July 2019                     August 2019             September 2019               October 2019              AUDPCv

Fertilizerzy   ----------------------------            Disease Severity (%)w          --------------------------- 

  Banner + Daconilu 0.3 a 3.0 ab 0.3 a 9.5 abc 244    a 

  FMSTM Inorganic 3.0 ab 16.5 abcd 47.0 gh 29.5 def 2393  b 

  Lystek 2.0 ab 19.0 bcd 44.5 fg 44.3 fg 2599  b 

  Nutri-Pel 2.3 ab 26.0 cde 79.0 ij 84.3 jk 4448  c 

  Sustane 1.8 ab 15.8 abcd 41.8 efg 47.5 gh 2606  b 

  NitroformTM + TSP 3.0 ab 43.5 fg 83.3 jk 75.0 ij 4973  c 

  Negative Control 4.0 ab 63.5 hi 98.5 k 100.0 k 6420  d   

z Fertilizers were applied at a target application rate of 2.0 kg of nitrogen/100m2/season, assessing only the 100% treatments. Fertilizer treatments were applied to 

  plots four times per season. Banner Maxx + Daconil 2787 did not receive any fertilization. 
y Water-insoluble nitrogen content (WIN %) of each fertilizer: FMSTM Inorganic=10%, Lystek=52%, Nutri-Pel=48%, Sustane=48%, NitroformTM=73%. 
x Analysis of variance was done using repeated measures and included all evaluation dates. Least squares means and their significance are compared between 

  columns. 
w Least squares means followed by the same letters are not significantly different according to the Tukey-Kramer Test  (a = 0.05). 
v Area under disease progress curve value was calculated using the equation from Campbell and Madden, 1997. 
u Banner Maxx was applied at 0.26ml/m2 and Daconil 2787 at 1.9ml/100m2. Both fungicides were combined in a tank mix with 60ml of water/m2, and applied 

  every 28 days from the May to October 2019. The initial fungicide application occurred on the same day as the first fertilizer application. 
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Clippings Weight 

There was no significant interaction between fertilizers and inoculation time for clippings 

weight. Measurements were statistically similar between inoculation times with values ranging 

from 0.9–14.9g, 0.7–14.9g, and 1.0–16.0g for 7-DBF, 0-DBF, and 7-DAF treatments, 

respectively. Moreover, there were significant differences between fertilizers for all inoculation 

times. The negative control and Banner + Daconil (no fertilization) had the least clippings weight 

with values ranging from 0.7–1.0g and 1.3–1.7g, respectively. Conversely, values for FMSTM 

Inorganic were significantly greater and the highest among all treatments at 14.9–16.0g. Sustane 

had tissue weights that were notably greater than the control, but statistically lower than FMSTM 

Inorganic. Furthermore, Lystek, Nutri-Pel, and NitroformTM + TSP had values comparable to the 

control (p < 0.05, Table 5.9). 
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Table 5.9. Clippings weight of Field trial 3-A in October 2019. Collection was done using a Toro Greensmaster Flex 2120 (blade width=0.5m) to cut each plot 

(1m x 1m) lengthwise at medium speed. A total of 0.5m2 of clippings were obtained, dried to remove moisture, and weighted in grams. Inoculation of plots with 

5.0 g/m2 of seed inoculum differed relative to the first fertilizer application. Measurements below illustrate 7-DBF (7 days before fertilization), 0-DBF (0 days 

before fertilization), and 7-DAF (7 days after fertilization).

 
                                         Evaluation Datex 

Treatment                                          October 2019

Inoculation Time 7-DBF 0-DBF 7-DAF 

Fertilizerzy                                   -------------------------            Clippings Weight (g)w           ------------------------- 

  FMSTM Inorganic 14.9  ab 14.9  ab 16.0  a 

  Lystek 4.0    efgh 3.2    efgh 4.7    defgh 

  Nutri-Pel 3.1    efgh 4.0    efgh 2.9    efgh 

  Sustane 7.7    cde 9.8    bcd 10.1  bc 

  NitroformTM + TSP 5.7    cdefgh 7.0    cdef 6.0    cdefg 

  Banner + Daconilv 1.4    gh 1.7    fgh 1.3    gh 

  Negative Control 0.9    gh 0.7    h 1.0    gh

 
z Fertilizers were applied at a target application rate of 2.0 kg of nitrogen/100m2/season, assessing only the 100% treatments. Fertilizer treatments were applied to 

  plots four times per season. Banner Maxx + Daconil 2787 did not receive any fertilization. 
y Water-insoluble nitrogen content (WIN %) of each fertilizer: FMSTM Inorganic=10%, Lystek=52%, Nutri-Pel=48%, Sustane=48%, NitroformTM=73%. 
x Analysis of variance was done for all treatments within a single evaluation date. Least squares means and their significance are compared between columns. 
w Least squares means followed by the same letters are not significantly different according to the Tukey-Kramer Test  (a = 0.05). 
v Banner Maxx was applied at 0.26ml/m2 and Daconil 2787 at 1.9ml/100m2. Both fungicides were combined in a tank mix with 60ml of water/m2, and applied 

  every 28 days from the May to October 2019. The initial fungicide application occurred on the same day as the first fertilizer application. 
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Leaf Elongation 

Throughout Field trial 3-A, there was no significant interaction between fertilizers and 

inoculation time for leaf elongation. Measurements were comparable between inoculation times 

for all evaluation dates (Table 5.10, Table 5.11, Table 5.12). After the second fertilization, all 

treatments were statistically similar in their leaf elongation (Table 5.10). However, after the third 

and fourth fertilization, measurements within plots were significantly different between 

fertilizers for all inoculation times (Table 5.11, Table 5.12). Values for the 7-DBF, 0-DBF, and 

7-DAF treatments ranged from 5.3–11.3mm, 6.5–11.3mm, 3.8–12.3mm in August (Table 5.10), 

3.0–22.5mm, 3.3–18.3mm, 2.8–19.3mm in September (Table 5.11), and 3.0–20.0mm, 2.5–

19.5mm, and 2.5–18.3mm in October (Table 5.12). 

In September, the negative control and Banner + Daconil (no fertilization) had the lowest 

leaf elongation with values ranging from 2.8–3.0mm and 4.8–5.0mm, respectively. In contrast, 

FMSTM Inorganic and Sustane were significantly greater and had the highest values ranging from 

15.0–20.5mm and 18.3–22.5mm. Lystek, Nutri-Pel, and NitroformTM + TSP had measurements 

that were statistically greater than the control, but lower than FMSTM Inorganic and Sustane (p < 

0.05, Table 5.11). The same trends were observed for all fertilizers after the fourth fertilization in 

October. The negative control and non-fertilized fungicide treatment had values ranging from 

2.5–3.0mm and 5.0–5.3mm. Moreover, FMSTM Inorganic and Sustane had measurements at 

18.3–20.0mm and 15.0 – 17.5mm, respectively. Lystek, Nutri-Pel, and NitroformTM +TSP 

followed the same trend as observed in September (p < 0.05, Table 5.12).
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Table 5.10. Leaf elongation of Field trial 3-A in August 2019. Measurements were taken in millimeters 7 days after the second fertilization. Turfgrass height was 

evaluated by systematically placing a Turf-Tec Grass Height Prism Gauge on each plot six times to obtain a representative value of turf growth. Inoculation of 

plots with 5.0 g/m2 of seed inoculum differed relative to the first fertilizer application. Measurements below show 7-DBF (7 days before fertilization), 0-DBF (0 

days before fertilization), and 7-DAF (7 days after fertilization).

 
                                       Evaluation Datex 

Treatment                                        August 2019

Inoculation Time 7-DBF  0-DBF  7-DAF 

Fertilizerzy                               -------------------------            Leaf Elongation (mm)w           ------------------------- 

  FMSTM Inorganic 7.0 11.3 6.3 

  Lystek 5.5 8.5 6.8 

  Nutri-Pel 5.3 6.5  8.5 

  Sustane 11.3 8.0 5.8 

  NitroformTM + TSP 11.3 10.0 12.3 

  Banner + Daconilv 9.3 8.8 6.5 

  Negative Control 9.3 7.3 3.8

z Fertilizers were applied at a target application rate of 2.0 kg of nitrogen/100m2/season, assessing only the 100% treatments. Fertilizer treatments were applied to 

  plots four times per season. Banner Maxx + Daconil 2787 did not receive any fertilization. 
y Water-insoluble nitrogen content (WIN %) of each fertilizer: FMSTM Inorganic=10%, Lystek=52%, Nutri-Pel=48%, Sustane=48%, NitroformTM=73%. 
x Analysis of variance was done for all treatments within a single evaluation date. Least squares means and their significance are compared between columns. 
w Least squares means followed by the same letters are not significantly different according to the Tukey-Kramer Test  (a = 0.05). 
v Banner Maxx was applied at 0.26ml/m2 and Daconil 2787 at 1.9ml/100m2. Both fungicides were combined in a tank mix with 60ml of water/m2, and applied 

  every 28 days from the May to October 2019. The initial fungicide application occurred on the same day as the first fertilizer application. 
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Table 5.11. Leaf elongation of Field trial 3-A in September 2019. Measurements were taken in millimeters 7 days after the third fertilization. Turfgrass height 

was evaluated by systematically placing a Turf-Tec Grass Height Prism Gauge on each plot six times to obtain a representative value of turf growth. Inoculation 

of plots with 5.0 g/m2 of seed inoculum differed relative to the first fertilizer application. Measurements below show 7-DBF (7 days before fertilization), 0-DBF 

(0 days before fertilization), and 7-DAF (7 days after fertilization).

                                        Evaluation Datex 

Treatment                                       September 2019

Inoculation Time 7-DBF 0-DBF 7-DAF 

Fertilizerzy                                  -------------------------            Leaf Elongation (mm)w           ------------------------- 

  FMSTM Inorganic 20.5  ab 18.3  abc 15.0  bcd 

  Lystek 11.0  de 11.0  de 10.5  de 

  Nutri-Pel 10.3  def 9.5    defg 9.8    defg 

  Sustane 22.5  a 18.3  abc 19.3  abc 

  NitroformTM + TSP 13.0  cd 10.5  de 12.5  cd 

  Banner + Daconilv 5.0    efg 4.8    efg 4.8    efg 

  Negative Control 3.0    g 3.3    fg 2.8    g

z Fertilizers were applied at a target application rate of 2.0 kg of nitrogen/100m2/season, assessing only the 100% treatments. Fertilizer treatments were applied to 

  plots four times per season. Banner Maxx + Daconil 2787 did not receive any fertilization. 
y Water-insoluble nitrogen content (WIN %) of each fertilizer: FMSTM Inorganic=10%, Lystek=52%, Nutri-Pel=48%, Sustane=48%, NitroformTM=73%. 
x Analysis of variance was done for all treatments within a single evaluation date. Least squares means and their significance are compared between columns. 
w Least squares means followed by the same letters are not significantly different according to the Tukey-Kramer Test  (a = 0.05). 
v Banner Maxx was applied at 0.26ml/m2 and Daconil 2787 at 1.9ml/100m2. Both fungicides were combined in a tank mix with 60ml of water/m2, and applied 

  every 28 days from the May to October 2019. The initial fungicide application occurred on the same day as the first fertilizer application. 
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Table 5.12. Leaf elongation of Field trial 3-A in October 2019. Measurements were taken in millimeters 7 days after the fourth fertilization. Turfgrass height was 

evaluated by systematically placing a Turf-Tec Grass Height Prism Gauge on each plot six times to obtain a representative value of turf growth. Inoculation of 

plots with 5.0 g/m2 of seed inoculum differed relative to the first fertilizer application. Measurements below show 7-DBF (7 days before fertilization), 0-DBF (0 

days before fertilization), and 7-DAF (7 days after fertilization).

                                        Evaluation Datex 

Treatment                                         October 2019

Inoculation Time 7-DBF 0-DBF 7-DAF 

Fertilizerzy                                  -------------------------            Leaf Elongation (mm)w           ------------------------- 

  FMSTM Inorganic 20.0  a 19.5  a 18.3  ab 

  Lystek 11.8  defg 10.0  fg 10.0  fg 

  Nutri-Pel 10.5  efg 9.8    fg 8.5    gh 

  Sustane 17.5  abc 15.0  bcd 15.8  abcd 

  NitroformTM + TSP 15.8  abcd 14.8  bcde 13.8  cdef 

  Banner + Daconilv 5.3    hi 5.0    hi 5.0    hi 

  Negative Control 3.0    i 2.5    i 2.5    i

z Fertilizers were applied at a target application rate of 2.0 kg of nitrogen/100m2/season, assessing only the 100% treatments. Fertilizer treatments were applied to 

  plots four times per season. Banner Maxx + Daconil 2787 did not receive any fertilization. 
y Water-insoluble nitrogen content (WIN %) of each fertilizer: FMSTM Inorganic=10%, Lystek=52%, Nutri-Pel=48%, Sustane=48%, NitroformTM=73%. 
x Analysis of variance was done for all treatments within a single evaluation date. Least squares means and their significance are compared between columns. 
w Least squares means followed by the same letters are not significantly different according to the Tukey-Kramer Test  (a = 0.05). 
v Banner Maxx was applied at 0.26ml/m2 and Daconil 2787 at 1.9ml/100m2. Both fungicides were combined in a tank mix with 60ml of water/m2, and applied 

  every 28 days from the May to October 2019. The initial fungicide application occurred on the same day as the first fertilizer application. 
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5.4.2 Field Trial 3-B 

Disease Severity 

Throughout Field trial 3-B, there were significant differences between fertilizers on 

disease severity (p < 0.05, Table 5.13). Dollar spot inoculation occurred in late June. 

Subsequently, disease pressure intensified in August, peaked in September, and was reduced in 

October for all fertilizers. FMSTM Inorganic and NitroformTM + TSP deceased from 24.5–11.5% 

and 68.0–49.5%, respectively. Moreover, all biosolids showed recovery to disease development. 

Disease severity was reduced from 36.5–17.5%, 59.5–42.5%, and 29.5–17.5%, for Lystek, Nutri-

Pel, and Sustane, respectively (p < 0.05, Table 5.13). 

In Field trial 3-B, the negative control had the highest level of disease with 49.7% in 

August, and 80.5–85.5% from September to October. Similarly, NitroformTM + TSP was 

comparable to the control in August and September with values of 41.3% and 68.0%. In October, 

NitroformTM + TSP had a value of 49.5%, which was greater than all other fertilizers. In contrast, 

Banner + Daconil (with fertilization from FMSTM Inorganic) did not have any disease present 

(0%) from August to October. In August, plots that received FMSTM Inorganic and biosolids 

were comparable in their disease severity with values ranging from 19.4–39.3%. These 

treatments were significantly lower than the control but higher than Banner + Daconil. As the 

trial proceeded, Lystek and Sustane were able to maintain disease suppression at levels 

statistically similar to FMSTM Inorganic. In September, disease severity for FMSTM Inorganic, 

Lystek, and Sustane were 24.5%, 36.5%, and 39.5%, respectively. Similar results were observed 

in October with values of 11.5%, 17.5%, and 17.5%. Furthermore, Nutri-Pel suppressed disease 

to levels significantly greater than the control, however, its values were statistically higher than 
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FMSTM Inorganic, Lystek, and Sustane at 59.5% in September, and 42.5% in October (p < 0.05, 

Table 5.13). 

Area under disease progress curve (AUDPC) values illustrated disease severity over time. 

Percentages represented disease development throughout Field trial 3-B and highlighted 

significant results. Overall, the negative control had the highest disease pressure at 5243, while 

Banner + Daconil had the least at 38. FMSTM Inorganic, Lystek, and Sustane were significantly 

lower than the control but higher than the fungicide. Their values were comparable and ranged 

from 1549–2409. Furthermore, Nutri-Pel and NitroformTM + TSP had statistically similar 

AUDPC values at 3624 and 4070, which were significantly greater than all other fertilizers (p < 

0.05, Table 5.13). 
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Table 5.13. Percent disease severity of Field trial 3-B in 2020. Visual assessments from 0-100% were done by placing plots into disease ranges and 

systematically reducing them to obtain accurate values. Inoculation of plots with 2.5 g/m2 of seed inoculum occurred 7 days after (7-DAF) the first fertilization.

 
           Evaluation Datex 

Treatment              July 2020                 August 2020         September 2020           October 2020                AUDPCv

Fertilizerzy   -------------------------            Disease Severity (%)w           ------------------------- 

  Banner + Daconilu 2.5  a 0.0    a 0.0    a 0.0    a 38      a 

  FMSTM Inorganic 3.9  a 19.4  abcd 24.5  bcde 11.5  ab 1549  b 

  Lystek 2.5  a 25.5  bcde 36.5  cdef 17.5  abc 2159  b 

  Nutri-Pel 1.4  a 39.3  def 59.5  gh 42.5  efg 3624  cd 

  Sustane 2.1  a 31.0  bcdef 39.5  ef 17.5  abc 2409  bc 

  NitroformTM + TSP 3.2  a 41.3  efg 68.0  hi 49.5  fg 4070  de   

  Negative Control 3.7  a 49.7  fgh 80.5  i 85.5  i 5243  e 

z Fertilizers were applied at a target application rate of 2.0 kg of nitrogen/100m2/season, assessing only the 100% treatments. Fertilizer treatments were applied to 

  plots four times per season. Banner Maxx + Daconil 2787 received fertilization with the FMSTM Inorganic fertilizer. 
y Water-insoluble nitrogen content (WIN %) of each fertilizer: FMSTM Inorganic=10%, Lystek=52%, Nutri-Pel=48%, Sustane=48%, NitroformTM=73%. 
x Analysis of variance was done using repeated measures and included all evaluation dates. Least squares means and their significance are compared between 

  columns. 
w Least squares means followed by the same letters are not significantly different according to the Tukey-Kramer Test  (a = 0.05). 
v Area under disease progress curve value was calculated using the equation from Campbell and Madden, 1997. 
u Banner Maxx was applied at 0.26ml/m2 and Daconil 2787 at 1.9ml/100m2. Both fungicides were combined in a tank mix with 60ml of water/m2, and applied 

  every 28 days from the June to October 2020. The initial fungicide application occurred on the same day as the first fertilizer application. 
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Other Dependent Variables 

There were no significant differences between fertilizers on soil organic matter content, 

aggregate stability, and microbial respiration (Table 5.14, Table 5.15, Table 5.16). Values ranged 

from 7.8–10.3% for organic matter content (Table 5.14), 49.2–60.4% for aggregate stability 

(Table 5.15), and 5.96–8.24 umol of CO2/m
2 of soil/second (Table 5.16). In contrast, significant 

differences were observed for clippings weight (Table 5.17). The negative control and Banner + 

Daconil (with fertilization from FMSTM Inorganic) had the lowest tissue weight at 22.4 and 

29.2g, respectively. Conversely, Lystek and Nutri-Pel were significantly greater and had the 

highest values at 56.0g and 52.1g. FMSTM Inorganic, NitroformTM + TSP, and Sustane had 

measurements that were comparable to all treatments at 42.4g, 35.8g, and 40.3g, respectively (p 

< 0.05, Table 5.17).
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Table 5.14. Organic matter content of Field trial 3-B in October 2020. Evaluation was done by loss on ignition using an Isotemp Programmable Muffle Furnace 

(650-750 Series). Soil samples were oven-dried for 24 hours, then placed in the muffle furnace at 5500C for 4 hours to allow sublimation of carbon. Percent 

organic matter was calculated using the initial and final weights. Inoculation of plots with 2.5 g/m2 of seed inoculum occurred 7 days after (7-DAF) the first 

fertilization.

 
    Evaluation Datex 

Treatment     October 2020

Fertilizerzy                              ------   Organic Matter Content (%)w   ------ 

  FMSTM Inorganic 8.6  ±  0.91 

  Lystek 10.3 ±  1.25 

  Nutri-Pel 9.1  ±  1.12 

  Sustane 8.1  ±  0.57 

  NitroformTM + TSP 7.8  ±  0.75 

  Banner + Daconilv 8.1  ±  0.90 

  Negative Control 9.3  ±  0.94

z Fertilizers were applied at a target application rate of 2.0 kg of nitrogen/100m2/season, assessing only the 100% treatments. Fertilizer treatments were applied to 

  plots four times per season. Banner Maxx + Daconil 2787 received fertilization with the FMSTM Inorganic fertilizer. 
y Water-insoluble nitrogen content (WIN %) of each fertilizer: FMSTM Inorganic=10%, Lystek=52%, Nutri-Pel=48%, Sustane=48%, NitroformTM=73%. 
x Analysis of variance was done for all treatments within a single evaluation date. Least squares means and their significance are compared between columns. 
w Least squares means ± SEM followed by the same letters are not significantly different according to the Tukey-Kramer Test  (a = 0.05). 
v Banner Maxx was applied at 0.26ml/m2 and Daconil 2787 at 1.9ml/100m2. Both fungicides were combined in a tank mix with 60ml of water/m2, and applied 

  every 28 days from the June to October 2020. The initial fungicide application occurred on the same day as the first fertilizer application. 
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Table 5.15. Aggregate stability of Field trial 3-B in October 2020. Assessment was done using an Eijkelkamp Soil and Water Wet-Sieving Apparatus. Soil 

samples were agitated in water and its pH-dependent salt solution for a total of 12 minutes. The unfiltered soil portions were oven-dried and used to calculate 

percent aggregate stability. Inoculation of plots with 2.5 g/m2 of seed inoculum occurred 7 days after (7-DAF) the first fertilization. 

 
        Evaluation Datex 

Treatment         October 2020

Fertilizerzy                                    ------   Aggregate Stability (%)w   ------ 

  FMSTM Inorganic  55.8  ±  1.72 

  Lystek  60.2  ±  1.95 

  Nutri-Pel  54.1  ±  2.07 

  Sustane  53.9  ±  1.22 

  NitroformTM + TSP  50.4  ±  1.77 

  Banner + Daconilv  49.2  ±  2.41 

  Negative Control  60.4  ±  5.67

z Fertilizers were applied at a target application rate of 2.0 kg of nitrogen/100m2/season, assessing only the 100% treatments. Fertilizer treatments were applied to 

  plots four times per season. Banner Maxx + Daconil 2787 received fertilization with the FMSTM Inorganic fertilizer. 
y Water-insoluble nitrogen content (WIN %) of each fertilizer: FMSTM Inorganic=10%, Lystek=52%, Nutri-Pel=48%, Sustane=48%, NitroformTM=73%. 
x Analysis of variance was done for all treatments within a single evaluation date. Least squares means and their significance are compared between columns. 
w Least squares means ± SEM followed by the same letters are not significantly different according to the Tukey-Kramer Test  (a = 0.05). 
v Banner Maxx was applied at 0.26ml/m2 and Daconil 2787 at 1.9ml/100m2. Both fungicides were combined in a tank mix with 60ml of water/m2, and applied 

  every 28 days from the June to October 2020. The initial fungicide application occurred on the same day as the first fertilizer application. 
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Table 5.16. Microbial respiration of Field trial 3-B in October 2020. Measurements were taken from soil samples using a LI-COR Soil Respiration Chamber (LI-

6400/XT) calibrated to measure instantaneous carbon dioxide flux as mol of CO2/m2 of soil/second. Inoculation of plots with 2.5 g/m2 of seed inoculum 

occurred 7 days after (7-DAF) the first fertilization. 

 
        Evaluation Datex 

Treatment         October 2020

Fertilizerzy                                  ------   mol/m2 of soil/secondw   ------ 

  FMSTM Inorganic  7.14  ±  1.01 

  Lystek  8.08  ±  1.21 

  Nutri-Pel  7.62  ±  0.32 

  Sustane  7.44  ±  0.67 

  NitroformTM + TSP  5.96  ±  0.82 

  Banner + Daconilv  8.24  ±  0.86 

  Negative Control  7.74  ±  0.49

z Fertilizers were applied at a target application rate of 2.0 kg of nitrogen/100m2/season, assessing only the 100% treatments. Fertilizer treatments were applied to 

  plots four times per season. Banner Maxx + Daconil 2787 received fertilization with the FMSTM Inorganic fertilizer. 
y Water-insoluble nitrogen content (WIN %) of each fertilizer: FMSTM Inorganic=10%, Lystek=52%, Nutri-Pel=48%, Sustane=48%, NitroformTM=73%. 
x Analysis of variance was done for all treatments within a single evaluation date. Least squares means and their significance are compared between columns. 
w Least squares means ± SEM followed by the same letters are not significantly different according to the Tukey-Kramer Test  (a = 0.05). 
v Banner Maxx was applied at 0.26ml/m2 and Daconil 2787 at 1.9ml/100m2. Both fungicides were combined in a tank mix with 60ml of water/m2, and applied 

  every 28 days from the June to October 2020. The initial fungicide application occurred on the same day as the first fertilizer application. 
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Table 5.17. Clippings weight of Field trial 3-B in October 2020. Collection was done using a Toro Greensmaster Flex 2120 (blade width=0.5m) to cut each plot 

(1m x 1m) lengthwise at medium speed. A total of 0.5m2 of clippings were obtained, dried to remove moisture, and weighted in grams. Inoculation of plots with 

2.5 g/m2 of seed inoculum occurred 7 days after (7-DAF) the first fertilization. 

 
      Evaluation Datex 

Treatment      October 2020

Fertilizerzy                                 ------  Clippings Weight (g)w  ------ 

  FMSTM Inorganic  42.4   ab 

  Lystek  56.0   a 

  Nutri-Pel  52.1   a 

  Sustane  40.3   ab 

  NitroformTM + TSP  35.8   ab 

  Banner + Daconil  29.2   b 

  Negative Control  22.4   b     

z Fertilizers were applied at a target application rate of 2.0 kg of nitrogen/100m2/season, assessing only the 100% treatments. Fertilizer treatments were applied to 

  plots four times per season. Banner Maxx + Daconil 2787 received fertilization with the FMSTM Inorganic fertilizer. 
y Water-insoluble nitrogen content (WIN %) of each fertilizer: FMSTM Inorganic=10%, Lystek=52%, Nutri-Pel=48%, Sustane=48%, NitroformTM=73%. 
x Analysis of variance was done for all treatments within a single evaluation date. Least squares means and their significance are compared between columns. 
w Least squares means followed by the same letters are not significantly different according to the Tukey-Kramer Test  (a = 0.05). 
v Banner Maxx was applied at 0.26ml/m2 and Daconil 2787 at 1.9ml/100m2. Both fungicides were combined in a tank mix with 60ml of water/m2, and applied 

  every 28 days from the June to October 2020. The initial fungicide application occurred on the same day as the first fertilizer application. 
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Leaf Tissue Nitrogen 

There were no significant differences between fertilizers on tissue nitrogen content from 

clippings samples (Table 5.18). The negative control had the lowest value at 2.8%, while FMSTM 

Inorganic, Banner + Daconil (with fertilization from FMSTM Inorganic), and NitroformTM + TSP 

were significantly greater with nitrogen contents of 3.8%, 3.8%, and 4.1%, respectively. Of the 

biosolids, only Nutri-Pel was comparable to the FMSTM Inorganic and fungicide treatment, with 

a value of 3.4%. Lystek and Sustane were significantly greater than the control but lower than all 

other fertilizers with values of 3.2% and 3.1%, respectively (p < 0.05, Table 5.18). 
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Table 5.18. Tissue nitrogen content of turfgrass for Field trial 3-B in October 2020. Clipping samples were analyzed by the Agricultural and Food Laboratory at 

the University of Guelph. Inoculation of plots with 2.5 g/m2 of seed inoculum occurred 7 days after (7-DAF) the first fertilization. 

 
   Evaluation Date 

Treatment   October 2020

Fertilizerzy                          ------  Tissue Nitrogen Content (%)wx  ------ 

  FMSTM Inorganic 3.8  ab 

  Lystek 3.2  cd 

  Nutri-Pel 3.4  bc 

  Sustane 3.1  cd 

  NitroformTM + TSP 4.1  a 

  Banner + Daconilv 3.8  ab 

  Negative Control 2.8  d

z Fertilizers were applied at a target application rate of 2.0 kg of nitrogen/100m2/season, assessing only the 100% treatments. Fertilizer treatments were applied to 

  plots four times per season. Banner Maxx + Daconil 2787 received fertilization with the FMSTM Inorganic fertilizer. 
y Water-insoluble nitrogen content (WIN %) of each fertilizer: FMSTM Inorganic=10%, Lystek=52%, Nutri-Pel=48%, Sustane=48%, NitroformTM=73%. 
x Analysis of variance was done for all treatments within a single evaluation date. Least squares means and their significance are compared between columns. 
w Least squares means followed by the same letters are not significantly different according to the Tukey-Kramer Test  (a = 0.05). 
v Banner Maxx was applied at 0.26ml/m2 and Daconil 2787 at 1.9ml/100m2. Both fungicides were combined in a tank mix with 60ml of water/m2, and applied 

  every 28 days from the June to October 2020. The initial fungicide application occurred on the same day as the first fertilizer application. 
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Regression Analysis 

Regression analysis illustrated the relationship between water-insoluble nitrogen 

percentage (WIN %), and area under disease progress curve (AUDPC) for the 7-DAF treatments 

in Field trials 3-A and 3-B. Throughout both field trials, there was a positive correlation between 

WIN percentage and AUDPC values. As the amount of water-insoluble nitrogen in fertilizers 

increased, dollar spot pressure intensified within plots (Figure 5.1, Figure 5.2). 
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Figure 5.1. The relationship between water-insoluble nitrogen percentage (WIN %) and area under disease progress curve (AUDPC) for Field trial 

3-A in 2019. Regression analysis compared disease severity values for plots inoculated with dollar spot 7-days after fertilization (7-DAF 

treatments). 

 

Note: Field trial 3-A occurred from July to October in 2019 and AUDPC values represent disease severity over time. Fertilizers were applied four 

times and plots received 1.5 kg of nitrogen/100m2/season. The equation for the trendline was: (y = 36.0x + 1741.5; R2 = 0.3972). 
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Figure 5.2. The relationship between water-insoluble nitrogen percentage (WIN %) and area under disease progress curve (AUDPC) for Field trial 

3-B in 2020. Regression analysis compared disease severity values for plots inoculated with dollar spot 7-days after fertilization (7-DAF 

treatments). 

 

Note: Field trial 3-B occurred from July to October in 2020 and AUDPC values represent disease severity over time. Fertilizers were applied four 

times and plots received 1.5 kg of nitrogen/100m2/season. The equation for the trendline was: (y = 36.9x + 1056.5; R2 = 0.4387). 
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5.5 Discussion 

This research investigated the effects of biosolid amended soils on disease suppression. 

Specifically, it assessed the ability of biosolids to suppress dollar spot (Clarireedia jacksonii sp. 

nov.) on established creeping bentgrass (Agrostis stolonifera L.). Biosolids were compared to 

two inorganic fertilizer treatments including FMSTM Inorganic and NitroformTM + TSP, the 

fungicide treatment of Banner Maxx + Daconil 2787, and the negative control (no fertilization) 

throughout Field trials 3-A (2019) and 3-B (2020) (Tables 5.1 through 5.3). We hypothesized 

that biosolids will effectively combat disease and reduce development by increasing organic 

matter content and nutrient availability. In turn, this would enhance soil structure, nutrient 

retention, and microbial activity. The results showed that biosolids significantly reduced disease 

severity to levels significantly greater than the negative control and comparable with the FMSTM 

Inorganic for most of each field trial (Tables 5.4 through 5.8, and Table 5.13). However, 

biosolids did not suppress dollar spot at similar levels as the fungicide treatment (Tables 5.4 

through 5.8, and Table 5.13). 

Previous literature explains that dollar spot is favoured in nutrient-poor conditions with 

inadequate plant and soil health (Markland et al., 1969; Smith et al., 1989). Research by McCarty 

(2018a) and Truett (2019) highlight that carbon and nitrogen are essential nutrients needed to 

promote turfgrass growth and maintain soil health. In this study, biosolids likely reduced disease 

development by increasing organic matter and nitrogen content within turfgrass rootzones. 

Biosolids provided nutrients to turfgrass that may have been utilized by the plant and various 

antagonistic soil microorganisms to effectively combat disease. Previous research illustrates that 

soil microbes play a pivotal role in fertilizer degradation, mineralizing nutrients into their 

chemical elements, and utilizing these nutrients to combat dollar spot via their mechanisms of 
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biocontrol (Boland et al., 2001; Cook and Baker, 1983; Couch, 2000; Stewart et al., 2010; 

Watschke et al., 2013). Moreover, it explains that various methods are used to suppress dollar 

spot including improving and maintaining turfgrass health, reducing pathogen infection, and 

limiting the environmental factors that are conducive for disease (Couch, 2000; Turgeon, 1991; 

Vargas, 2005). Various studies highlight that the addition of organic amendments improved 

turfgrass health by increasing the nutrient supply, and limited disease progression by victualing 

beneficial soil microorganisms that suppressed dollar spot via their mechanisms of biocontrol 

(Boulter et al., 2002; Goodman and Burpee, 1991; Nelson and Craft, 1992; Nelson et al., 1994; 

Walsh et al., 1999). 

This study suggests that the addition of biosolids helped nourished turfgrass rootzones 

and limited nutrient deficiency, thus, reducing soil conditions that were favorable for disease 

(Table 5.9, Table 5.11, Table 5.12, Table 5.17, Table 5.18). Biosolids likely provided essential 

nutrients such as nitrogen and phosphorus, as well as organic matter, all of which maintained 

turfgrass health and its ability to withstand dollar spot relative to the FMSTM Inorganic (Tables 

5.4 through 5.18). However, biosolids did not significantly reduce disease severity to levels 

comparable with the fungicide treatment (Tables 5.4 through 5.8, and Table 5.13). Previous 

research highlights the relationship between turfgrass health and disease development, where the 

healthy turfgrass limits dollar spot progression (Truett, 2019; Turgeon, 1991). Boland et al. 

(2001) and Walsh et al. (1999) explains that Clarireedia spp. requires a susceptible host to infect 

and complete its life cycle, however, supplying an adequate amount of carbon and nitrogen can 

fortify turfgrass and reduce disease development (Vargas, 2005; Watschke et al., 2013). 

The findings from this research (Tables 5.4 through 5.18) are in agreement with previous 

literature. Loschinkohl and Boehm (2001) found that composted biosolids increased turfgrass 
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growth, density, and establishment due to the addition of organic matter and nitrogen. They 

observed that turfgrass absorbed these nutrients and improved its health, thus, increasing its 

ability to withstand leaf rust caused by Puccinia spp. They concluded that biosolids improved 

cropping systems in sub-standard soils and were effective at suppressing leaf rust. Similarly, Liu 

et al. (1995) observed that biosolids provided nutrients to turfgrass rootzones that enhanced the 

soil’s chemical and biological properties. In turn, turfgrass utilized these nutrients to improve its 

health and suppress dollar spot. Moreover, Davis and Dernoeden (2002) concluded that organic 

waste-based fertilizers consistently enhanced turfgrass health and reduced dollar spot severity 

due to increased carbon and nitrogen availability. 

The results from Field trials 3-A and 3-B suggest that biosolids improved the chemical 

profile of soils, which may have then influenced beneficial soil microorganisms to antagonize 

and combat Clarireedia spp., thus, suppressing dollar spot (Tables 5.4 through 5.18). However, 

although microbial populations, diversity, and their mechanisms of biocontrol were not measured 

in these field trials, the results show trends that support the existing literature. Previous research 

explains that supplying soils with sufficient levels of organic matter and nitrogen allows soil 

microorganisms to mineralize these nutrients and utilize them in their physiological processes 

(Cook et al., 1964; Craft and Nelson, 1996; Hoyland and Landschoot, 1993; Landschoot and 

McNitt, 1997). Davis and Dernoeden (2002), Liu et al. (1995), and Sikora and Yakovchenko 

(1996) illustrate that carbon and nitrogen mineralization rates are positively correlated with 

microbial biomass and activity. 

Previous studies have shown that the addition of carbon and nitrogen to turfgrass 

rootzones nourishes the soil’s microflora and aids in reducing dollar spot severity (Couch, 1995; 

Landschoot and McNitt, 1997; Nelson and Craft, 1992a). Nelson and Craft (1992) studied the 
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effects of organic amendments on dollar spot suppression. They found that fertilizers increased 

soil organic matter content and nutrient supply, thus, leading to increased microbial diversity, 

activity, and mineralization of chemical elements. In turn, this created competition for resources 

between organisms, which allowed beneficial microbes to utilize these nutrients and suppress 

dollar spot via their biocontrol mechanisms. A study by Boulter et al. (2002) assessed the ability 

of composts to suppress dollar spot. They observed that composts effectively suppressed dollar 

spot by adding organic matter to soil systems that turfgrass absorbed to enhance its health. In 

addition, they observed that beneficial soil microorganisms utilized these nutrients to increase 

their biomass, activity, and combat disease. They concluded that the changes in microbial 

community structure and population dynamics enhanced the ability for antagonistic microbes to 

compete for resources, and reduced dollar spot development through their mechanisms of 

biocontrol. Research by Goodman and Burpee (1991) concluded that microbial antagonists were 

successful at reducing dollar spot severity by inhibiting the growth of Clarireedia jacksonii sp. 

nov. They observed that the microbial antagonists produced toxic substances that restrained 

pathogens via antibiosis and hyper-parasitism. Moreover, studies by Nelson and Craft (1991) and 

Landschoot and McNitt (1997) illustrate that increasing the nitrogen supply in turfgrass 

rootzones causes a rise in bacterial and fungal populations, which plays a pivotal role in 

suppressing dollar spot. 

The findings from this research suggest that nitrogen availability and mineralization 

played a greater role in dollar spot suppression compared to organic matter concentrations 

(Tables 5.4 through 5.18). This was shown by comparing fertilizers and understanding how their 

specific composition influenced its ability to reduce disease (Tables 5.4 through 5.18). All plots 

received the same nitrogen application rate, and the micro-nutrient concentrations between 
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FMSTM Inorganic and the biosolids were similar (Table 5.1, Table 5.2). However, the amount of 

organic matter varied between fertilizers with Lystek, Nutri-Pel, and Sustane being comprised of 

50%, 50%, and 10% respectively, while all other treatments did not receive any organic carbon 

constituents (Table 5.1, Table 5.2). 

Throughout both field trials, the negative control had the highest disease severity 

percentages, while the fungicide had the least (Tables 5.4 through 5.8, and Table 5.13). Values 

for FMSTM Inorganic, Lystek, and Sustane were comparable, significantly lower than the control, 

but higher than the fungicide. Moreover, Nutri-Pel followed the same trend for certain evaluation 

dates. High levels of organic matter were not present within FMSTM Inorganic and Sustane, 

however, they effectively suppressed disease (Tables 5.4 through 5.8, and Table 5.13). Hence, 

this may have been attributed to an increase in nitrogen availability. If Lystek and Nutri-Pel had 

reduced disease to levels significantly greater than the FMSTM Inorganic, it could have been due 

to the addition of organic matter, however, this was not observed. Therefore, the findings from 

this research suggest that biosolids provided enough nutrients for turfgrass and beneficial soil 

microorganisms to utilize and reduce dollar spot development (Tables 5.4 through 5.18). 

Furthermore, the percent water-insoluble nitrogen (WIN) of each fertilizer likely limited 

its breakdown and accessibility. WIN percentage for FMSTM Inorganic was 10%, while Lystek, 

Nutri-Pel, Sustane and NitroformTM had values of 52%, 48%, 48%, and 73% respectively (Table 

3.1). As the WIN percentage increased, nitrogen supply was reduced, thus, limiting nitrogen 

concentrations and likely decreasing the ability of turfgrass and soil microbes to suppress disease 

(Figure 5.1, Figure 5.2). Figures 5.1 and 5.2 illustrates this trend and provides information that 

helps in explaining why significant differences in disease severity (Tables 5.4 through 5.8, and 

Table 5.13) were observed throughout Field trials 3-A and 3-B. The results showed that 
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NitroformTM + TSP (WIN = 73%) had disease severity values that were consistently similar to 

the control, and significantly greater than most other fertilizers (Tables 5.4 through 5.8, and 

Table 5.13). In contrast, FMSTM Inorganic (WIN = 10%) effectively suppressed disease to levels 

significantly lower than the control and NitroformTM + TSP (Tables 5.4 through 5.8, and Table 

5.13). Also, all biosolids (WIN = 48%–52%) were statistically similar to FMSTM Inorganic 

despite having greater WIN values, thus, highlighting their efficacy for reducing dollar spot 

(Tables 5.4 through 5.8, and Table 5.13). Previous research by Nelson and Craft (1992) explains 

that the composition and degradation of fertilizers are crucial factors that ensure nutrients are 

available for turfgrass and soil microbes. They concluded that establishing high nutrient 

concentrations in soils are essential for suppressing dollar spot. 

The environmental conditions varied between field trials. Field trial 3-A was conducted 

in 2019, plots received 5g/m2 of seed inoculum, watering occurred three times daily and turfgrass 

remained wet for long periods (Section 5.3.1). Also, plots were located under a hill where 

temperatures were cooler and extensive shade was present (Section 5.3.1). The existing literature 

explains that these factors creates an environment that is extremely conducive for dollar spot 

(Couch, 2000; Couch and Bloom, 1960; Vargas, 2005). As a result, disease pressure was 

excessively high and minimal recovery occurred for all treatments in Field trial 3-A (Table 5.4 

through 5.8). Significant changes were made for Field trial 3-B in 2020 where plots received 

2.5g/m2 of seed inoculum and were watered once daily (Section 5.3.2). Also, Field trial 3-B was 

conducted in an open area where sunlight was constantly present on plots, and turfgrass was 

maintained to promote health, limit environmental stress, and facilitate disease recovery (Section 

5.3.2). This ensured that disease pressure was the only factor that negatively affected plots, and 
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any treatment effects observed were not due to environmental variation (Section 5.3.2, Table 

5.13). 
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Chapter 6: Conclusions 

The primary objective of this research was to determine the potential for biosolids to 

supplement or replace conventional inorganic fertilizers. Collectively, the field and greenhouse 

trials investigated the effects of biosolid amended soils on turfgrass health, soil quality, and 

dollar spot suppression. We hypothesized that the addition of biosolids would improve these 

factors by increasing organic matter content and nutrient availability. 

Throughout Field trials 1 and 2, biosolids supplemented with inorganic fertilizers 

consistently supplied turfgrass with adequate amounts of nutrients to maintain turfgrass health. 

Specifically, nitrogen content played a crucial role in maintaining plant health. Despite high 

water-insoluble nitrogen percentages, biosolids were able to breakdown and provide sufficient 

levels of nutrients to maintain turfgrass health. In the greenhouse toxicity trial, biosolids did not 

produce adverse effects on turfgrass emergence. Sewage sludge was adequately processed and 

purified to produce high-quality biosolids that were safe to use on turfgrass.  

Therefore, utilizing biosolids supplemented with inorganic fertilizer is safe and effective 

at maintaining turfgrass health. Incorporating them into fertilization programs within the 

turfgrass industry is recommended. This would reduce the use of inorganic fertilizers and 

provide a sustainable method of cultivating turfgrass. Moreover, it presents an alternative method 

of waste disposal that negates the negative environmental impacts from land accumulation and 

incineration. 

Biosolids had minimal effects on soil quality due to the duration of both field trials and 

protracted decomposition. However, minor improvements were observed, which highlighted the 

potential for biosolids to be used as a soil conditioner. Research findings suggest that additional 
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seasons are required to obtain consistently significant results, and explains that multiple 

applications of biosolids over a long period allows for sufficient degradation and incorporation 

into soils. Hence, the long-term use of biosolids has the potential to increase soil quality and 

health. 

Furthermore, biosolids reduced dollar spot development by increasing organic matter and 

nitrogen content within turfgrass rootzones. This enhanced plant health, nourished soils, and feed 

beneficial microorganisms that antagonized Clarireedia jacksonii sp. nov. through their 

biocontrol mechanisms. Research findings illustrated that nitrogen availability and 

mineralization played pivotal roles in suppressing dollar spot. However, water-insoluble nitrogen 

percentages limited fertilizer degradation and nutrient accessibility. Among the organic 

amendments, Lystek and Sustane consistently suppressed dollar spot to levels similar to FMSTM 

Inorganic, and are recommended as an alternative management practice. 
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Appendix 

 
Appendix 3.1. Fertilizer amounts at an application frequency of two times per season for Field trials 1 and 2. Values are rounded to its nearest whole number and 

applied in grams per plot (1m x 1m).

  Fertilizerzyx                                                                    Frequencyw              Product per Application      Inorganic Supplement 

                                            (g/plot)                                    (g/plot)             

  FMSTM Inorganic (100%) 2x 60 N/A 

  FMSTM Inorganic (50%) 2x 30 N/A 

  FMSTM Inorganic (25%)                       2x   15 N/A 

  NitroformTM (100%) 2x 39 N/A 

  Triple Superphosphate (100%) 2x 33 N/A 

  Lystek (100%) 2x 500 N/A 

  Lystek (75%) + FMSTM Inorganic (25%) 2x 375 15 

  Lystek (50%) + FMSTM Inorganic (50%)   2x  250  30 

  Nutri-Pel (100%) 2x 333 N/A 

  Nutri-Pel (75%) + FMSTM Inorganic (25%) 2x 250 15 

  Nutri-Pel (50%) + FMSTM Inorganic (50%)  2x  167  30 

  Sustane (100%) 2x 300 N/A 

  Sustane (75%) + FMSTM Inorganic (25%) 2x 225 15 

  Sustane (50%) + FMSTM Inorganic (50% ) 2x 150  30

z Negative control received no fertilization. FMSTM Inorganic (N-P-K; 24-6-12) was supplied by Nutrite, Inc., and its micronutrient levels were similar to the 

biosolids. NitroformTM (N-P-K; 39-0-0) was supplied by Koch Agronomic Services and TSP (Triple Superphosphate; N-P-K; 0-46-0) by the Bovey Teaching 

Greenhouse at the University of Guelph, Ontario, Canada. Lystek (N-P-K; 3-2.4-0.1) was supplied by Lystek International, and Nutri-Pel (N-P-K; 4.5-6-0) 

Veolia Water Canada, Inc. Lystek and Nutri-Pel were biosolids produced from human waste. Sustane (N-P-K; 5-4-3) was supplied by Nutrite, Inc., and was 

turkey litter. 
y Fertilizers were applied at a target application rate of 1.5 kg of nitrogen/100m2/season. All plots received the same level of fertilization except for FMSTM 

Inorganic 50% and 25%, which received 0.75kg and 0.375kg, respectively. The 75% and 50% treatments for Lystek, Nutri-Pel, and Sustane were supplemented 

with FMSTM Inorganic 25% and 50%, respectively. 
x NitroformTM + TSP (Triple superphosphate) was included in Field trial 2 but not Field trial 1. 
w Fertilizer treatments were applied two times per season. 
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Appendix 3.2. Fertilizer amounts at an application frequency of three times per season for Field trials 1 and 2. Values are rounded to its nearest whole number 

and applied in grams per plot (1m x 1m).

  Fertilizerzyx                                                                    Frequencyw             Product per Application       Inorganic Supplement 

                                                                                                                                          (g/plot)                                 (g/plot)           

  FMSTM Inorganic (100%) 3x 40 N/A 

  FMSTM Inorganic (50%) 3x 20 N/A 

  FMSTM Inorganic (25%)                    3x  10  N/A 

  NitroformTM (100%) 3x 26 N/A 

  Triple Superphosphate (100%) 3x 22 N/A 

  Lystek (100%) 3x 333 N/A 

  Lystek (75%) + FMSTM Inorganic (25%) 3x 250 10 

  Lystek (50%) + FMSTM Inorganic (50%)   3x  167  20 

  Nutri-Pel (100%) 3x 222 N/A 

  Nutri-Pel (75%) + FMSTM Inorganic (25%) 3x 167 10 

  Nutri-Pel (50%) + FMSTM Inorganic (50%) 3x  111  20 

  Sustane (100%) 3x 200 N/A 

  Sustane (75%) + FMSTM Inorganic (25%) 3x 150 10 

  Sustane (50%) + FMSTM Inorganic (50%) 3x 100  20

z Negative control received no fertilization. FMSTM Inorganic (N-P-K; 24-6-12) was supplied by Nutrite, Inc., and its micronutrient levels were similar to the 

biosolids. NitroformTM (N-P-K; 39-0-0) was supplied by Koch Agronomic Services and TSP (Triple Superphosphate; N-P-K; 0-46-0) by the Bovey Teaching 

Greenhouse at the University of Guelph, Ontario, Canada. Lystek (N-P-K; 3-2.4-0.1) was supplied by Lystek International, and Nutri-Pel (N-P-K; 4.5-6-0) 

Veolia Water Canada, Inc. Lystek and Nutri-Pel were biosolids produced from human waste. Sustane (N-P-K; 5-4-3) was supplied by Nutrite, Inc., and was 

turkey litter. 
y Fertilizers were applied at a target application rate of 1.5 kg of nitrogen/100m2/season. All plots received the same level of fertilization except for FMSTM 

Inorganic 50% and 25%, which received 0.75kg and 0.375kg, respectively. The 75% and 50% treatments for Lystek, Nutri-Pel, and Sustane were supplemented 

with FMSTM Inorganic 25% and 50%, respectively. 
x NitroformTM + TSP (Triple superphosphate) was included in Field trial 2 but not Field trial 1. 
w Fertilizer treatments were applied three times per season. 
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Appendix 3.3. Fertilizer amounts at different application rates. Values are rounded to its nearest whole 

number and applied in milligrams per tube.

  Fertilizer             Product Application (mg/tube)z

       Low               Medium    High

  FMSTM Inorganic     52      105      157 

  Lystek      419      838     1258 

  Nutri-Pel     279      559      838 

  Sustane     252      503      755

z Fertilization occurred once during seeding at various pre-plant application rates. Fertilizers were applied 

at a low, medium, and high application rate of 0.25, 0.5 and 0.75 kg of nitrogen/100m2 respectively. 
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Appendix 3.4. Colour ratings of Field trial 1 in 2018. Plots were assessed on a 1-9 rating scale with 1=yellow/straw, 6=minimum acceptable colour, and 9=dark 

green. Visual ratings were done following guidelines from the National Turfgrass Evaluation Program (NTEP), and reflected both genetic and seasonal colour.

 
                    Evaluation Datex 

Treatment June 2018      August 2018

Fertilizerz     --------    Turfgrass Colourw    -------- 

  Negative Control 6.1 b 6.0 c  

  FMSTM Inorganic (100%) 7.0 a 7.6 a  

  FMSTM Inorganic (50%) 6.1 b 7.0 abc  

  FMSTM Inorganic (25%) 6.3 ab 6.6 abc 

  Lystek (100%) 6.4 ab 6.9 abc  

  Lystek (75%) + FMSTM Inorganic (25%) 6.1 b 6.4 bc  

  Lystek (50%) + FMSTM Inorganic (50%) 6.9 ab 7.1 abc  

  Nutri-Pel (100%) 6.3 ab 6.6 abc  

  Nutri-Pel (75%) + FMSTM Inorganic (25%) 6.8 ab 7.1 abc  

  Nutri-Pel (50%) + FMSTM Inorganic (50%) 6.6 ab 6.9 abc  

  Sustane (100%) 6.4 ab 7.5 ab 

  Sustane (75%) + FMSTM Inorganic (25%) 6.4 ab 7.3 ab 

  Sustane (50%) + FMSTM Inorganic (50%) 6.6 ab 7.1 abc 

Frequencyy 

  2x   6.5   6.9  

  3x   6.4   6.9

z Fertilizers were applied at a target application rate of 1.5 kg of nitrogen/100m2/season, except for FMSTM Inorganic 50% and 25%, which received 0.75 kg and 

0.375 

  kg, respectively. The 75% and 50% treatments for Lystek, Nutri-Pel, and Sustane were supplemented with FMSTM Inorganic 25% and 50%, respectively. 
y Fertilizer treatments were applied either two or three times per season. 
x Analysis of variance was done separately for each evaluation date. Least squares means and their significance are not compared between columns. 
w Least squares means followed by the same letters are not significantly different according to the Tukey-Kramer Test  (a = 0.05). 
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Appendix 3.5. Quality ratings of Field trial 1 in 2018. Plots were assessed on a 1-9 rating scale with 1=poor/dead, 6=minimum acceptable quality, and 

9=perfect/ideal. Visual ratings were done following guidelines from the National Turfgrass Evaluation Program (NTEP), and reflected the functional and 

aesthetic aspects of turf. Values accounted for turfgrass growth, density, uniformity, and environmental stress.

 
                     Evaluation Datex 

Treatment    June 2018  August 2018

Fertilizerz      --------   Turfgrass Qualityw   -------- 

  Negative Control 5.8 5.5 

  FMSTM Inorganic (100%) 6.5 6.6 

  FMSTM Inorganic (50%) 6.0 6.5 

  FMSTM Inorganic (25%) 6.3 6.0 

  Lystek (100%) 6.3 6.5 

  Lystek (75%) + FMSTM Inorganic (25%) 5.9 6.1 

  Lystek (50%) + FMSTM Inorganic (50%) 6.3 6.3 

  Nutri-Pel (100%) 6.5 6.4 

  Nutri-Pel (75%) + FMSTM Inorganic (25%) 6.9 7.0 

  Nutri-Pel (50%) + FMSTM Inorganic (50%) 6.5 6.5 

  Sustane (100%) 6.1 6.4 

  Sustane (75%) + FMSTM Inorganic (25%) 6.4 6.4 

  Sustane (50%) + FMSTM Inorganic (50%) 6.4 6.4 

Frequencyy 

  2x 6.2 6.2 

  3x 6.3 6.5

z Fertilizers were applied at a target application rate of 1.5 kg of nitrogen/100m2/season, except for FMSTM Inorganic 50% and 25%, which received 0.75 kg and 

0.375 

  kg, respectively. The 75% and 50% treatments for Lystek, Nutri-Pel, and Sustane were supplemented with FMSTM Inorganic 25% and 50%, respectively. 
y Fertilizer treatments were applied either two or three times per season. 
x Analysis of variance was done separately for each evaluation date. Least squares means and their significance are not compared between columns. 
w Least squares means followed by the same letters are not significantly different according to the Tukey-Kramer Test  (a = 0.05). 
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Appendix 3.6. Weed percentage of Field trial 1 in 2018. Plots were assessed using the point-quadrat method. A 25-point (4 x 5) square grid was placed on each 

plot 4 times to adequately cover the entire area. Area under weed progress curve values represent weed percentage over time.

     Evaluation Datex    

 Treatment      June 2018     August 2018   September 2018  AUWPCv

Fertilizerz ------------------------------        Weed Count (%)w        ------------------------------ 

  Negative Control 4.8  ±  2.27 11.9  ±  4.43 14.1  ±  5.72 639 

  FMSTM Inorganic (100%) 3.0  ±  0.73 8.0  ±  3.64 9.6  ±  3.72 429 

  FMSTM Inorganic (50%) 2.8  ±  1.25 6.6  ±  1.94 13.3  ±  2.48 439 

  FMSTM Inorganic (25%) 2.9  ±  1.22 4.1  ±  1.39 7.1  ±  1.23 274 

  Lystek (100%) 1.1  ±  0.55 5.8  ±  2.87 6.4  ±  1.90 285 

  Lystek (75%) + FMSTM Inorganic (25%) 3.1  ±  1.06 6.0  ±  2.03 9.8  ±  2.07 373 

  Lystek (50%) + FMSTM Inorganic (50%) 4.0  ±  2.46 7.3  ±  1.69 8.3  ±  1.98 401 

  Nutri-Pel (100%) 3.1  ±  1.29 8.1  ±  2.79 6.4  ±  1.82 386 

  Nutri-Pel (75%) + FMSTM Inorganic (25%) 1.9  ±  0.81 1.5  ±  0.38 5.9  ±  1.33 161 

  Nutri-Pel (50%) + FMSTM Inorganic (50%) 2.1  ±  0.69 4.6  ±  1.27 7.1  ±  2.19 278 

  Sustane (100%) 5.9  ±  2.60 6.9  ±  2.93 6.1  ±  1.08 386 

  Sustane (75%) + FMSTM Inorganic (25%) 3.5  ±  1.77 6.0  ±  2.58 9.3  ±  2.52 371 

  Sustane (50%) + FMSTM Inorganic (50%) 5.0  ±  1.18 6.0  ±  0.89 7.1  ±  1.38 362 

Frequencyy 

  2x 3.6  ±  0.71 7.1  ±  1.05 8.7  ±  1.09 398 

  3x 3.1  ±  0.45 5.6  ±  0.87 8.3  ±  0.94 339

z Fertilizers were applied at a target application rate of 1.5 kg of nitrogen/100m2/season, except for FMSTM Inorganic 50% and 25%, which received 0.75 

   kg and 0.375 kg, respectively. The 75% and 50% treatments for Lystek, Nutri-Pel, and Sustane were supplemented with FMSTM Inorganic 25% and 50%, 

respectively. 
y Fertilizer treatments were applied either two or three times per season. 
x Analysis of variance was done separately for each evaluation date. Least squares means and their significance are not compared between columns. 
w Least squares means ± SEM followed by the same letters are not significantly different according to the Tukey-Kramer Test  (a = 0.05). 
v Area under weed progress curve value was calculated using the equation from Campbell and Madden, 1991. 
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Appendix 3.7. Nutrient analysis of turfgrass clippings for Field trial 1. Total content of macro-nutrients (nitrogen, phosphorous, and potassium) were measured 

by the Agricultural and Food Laboratory at the University of Guelph. Values represent treatments for frequency 2x. 

 
Macro-nutrient    Nitrogen   Phosphorous  Potassium 

Measurementz        %           %       % 

Fertilizery (Frequency 2x)x 

Negative Control 2.97 0.42 2.02 

FMSTM Inorganic (100%) 3.40 0.40 2.38 

FMSTM Inorganic (50%) 3.16 0.43 2.34 

FMSTM Inorganic (25%) 3.22 0.47 2.40 

Lystek (100%) 3.10 0.44 2.18 

Lystek (75%) + FMSTM Inorganic (25%) 3.24 0.47 2.45 

Lystek (50%) + FMSTM Inorganic (50%) 3.27 0.45 2.38 

Nutri-Pel (100%) 2.87 0.43 2.10 

Nutri-Pel (75%) + FMSTM Inorganic (25%) 3.37 0.46 2.42 

Nutri-Pel (50%) + FMSTM Inorganic (50%) 3.03 0.42 2.15 

Sustane (100%) 3.15 0.46 2.40 

Sustane (75%) + FMSTM Inorganic (25%) 3.10 0.43 2.25 

Sustane (50%) + FMSTM Inorganic (50%) 2.88 0.39 2.03

z The total percentage of nitrogen, phosphorous, and potassium in clipping samples were measured.  
y Fertilizers were applied at a target application rate of 1.5 kg of nitrogen/100m2/season, except for FMSTM Inorganic 50% and 25%, which received 0.75 

  kg and 0.375 kg, respectively. The 75% and 50% treatments for Lystek, Nutri-Pel, and Sustane were supplemented with FMSTM Inorganic 25% and 50%, 

respectively 
x Fertilizer treatments were applied twice per season from 2018 to 2020. 
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Appendix 3.8. Nutrient analysis of turfgrass clippings for Field trial 1. Total content of macro-nutrients (nitrogen, phosphorous, and potassium) were measured 

by the Agricultural and Food Laboratory at the University of Guelph. Values represent treatments for frequency 3x. 

 
Macro-nutrient   Nitrogen   Phosphorous  Potassium 

Measurementz        %           %       % 

Fertilizery (Frequency 3x)x 

Negative Control 2.76 0.41 1.90 

FMSTM Inorganic (100%) 4.19 0.46 2.87 

FMSTM Inorganic (50%) 3.41 0.45 2.35 

FMSTM Inorganic (25%) 3.26 0.44 2.28 

Lystek (100%) 3.29 0.45 2.34 

Lystek (75%) + FMSTM Inorganic (25%) 3.37 0.44 2.45 

Lystek (50%) + FMSTM Inorganic (50%) 3.65 0.47 2.68 

Nutri-Pel (100%) 3.08 0.47 2.23 

Nutri-Pel (75%) + FMSTM Inorganic (25%) 3.45 0.46 2.43 

Nutri-Pel (50%) + FMSTM Inorganic (50%) 3.91 0.48 2.87 

Sustane (100%) 2.94 0.44 2.06 

Sustane (75%) + FMSTM Inorganic (25%) 3.57 0.46 2.63 

Sustane (50%) + FMSTM Inorganic (50%) 3.67 0.48 2.68

z The total percentage of nitrogen, phosphorous, and potassium in clipping samples were measured.  
y Fertilizers were applied at a target application rate of 1.5 kg of nitrogen/100m2/season, except for FMSTM Inorganic 50% and 25%, which received 0.75 

  kg and 0.375 kg, respectively. The 75% and 50% treatments for Lystek, Nutri-Pel, and Sustane were supplemented with FMSTM Inorganic 25% and 50%, 

respectively 
x Fertilizer treatments were applied thrice per season from 2018 to 2020. 
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Appendix 3.9. Nutrient analysis of turfgrass clippings for Field trial 1. Total content of micro-nutrients were measured by the Agricultural and Food Laboratory 

at the University of Guelph. Values represent treatments for frequency 2x.

 
Micro-nutrient    Mg     Ca        Cu      Zn     Mn      B       Fe     Mo      Al      Na       S

Measurementz     %     %         mg/kg     mg/kg      mg/kg     mg/kg         mg/kg       mg/kg        mg/kg      mg/kg     mg/kg 

Fertilizery (Frequency 2x)x 

Negative Control 0.25 0.68 8.8 27.3 46.0 6.4 182.5 1.2 100.5 112.0 2925 

FMSTM Inorganic (100%) 0.21 0.53 9.6 25.3 34.3 4.4 120.0 0.8 53.5 101.8 2750 

FMSTM Inorganic (50%) 0.23 0.65 9.1 24.0 40.3 5.8 127.5 0.9 58.8 216.5 2875 

FMSTM Inorganic (25%) 0.25 0.67 10.0 26.5 40.8 5.8 137.5 1.0 61.5 121.0 3150 

Lystek (100%) 0.21 0.58 8.5 25.8 32.8 5.7 130.0 1.5 61.8 92.8 2800 

Lystek (75%) + FMSTM Inorganic (25%) 0.24 0.63 9.9 27.5 35.8 5.5 157.5 1.6 69.8 132.5 3000 

Lystek (50%) + FMSTM Inorganic (50%) 0.23 0.55 9.6 27.3 36.0 5.5 145.0 1.4 64.3 96.5 2775 

Nutri-Pel (100%) 0.21 0.56 8.6 24.5 32.3 4.8 115.0 1.3 50.0 83.0 2650 

Nutri-Pel (75%) + FMSTM Inorganic (25%) 0.23 0.65 9.7 26.5 34.0 6.0 132.5 1.2 55.0 105.8 2900 

Nutri-Pel (50%) + FMSTM Inorganic (50%) 0.22 0.53 9.0 25.3 31.5 5.1 118.8 1.2 49.5 89.0 2700 

Sustane (100%) 0.23 0.61 9.4 25.3 39.3 5.6 130.3 1.2 54.5 87.5 2875 

Sustane (75%) + FMSTM Inorganic (25%) 0.21 0.58 8.8 24.0 36.8 4.8 130.3 1.1 60.0 87.8 2700 

Sustane (50%) + FMSTM Inorganic (50%) 0.22 0.56 8.3 24.5 35.0 5.9 152.5 1.1 68.0 89.5 2525

z Total percentage of magnesium and calcium were measured. Copper, zinc, manganese, boron, iron, molybdenum, aluminum, sodium, and sulphur were 

  measured in mg/kg of sample. 
y Fertilizers were applied at a target application rate of 1.5 kg of nitrogen/100m2/season, except for FMSTM Inorganic 50% and 25%, which received 0.75 

   kg and 0.375 kg, respectively. The 75% and 50% treatments for Lystek, Nutri-Pel, and Sustane were supplemented with FMSTM Inorganic 25% and 50%, 

respectively 
x Fertilizer treatments were applied twice per season from 2018 to 2020. 
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Appendix 3.10. Nutrient analysis of turfgrass clippings for Field trial 1. Total content of micro-nutrients were measured by the Agricultural and Food Laboratory 

at the University of Guelph. Values represent treatments for frequency 3x.

 
Micro-nutrient     Mg     Ca        Cu      Zn     Mn      B       Fe     Mo      Al      Na       S

Measurementz     %     %          mg/kg    mg/kg       mg/kg     mg/kg         mg/kg       mg/kg        mg/kg      mg/kg      mg/kg 

Fertilizery (Frequency 3x)x 

Negative Control 0.21 0.60 7.4 22.0 36.8 5.9 132.5 1.2 65.3 70.0 2850 

FMSTM Inorganic (100%) 0.22 0.49 10.8 28.8 38.3 4.6 130.0 0.8 50.0 84.8 3325 

FMSTM Inorganic (50%) 0.22 0.51 9.0 28.8 44.5 4.5 135.0 0.9 62.8 83.3 3000 

FMSTM Inorganic (25%) 0.24 0.65 9.3 28.8 40.0 6.1 177.5 0.9 89.8 113.5 2900 

Lystek (100%) 0.22 0.58 9.8 28.3 33.3 5.3 197.5 1.5 76.8 130.5 2800 

Lystek (75%) + FMSTM Inorganic (25%) 0.22 0.56 9.7 27.5 34.5 5.0 152.5 1.4 59.8 131.8 2875 

Lystek (50%) + FMSTM Inorganic (50%) 0.23 0.56 10.8 31.0 36.5 5.1 165.0 1.4 66.0 137.5 3200 

Nutri-Pel (100%) 0.23 0.59 11.3 29.5 36.0 5.3 270.0 1.3 75.0 95.3 2925 

Nutri-Pel (75%) + FMSTM Inorganic (25%) 0.22 0.57 9.8 26.3 31.8 5.7 162.5 1.3 53.0 67.3 2725 

Nutri-Pel (50%) + FMSTM Inorganic (50%) 0.23 0.60 11.3 29.0 34.3 5.1 145.0 1.0 49.5 95.8 3000 

Sustane (100%) 0.20 0.51 8.3 25.3 37.3 6.0 140.0 1.3 57.0 82.0 2750 

Sustane (75%) + FMSTM Inorganic (25%) 0.21 0.52 9.3 27.3 36.3 5.4 110.0 1.2 41.0 84.5 2875 

Sustane (50%) + FMSTM Inorganic (50%) 0.23 0.54 11.3 30.3 39.0 4.7 125.0 1.1 46.0 106.3 3225

z Total percentage of magnesium and calcium were measured. Copper, zinc, manganese, boron, iron, molybdenum, aluminum, sodium, and sulphur were 

  measured in mg/kg of sample. 
y Fertilizers were applied at a target application rate of 1.5 kg of nitrogen/100m2/season, except for Inorganic 50% and 25%, which received 0.75 

   kg and 0.375 kg, respectively. The 75% and 50% treatments for Lystek, Nutri-Pel, and Sustane were supplemented with Inorganic 25% and 50%, respectively 
x Fertilizer treatments were applied thrice per season from 2018 to 2020. 

 


