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Abstract 

PLANT -PARASITIC NEMATODES IN MANAGED GOLF COURSE GREENS 

THROUGHOUT CANADA  

 

  

 

Taylor A . Wallace       Advisor:  

University of Guelph, 2016      Professor K. S. Jordan 

 

Plant-parasitic nematodes (PPN) feed on the roots of plants, reducing the uptake of nutrients and 

water. Accurate identification and quantification of PPN populations and understanding the 

population dynamics are key to managing these destructive pests in golf greens. This research 

was conducted to compare two nematode extraction techniques, identify the genera of PPN 

present on golf greens throughout Canada, determine conditions that influence PPN populations, 

and identify effective low-risk nematicides. Five predominant nematode genera were present in 

Canadian golf greens: Meloidogyne, Heterodera, Tylenchorhynchus, Helicotylenchus and 

Criconemoides, all of which were more effectively extracted using the sugar centrifugation 

technique. Golf courses in coastal cities had higher populations than those that were inland and 

greens established over 20 years ago had more PPN than newer greens. Some of the variation in 

PPN populations could be explained by soil properties and management techniques. None of the 

nematicides tested effectively reduced nematode populations.  
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Chapter 1 Introduction  

1.1 Plant-Parasitic Nematodes 

Nematodes are worm-like, aquatic organisms that are ubiquitous throughout the world. 

They have a variety of feeding strategies which allow them to fill almost every ecological niche. 

They live in salt water, freshwater, in the films of water in soil, in plant tissue and even in the 

bodies of higher organisms (Shurtleff and Averre 2000). These unsegmented round worms 

belong to one of the largest phyla, Nematoda, in the kingdom Animalia and are the most 

abundant multicellular organisms on the planet (Schumann and D'Arcy 2010; Shurtleff and 

Averre 2000). Their abundance in the landscape makes them an integral part of every ecosystem 

as they are important in many nutrient cycling processes (Schumann and D'Arcy 2010). The 

majority of nematodes are microscopic but some, which infect vertebrate animals and humans, 

can be more than 8 m in length (Gubanov 1951). There are over 25,000 species identified 

worldwide, approximately 4,000 of which parasitize plants (Hugot et al. 2001).  

Plant parasitic nematodes (PPN) are of particular interest because they injure 

economically important plants, costing approximately $90 billion USD of damage per year in the 

United States alone (Dong and Zhang 2006; Koenning et al. 1999). These pathogens have a wide 

host range, making them a problem for almost every plant grown for commercial production 

(Shurtleff and Averre 2000). The damage from an individual nematode is minor but as the 

number of nematodes increases, the extent of the damage does as well (Dropkin 1980). 

Plant-parasitic nematodes are obligate, biotrophic parasites that feed on plant tissues 

using a mouthpiece called a stylet (Dropkin 1980). The stylet functions as a hypodermic needle 

that is used to suck out the contents of cells (Shurtleff and Averre 2000). Plant-parasitic 

nematodes are predominantly found near the root zone of plants in the top 10-15 cm of soil, 

feeding on the tissues of host plants (Miller 1978). The body structure of nematodes is simple: a 

set of tubes is enclosed in a long, slender body that contains a nervous system, digestive system, 

muscular system, secretory-excretory system, and reproductive organs (Dropkin 1980). 

Nematodes are so small that respiratory or circulatory systems are not needed because gases, 

nutrients, and excrement can move around the bodies through simple diffusion (Dropkin 1980; 
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Shurtleff and Averre 2000). The bodies are usually transparent with the exception of the 

digestive tract which is opaque when full. 

There are two feeding strategies which PPN can adopt: ectoparasitism and 

endoparasitism (Shurtleff and Averre 2000). Ectoparasites feed from the outside of the plant, 

thrusting the long stylet into a plant cell without entering the plant tissue. Endoparasites feed 

from inside the plant and their entire body is within the plant for part of their lifecycle. Because 

of this, they often have a shorter stylet than ectoparasites. Semi-endoparasites enter the plant 

tissue with just the head. PPN can also be categorized based on motility (Schumann and D'Arcy 

2010). Migratory PPN move around in the soil and host, feeding on multiple plants or multiple 

sites of the same plant. Sedentary PPN feed in the same location, sometimes creating specialized 

feeding sites.  

Common sedentary ectoparasitic nematodes are: ring (Criconemoides spp.) and pin 

(Paratylenchus spp.) (Shurtleff and Averre 2000). Common migratory ectoparasites are: sting 

(Belonolaimus spp.), dagger (Xiphinema spp.), needle (Longidorus spp.), and stubby root 

nematodes (Paratrichodorus and Trichodorus spp.) (Shurtleff and Averre 2000). The common 

sedentary semi-endoparasites are: reniform (Rotylenchulus spp.) and citrus nematodes 

(Tylenchulus spp.) (Shurtleff and Averre 2000). The common migratory semi-endoparasites are: 

spiral (Helicotylenchus spp.), lance (Hoplolaimus spp.), and stunt nematodes (Tylenchorhynchus 

spp.) (Shurtleff and Averre 2000). The sedentary endoparasitic nematodes often get more 

attention as they frequently cause extensive damage due to their high reproductive rates and large 

host range. The common sedentary endoparasites are: potato cyst (Globodera spp.), cyst 

(Heterodera spp.), and root-knot nematodes (Meloidogyne spp.) (Shurtleff and Averre 2000). 

Finally, the common migratory endoparasitic nematodes are: foliar (Aphelenchoides spp.), pine 

wilt (Bursaphelenchus spp.), lesion (Pratylenchus spp.) and bulb and stem (Ditylenchus spp.) 

(Shurtleff and Averre 2000). 

Plant-parasitic nematodes cause disease through three mechanisms: a) mechanical injury 

to the cells and tissue through use of the stylet to puncture the tissues, b) interference with the 

plantôs physiology through secretions that contain enzymes and other toxic substances, and c) 

disruption of the hostôs vascular tissues through the formation of specialized feeding structures 
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known as giant cells and syncytia (Dropkin 1969; Jones 1981; Schumann and D'Arcy 2010). 

These forms of damage leave behind non-functioning cells that do not have the ability to 

transport nutrients and water to the upper parts of the plant, resulting in reduced fitness and 

sometimes death. 

The symptoms of PPN feeding observed in plants are difficult to diagnose as they can 

often be attributed to the influence of other pathogens or abiotic issues. The aboveground 

symptoms include stunting, unthrifty growth, chlorosis, early decline, wilting, and symptoms 

associated with nutrient and water deficiency (Shurtleff and Averre 2000). The belowground 

symptoms associated with the feeding of the PPN are excessive root branching, suppression of 

root growth, root pruning, and lesions, galls, and rots on the roots (Shurtleff and Averre 2000).  

PPN damage roots but also affect the metabolic functions of the whole plant. Root 

damage results in inhibition in nutrient and water uptake which makes the plant more susceptible 

to abiotic stresses such as drought and nutrient deficiency (Dropkin 1980). There is a clear 

correlation between nematode damage and the invasion of other plant pathogens (Fushtey and 

McElroy 1977; Yu et al. 1998). The openings made by PPN allow for other pathogens to enter, 

causing secondary illnesses in the plant (Dropkin 1980).  

Nematodes can only move approximately 1 m in the soil per year (McCarty 2001). Due 

to limited ability to travel long distances in the soil, nematode damage in a field is patchy and 

lacks the sharp boundaries that symptoms from other pathogens may exhibit. They rely on 

surface water runoff, irrigation water, and soil clinging to equipment or to transplanted plants to 

move long distances (McCarty 2001). 

Plant parasitic nematodes are common in many types of cultivated crops but can be a 

major issue in managed turfgrass. Both esthetics and functionality are important in turfgrass 

stands and although the feeding of PPN may not kill the afflicted plant it can reduce the quality 

and resiliency of the plant. 
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1.2 Turfgrass in Canada 

Turfgrass is grown throughout Canada for both esthetic and functional purposes. 

Turfgrass is an essential part of Ontarioôs economy, contributing $2.6 billion dollars annually in 

gross revenue (Tsiplova et al. 2008). The turfgrass industry employs over 30,000 people in the 

sectors of lawn care, sod production, golf course management, athletic field maintenance, and 

other areas of turfgrass management (Tsiplova et al. 2008). This revenue stimulates the Canadian 

economy and provides jobs for professionals as well as people looking for transitional, seasonal 

jobs. The industry also provides important environmental benefits. 

Ground cover plants, such as turfgrass, planted as home lawns, at the side of roads, or in 

parks, help to reduce soil erosion by anchoring the soil with their roots (Gyssels et al. 2005). 

Water from precipitation percolates though the soil profile rather than running off, as it does on 

hard surfaces like cement. This process helps to purify water before it reaches streams and rivers 

(Beard and Green 1994). Using grass as a ground cover rather than rocks or cement can help to 

control the local climate by absorbing heat, rather than reflecting it. It can also trap dust particles 

in the air and sequester carbon dioxide, improving air quality (Beard and Green 1994). These 

qualities illustrate why grasses are the primary ground cover in urbanized areas.  

Not only is turfgrass important for the environment, it is integral for exercise. Turfgrass is 

an essential part of recreation in Canada, providing playing surfaces for many different sports 

(Crow 2005a). Any field sports like soccer, football, lacrosse, and even golf, require healthy turf 

that is free of inconsistencies, to prevent injuries and to improve conditions for playing. 

Maintaining a healthy stand of turfgrass can be difficult when there are pressures from constant 

use, diseases, weeds, insects, and adverse environmental conditions. 

1.3 Plant-Parasitic Nematodes in Managed Turfgrass Systems 

The losses of golf greens to nematode damage cannot be measured the same way that 

yield losses are measured for an agricultural crop, which makes quantifying the amount of 

damage difficult. Koenning et al. (1999), determined that in the United States in 1994 alone, over 

100,000 hectares were lost to PPN damage. Golf course greens are an ideal habitat for PPN as 

many of them are constructed on a sand-based rootzone. The sandy soil is well aerated, the grass 

is watered frequently, and it is a perennial system meaning there is a host constantly present. 
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When a green is established it is sometimes done with sod, and PPN can be transferred from the 

sod site, infesting the newly planted site. In Ontario there are 806 golf courses (as of 2007), 

many of which deal with nematodes (Simard et al. 2008; Tsiplova et al. 2008; Yu et al. 1998). 

Current management methods for PPN in most crops focus on crop rotation, host-plant 

resistance, and the use of nematicides (Dropkin 1980). Crop rotation is not an option in turfgrass 

systems and host-plant resistance is not available in the common cultivars of turfgrass grown on 

golf courses. The application of nematicides is the only viable solution to reduce populations of 

PPN but the only registered products are labeled for pre-plant use and most of these are 

phytotoxic. In Canada there are currently no post-plant nematicidal products registered for use on 

turfgrass, making these pests particularly difficult to manage once they have become established. 

1.4 Study Objectives 

The objectives of this project were a) to identify the best method for extracting PPN from 

golf course soil, b) to understand the population dynamics of PPN found in golf course soils 

throughout Canada, c) to determine which soil properties and golf course management 

techniques impact nematode populations, and d) to determine the efficacy of five low-risk 

nematicides.  



6 

 

Chapter 2 Literature Review 

2.1 General Life Cycle of Plant-Parasitic Nematodes 

 The five predominant genera of PPN on turfgrasses in Canada are: ring, spiral, stunt, 

root-knot, and cyst nematodes (Simard et al. 2008; Yu et al. 1998). Each genus has a unique 

morphology and life strategy but their life cycles are relatively similar. There are, of course, 

important differences in the life cycles of endoparasitic nematodes when compared to 

ectoparasites. These differences dictate where the nematodes will over-season, the place on the 

plant where they feed, the timing of reproduction, and the longevity of the eggs. Differences 

aside, all nematodes start their life the same.  

A nematode begins its life as an egg which develops through four larval stages before 

reaching adulthood (Shurtleff and Averre 2000). Typically the juvenile resembles the adult form 

of the nematode, although the root-knot and cyst nematodes are exceptions to this generalization 

(Dropkin 1980). Most nematodes hatch from their eggs after the first molt as second stage 

juveniles, though some exit the egg during the first juvenile stage (Shurtleff and Averre 2000). 

Juveniles are not sexually differentiated when they emerge from the egg; the gonads are present 

in the form of undifferentiated cells (Dropkin 1980).  

As the juveniles grow in size they shed their cuticle and form a new one. The molting 

process occurs in three steps: 1) apolysis, the separation of the cuticle from the hypodermis or 

epidermis; 2) the formation of a new cuticle from the outermost surface of the epidermis; and 3) 

ecdysis, the shedding of the old cuticle (Shurtleff and Averre 2000). As nematodes go through 

progressive molts their body increases in length and girth and the tissues and organs differentiate 

(Dropkin 1980; Shurtleff and Averre 2000). The final molt marks the transition from juvenile to 

sexually-differentiated adult (Shurtleff and Averre 2000). Most nematodes feed at every stage 

after hatching but there are exceptions. In some species the males and juveniles never feed 

(Shurtleff and Averre 2000). This is seen in the Criconematidae family where the males are rare 

and do not feed. They have only a rudimentary digestive tract (Chen et al. 2004).  

Once female nematodes reach adulthood they are ready to lay eggs. Nematodes are either 

amphimictic, requiring a mate, or parthenogenetic/hermaphroditic and do not require a mate 

(Chen et al. 2004). Males are a rarity in many species of nematodes and some lack them entirely 
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(Agrios 1997). Root-knot nematodes are facultatively parthenogenetic and males are rarely seen 

(Siddiqui and Taylor 1970). Conversely, the proportion of males and females in stunt nematode 

populations are often equal as males are required for reproduction (Krusberg 1959). The life 

cycle of most nematodes takes three to six weeks under favourable conditions. The life cycle 

takes longer to complete when soil temperatures are below 20°C (Shurtleff and Averre 2000). 

Nematodes will over-season as eggs, juveniles, or adults. The specific form in which they 

over-season dictates the population size entering the new growing season and at what point in the 

year the population will peak. Nematode eggs can enter into an obligatory or facultative diapause 

to avoid unfavourable conditions (Antoniou and Evans 1987). Other nematodes lie dormant as 

juveniles or adults protected in plant tissues or produce anti-freeze compounds to reduce the 

damage caused by freezing (Gaugler and Bilgrami 2004). In Canada the dormant season for 

nematodes is winter but for other areas of the world it may be the warmest months of the year. If 

temperatures fluctuate in winter nematodes may come out of their stasis prematurely. This 

premature exit from dormancy can lead to significant reduction in nematode population when the 

conditions go from favourable to unfavourable quickly (Wallace 1963). The over seasoning form 

of the nematode will dictate their survival because the nematodes that lack a protective barrier to 

shield them from the elements and will quickly perish in thaw-refreeze events (Gaugler and 

Bilgrami 2004). 

Golf course greens are subjected to intense predation by PPN in many areas of the world. 

Understanding the biology and lifecycle of PPN can be a valuable tool for managing the 

populations. Determining the composition and fluctuations of the nematode population in soils 

can assist with determining the most effective management (Davis et al. 1994). Conducting a 

national study on PPN in golf courses allows for an accurate comparison of nematode 

populations as factors such as sample handling and nematode extraction method can be 

standardized. 

2.2 Soil Properties and Plant-Parasitic Nematodes 

Soil is a complex medium where many chemical reactions occur. The physical properties 

of a soil are dictated by the parent material from which it is derived. The combination of the 

chemical and physical properties of the soil determines the types of organisms that can survive in 
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the soil. The optimum soil physical and chemical conditions for PPN can be different for every 

genus. 

2.2.1 Soil Physical Properties 

The physical properties of a soil are determined by the parent material and how the 

surrounding environment has shaped them. The bedrock is worn away over time into smaller 

particles of various sizes; this determines the soilôs texture. The texture is based on the 

percentage of sand, silt, and clay in the soil (Figure 2-1). Each particle has a different shape 

which dictates the way it reacts with other components of the soil (Brady and Weil 2008). Sand 

particles are the largest (2.0 ï 0.05 mm), and are shaped like a boulder; silt particles are 

intermediate in size (0.002 ï 0.05 mm) and are flat like flakes; clay particles are the smallest 

(<0.002 mm) and are close to being spherical in shape (Brady and Weil 2008). Soil particles 

larger than 2.0 mm are called gravel, stones, and boulders. 

Figure 2-1: Textural classification of soils triangle. Adapted from Cosby et al. 1984. 

 

Soil particles are negatively charged on the outer surface. The smaller the particle, the 

more negative charge it will have because of the large surface area to volume ratio (Brady and 

Weil 2008). The negative charge on the outer surface of the soil particle interacts with cations in 

the soil and the strength of the negative charge will dictate how strongly the cations are held to 
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the particle (Brady and Weil 2008). Sandy soils tend to hold fewer nutrients (mostly cations) 

because the particles are larger, allowing for less surface area to bind nutrients. Sandy soils do 

not stack in a uniform way like silt or clay particles do, instead they leave large gaps between 

colloids. These gaps create pore spaces and allow for oxygen infiltration. The large pores are 

ideal for nematodes to live in because there is an abundance of oxygen and more room to move 

around (Gyssels et al. 2005; Koenning et al. 1999). Unfortunately sandy soils lose their water 

quickly and by association, nutrients, because the negative charge on the soil particle is not 

enough to hold the polar water molecules in place. The inability of sandy soils to hold nutrients 

causes plants to show symptoms of nematode feeding more frequently than plants grown in clay 

and loam soils (Griffin 1996). Golf course managers counteract the high sand content of the soil 

by supplementing water and fertility to the greens. 

On the other end of the spectrum, clay particles have a high surface area to volume ratio. 

High surface area creates a highly negative charged exterior which can attract and hold cations 

effectively. The negatively charged surface of clay attracts and holds water more effectively than 

sand but due to the tight packing the pore space within the soil column is low. These conditions 

do not favour nematodes because they find it difficult to move through the clay soil (Bridge and 

Starr 2007). 

Bulk density is a measure of the amount of dry soil which is present in a determined 

volume (Donahue et al. 1977). The unit of measure for bulk density is g/cm3. The bulk density of 

a soil is in part determined by the parent material and soil texture but is predominantly 

influenced by the activities occurring on the soil surface which can compact it. Bulk density 

provides a measure of the amount of compaction that influences root growth, water infiltration, 

and the ability for the nematodes to move within the soil. High bulk density (above 1.6 g/cm3) is 

often correlated with lower populations of PPN (Walker et al. 2002). Bulk density and particle 

size are negatively correlated with PPN populations while high nitrate-nitrogen (NO3-N), 

potassium, and organic matter have a positive correlation with PPN (Walker et al. 2002). 

The temperature of the soil will influence the activity of the organisms within it. 

Although this physical characteristic is not determined by the parent material, it is greatly 

affected by the surrounding environment. Temperature plays an important role in the activity of 

PPN because when soil temperatures fall below 10 oC nematodes are relatively inactive and eggs 
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do not hatch. Conversely, when soil temperatures rise above 40 oC the nematodes are killed 

(Wallace 1966). A test was conducted on a nematode commonly found in turfgrass, Meloidogyne 

spp., and it was determined that the ideal temperature for nematode hatching was 30 oC and for 

larval movement it was 25 oC (Wallace 1966). When temperatures are too low nematodes 

become dormant and do not feed on the host plant. It is because of this dormancy at low 

temperatures that nematodes are not normally considered a pest of cool-season crops or turf 

(Dropkin 1980). In much of Canada, however, the soil temperature is above 10 oC for several 

months allowing for feeding and reproduction of PPN. 

 Organic matter is another physical property of soil. It is composed of dead plant and 

animal tissues that are broken down by soil residents. Organic matter provides a lot of the cation 

exchange capacity and water-holding capacity of the soil, and is a slow-release nutrient 

storehouse (Donahue et al. 1977). Organic matter is an important factor for PPN as it will 

influence many soil properties that are essential for nematodes to live. 

2.2.2 Soil Chemical Properties 

Chemical reactions in the soil are heavily influenced by the various particles that the soil 

is composed of as these particles are the surface on which chemical reactions take place. The 

particle size distribution will determine how strongly ions in the soil are held to the soil particles, 

also known as colloids, thus influencing leaching potential (Brady and Weil 2008).  

The pH of a soil is a measure of the concentration of H+ ions present in the soil solution. 

The form in which cations are present in soil is strongly influenced by the soil pH (Brady and 

Weil 2008). In high numbers H+ ions can displace other cations in soil leading to nutrient 

leaching and nutrient deficiencies that can inhibit normal functioning of many organisms (Brady 

and Weil 2008). Meloidogyne spp. hatching was optimal at a pH of 6.4 ï 7 and significantly 

inhibited below 5.4 (Wallace 1966). However, altering the pH of a soil to combat the effects of 

PPN is not a practical management technique because it may injure the plants growing in the 

soil.  

Nitrogen, phosphorus, and potassium play important roles in the chemical composition of 

a soil supporting plant growth along with other minor plant nutrients. These elements are found 

in the form of cations that participate in reactions with plants and microbial communities and are 
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taken up to aid in metabolic functions. Simard et al. (2008) concluded that soil chemical 

properties had more of an impact on the populations of nematodes than did the physical 

properties. Other nutrients and soil chemicals have also been correlated with PPN populations; 

heavy metals, for example, have been shown to be toxic to nematodes as well as many other 

organisms (Bardgett et al. 1994; Ekschmitt and Korthals 2006; Williams and Dusenbery 1988). 

It is difficult to determine if and how soil properties influence nematode populations as 

the system that is being analyzed is very complex. Several surveys have been conducted to 

determine the impact of soil chemical properties on PPN and these will be discussed below in 

section 2.6. Plant nutrients are managed on golf courses to optimize the growing conditions for 

the turfgrass. The results from surveys of nematodes on golf courses and the soil chemical 

properties that influence them can potentially be skewed by the form or method and frequency 

with which the nutrients were applied.  

2.3 Turfgrass Management 

 The most important aspect of a golf course is the management of the turfgrass on which 

the game is played. Turfgrass management requires special techniques in cutting the grass, 

irrigation, nutrient management, and pest management. The greens are the most intensely 

managed portion of the course even though they only account for approximately 1% of the golf 

course. The greens are heavily managed primarily because 75% of the game is played on them 

(Beard 2002). Turfgrass quality on putting greens is judged based on a number of factors: 

consistency, smoothness, speed, firmness, resilience, and absence of turf grain (Beard 2002). All 

of these factors are important in the speed and consistency with which a golf ball will roll on the 

green. The high traffic on greens can cause problems with soil compaction and drainage.  

2.3.1 Greens Construction 

Drainage and compaction from traffic are the most important considerations when 

constructing a green (McCarty 2001). Older greens were created using the native soil as a base. 

Although the nutrient content of these soils is higher than the modern sand-based greens, they 

can become saturated when irrigated or following rainfall, in part due to the finer particle 

composition of the soils combined with the excess compaction from the traffic on the green 

(Christians 1998). Proper drainage in and on the green site is important for the game because 
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saturated soils make the speed of play considerably slower as well as reduce the health of the 

turfgrass stand. Standing water on the green can kill the turfgrass and allow for disease 

development (Beard 1973). It is because of these factors that sand is typically the base of choice.  

  

Figure 2-2: USGA Standard Green. Cross-section of a golf green constructed under United States Golf Association 

standards showing drainage tile, 4ò pea gravel, and 2-4ò ñchokeò (coarse sand) layer with 12ò of root soil medium. 

Adapted from McCarty 2001. 

 

Figure 2-3 : California Green. Cross-section of a golf green constructed under United States Golf Association 

standards showing an alternate, more cost effective method, which eliminates the pea gravel and coarse sand choker 

layers seen in Figure 2-2 and replaces it with sand. Adapted from McCarty 2001. 

 

There are two methods of golf green construction specified by the United States Golf 

Association (USGA). The USGA standard construction method is the ideal (Figure 2-2). This 

method has 12 inches of root zone soil above a sandy layer called the ñchokeò layer and then 4 

inches pea gravel over top of the drainage pipe. This type of construction has excellent drainage 

because of the coarse sand ñchokeò layer and the pea gravel below it but it also incorporates a 

nutrient rich soil medium (McCarty 2001). The gravel helps to move water rapidly to the 

drainage lines, away from the green and the sand layer prevents movement of the soil downward 
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into the drainage line. This is, however, the most expensive type of green to construct because 

the gravel and sand may be costly to obtain. 

In Figure 2-3 a modified greens construction is shown; here the root zone mix and pea 

gravel are replaced with sand. This green consists of 12 inches of sand overlaid on the native 

subsoil. It is still necessary to include some gravel around the drainage pipe to prevent the 

migration of the sand into the drainage line. Greens that lack the rootzone mix are referred to as 

California greens and are primarily sand based (McCarty 2001). California greens are more 

difficult to grow turf on than the USGA standard green because they dry out faster and do not 

retain nutrients as well (McCarty 2001). These types of greens are relatively simple to make and 

because of this are the least expensive. 

There is a third type of green which falls between the two previously described in terms 

of construction. This one has the layer of pea gravel and root zone mix without the choke sand 

layer. The physical difference in the particle size of the pea gravel and the root zone mix creates 

a capillary break preventing water movement downward unless the soil above is saturated 

completely (Christians 1998). This is only advised for golf courses with limited financial 

resources as problems can arise if the gravel and sand in the rootzone mix are not the perfect size 

(McCarty 2001).  

Grasses are separated into two categories based on the optimal temperature for growth: 

warm season and cool season. The optimal temperature range for cool season grasses is 18 oC to 

24 oC where as warm season species grow best at 27 oC to 35 oC (Beard 1973). In Canada cool 

season grasses are utilized as the temperatures for most of the growing season fall below the 

optimal 27 oC to 35 oC temperature range for warm season grasses. There are four primary types 

of turfgrasses grown in cool season climates like Canada, they are: bluegrasses (Poa spp.), 

fescues (Festuca spp.), bentgrasses (Agrostis spp.), and ryegrasses (Lolium spp.) (Christians 

1998). In Ontario the primary type of grass used on golf greens is creeping bentgrass (Agrostis 

spp.) because it is well adapted to the climate, does not require overseeding, and maintains green 

leaves throughout the season (Christians 1998; McCarty 2001).  
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2.3.2 Management of Greens for Optimal Putting Speed 

The purpose of the intense management that golf greens undergo is to increase the speed 

of the rolling ball and consistency of the playing surface. The turf is maintained with regular 

mowing, irrigation, and application of fertilizers. The mowing height for a typical green is 0.25 

cm to 0.48 cm which requires 5 to 7 cuttings per week (Beard 1973; McCarty 2001). The grass 

can be cut this short because the growing point, or crown, is at the soil surface or just below it 

(Beard 1973). Maintaining short grass is important since the shorter it is, the faster a golf ball can 

roll. However, mowing at very low heights decreases the root growth because energy stores are 

used to grow new shoots, promoting lateral shoot growth or tillering, leaving the roots in a 

weakened state (Beard 2002). Lower mowing heights are not beneficial to nematodes as there are 

fewer roots for them to feed on. This contradicts an earlier statement that golf course greens are 

an ideal environment. Turfgrass managers use other techniques, such as deep watering, to 

increase root depth (Beard 2002). Brushing and combing of the turf will help to maintain upright, 

vertical growth of the plants as well as creating a cleaner mowing pattern (Beard 1973).  

In addition to mowing, the grass must also be aerated to increase oxygen availability to 

the roots. A machine called a core aerator is used to pull out cores of the soil, and this helps to 

counteract the compaction from the heavy machinery and traffic as well as promote water 

infiltration (Beard 1973). The aeration process is usually followed by topdressing with a sandy 

soil to fill the holes that were made by the coring process which prevents the loss in ball rolling 

speed that would be seen if the holes were not filled (McCarty 2001). Rolling the greens is also 

an essential part of golf course maintenance because it makes a smooth playing surface that 

increases the speed of play but should never be done when the soil is saturated as compaction 

will be intensified (Beard 1973). Frequent rolling also allows for a longer height of cut since the 

blades of grass are frequently flattened which improves the consistency of the green and prevents 

a reduction in ball roll speed. Allowing the grass to grow a little longer improves the health of 

the grass. 

To maintain healthy turf on the green, nitrogen fertilizer is applied on a regular basis. 

This is important especially in sandy soils where nutrient leaching is likely to occur. Nitrogen 

should be applied at around 1.5 kg/100 m2 per season for creeping bentgrass (McCarty 2001). If 

a fast response is required ammonium nitrate or urea should be used but if a more prolonged 
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effect is desired products like urea-formaldehyde or methylene urea may be applied (McCarty 

2001). The application of nitrogen should be monitored closely because excess nitrogen can 

cause the speed of play to be reduced by the increased shoot growth and wider leaf blade (Beard 

1973). Over application of nitrogen can lead to more succulent growth of roots which is 

beneficial to PPN feeding (Crow 2001). Although nitrogen is the most important nutrient 

applied, a fertilizer containing all of the plantôs essential nutrients should be used to ensure that 

there is as little stress on the plants from nutrient deficiency as possible.  

There are frequent opportunities for pathogens of turf to infect because the plant is 

constantly being wounded when mowed. The move toward more sand-based constructed greens 

is seen as favourable for the increase of PPN and the pathogens they may be associated with 

(Dropkin 1980; Simard et al. 2008). This is because the sand allows for the optimal aeration and 

the frequent irrigation provides enough soil moisture for the PPN to survive. This combined with 

the perennial host makes PPN an ever pressing problem faced by golf course superintendents. 

2.4 Extraction Methods for Plant-Parasitic Nematodes from Soil 

 There have been many techniques used to extract nematodes from soil (Baermann 1917; 

Barker et al. 1969; Caveness and Jensen 1955; Flegg 1967; Jenkins 1964; McSorley and Walter 

1991; Oostenbrink 1960; Seinhorst 1956; Townshend 1963). There are two primary methods of 

extraction that can be utilized, passive and active. The passive methods require live nematodes to 

swim from the soil through a screen of some type into water. The active methods involve 

sieving, centrifuging, and decanting. Active methods can extract mobile and sedentary 

nematodes from soil whether they are alive or dead. There are three commonly used methods for 

extracting nematodes from soil. 

2.4.1 Baermann Pan and Funnel 

The Baermann funnel extraction technique was first described by Baermann in 1917 

(Baermann 1917) This paper was written in German, hence the method explained by Townshend 

in 1963 will be outlined (Townshend 1963). The Baermann funnel method requires soil to be 

placed on top of filter paper and positioned in a funnel, and the soil is misted. A tube is attached 

to the stem of the funnel and is clamped at the bottom so that the nematodes accumulate in the 

tube (Viglierchio and Schmitt 1983a). After the soil has been misted for the predetermined 
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amount of time, typically four to seven days, the clamp is removed and the water in the tube is 

released into a counting dish or concentrated. 

There are two methods that can be used to concentrate the samples to a manageable size 

if needed. The first requires the use a sieve to collect the nematodes from the water in the pan. 

Once the water is passed through the sieve the nematodes are washed into a counting dish with 

tap water. The use of a sieve may result in a loss of very small nematodes such as lesion 

nematode as they can get caught in the mesh or pass through with the solution. The alternate 

method of concentrating the sample involves the use of a round bottom tube that the water from 

the pan is poured into. The tube is left to sit for 24-48 hours to allow the nematodes to settle to 

the bottom. The top portion of the liquid is decanted and the bottom 5 mL is poured into a 

counting dish. 

The funnel technique was improved by Whitehead and Hemming in 1965 when they 

introduced the idea of using a pan rather than a funnel. The pan technique is very similar to the 

funnel technique but requires the soil to be wrapped in a tissue and then placed on a mesh screen 

that is touching water rather than the soil sitting on a filter in a funnel (Townshend 1963). The 

nematodes move through the soil to the water and are collected in the basin below. The samples 

are left for four to seven days in contact with the water. Once the soil samples have been in 

contact with the water for the set amount of time the nematodes are collected and the solution 

concentrated prior to counting. This improvement reduces nematode death due to lack of oxygen 

and getting stuck to the sides of the apparatus (Whitehead and Hemming 1965). 

These methods rely on the nematodes being mobile. Passive methods have difficulty 

adequately measuring the total number of nematodes from golf course soil samples because 

some nematodes, such as ring, root-knot females, and cyst females are sedentary and cannot 

move into the collection basin. Inevitably some nematodes do not survive the sample collection 

and storage process and cannot be quantified with this technique.  

2.4.2 Jenkins Sugar Centrifugal Flotation 

The Jenkins method actively removes nematodes from the soil with the aid of a 

centrifuge (Jenkins 1964). This method was first written down by Jenkins in 1964 but it has been 

altered and optimized by researchers since then (Caveness and Jensen 1955). The 100 ï 500 cc 
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soil sample is sieved on a 20-mesh screen and washed into a 10-quart bucket to remove large 

debris, using enough water to half fill the pail. The water is then mixed thoroughly and allowed 

to settle for 30 seconds. The water is decanted through a 270 or 325 mesh sieve and collected in 

a beaker. The bucket containing the soil is half filled with water again and handled as stated 

above. The remaining soil is discarded. The water from the beaker is then poured into 50 mL 

centrifuge tubes, balanced, and spun at 1750 rpm for 4 to 5 minutes. After centrifugation the 

supernatant is poured off and a sugar solution (454 g sugar/L water) is added to reach a balanced 

weight. The sediment and sugar solution are thoroughly mixed in the tube and centrifuged for 30 

seconds to a minute. The supernatant that contains the nematodes is poured onto a 325 mesh 

sieve and rinsed to remove the sugar solution. Nematodes are transferred to a counting dish by 

rinsing the sieve into the dish.  

The nematodes must not remain in the sugar solution for longer than 15 minutes and the 

samples need to be examined as soon as possible due to the possibility of implosion from the 

osmotic pressure created by the heavy sugar solution (Shurtleff and Averre 2000). Nematodes 

are heavier than water but lighter than the heavy sugar solution. This method utilizes that fact to 

separates the nematodes out of the soil in the last centrifuge step of the process. When collecting 

large nematodes, such as needle and dagger, a heavier sugar solution than standard may be used 

as their density may not be less than the standard sugar solution used (Shurtleff and Averre 

2000). 

2.5 Plant-Parasitic Nematode Management on Golf Courses 

 PPN injure economically important plants costing $90 billion USD in damage every year 

worldwide (Dong and Zhang 2006; Koenning et al. 1999). These pests have a wide host range, 

making them a problem for almost every plant grown for commercial production (Bridge and 

Starr 2007; Costa et al. 2011). There are many management techniques which can be used to 

mitigate the damage from PPN and reduce their populations. Unfortunately most of the 

traditional methods, such as crop rotation, are not feasible for golf courses. Management 

strategies for any pathogen can be divided into four categories: physical, cultural, biological, and 
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chemical. There are no physical management techniques for PPN on a golf course and so these 

will not be discussed. 

2.5.1 Cultural Management of Plant-Parasitic Nematodes 

 Cultural management strategies focus on improving the health of the plant so that it can 

better defend itself against a pest and/or creating growing conditions that are not conducive to 

PPN survival. It is always preferable to avoid PPN infestations rather than try to manage one that 

is already present (Crow 2005b). Preventative measures that can be taken to reduce the risk of an 

infestation are: use of nematode free soil when establishing greens, ensuring that sod is certified 

PPN free, and cleaning equipment.  

 If a nematode problem already exists at a site, cultural practices that can promote plant 

health and reduce the symptoms of nematode infestation can mitigate the damage. These 

practices include: altering mowing height, optimizing nitrogen fertilizer application, changing 

the watering schedule, improving aeration, and decreasing shade on the turf (Crow 2001).

 Superintendents are under substantial pressure to cut greens as low as possible. Turf can 

be stressed by mowing heights which are too low as the plant does not have much photosynthetic 

capacity and must divert a large portion of resources to shoot growth (Crow 2001). Increasing 

the height of cut will put plants under less stress and make them better equipped to deal with the 

reduced capacity of their root system. When this is coupled with increased frequency of rolling, 

the speed of the green can be maintained. 

 Optimizing fertilizer application, particularly nitrogen, is important as too little will cause 

a deficiency in the plant while too much will cause over growth (Crow 2001). It is especially 

important when dealing with a nematode infestation since too much nitrogen can cause succulent 

growth of root tissues which is more susceptible to PPN feeding.  

 The schedule on which greens are watered can influence nematode populations since they 

are aquatic organisms. The greens should be watered deeply and infrequently but more 

importantly, they should be kept as dry as possible between watering to reduce the water 

available for nematodes (Crow 2001). By applying water in this manner the roots are encouraged 

to grow deeper, which is beneficial for the plant but can also potentially reduce nematode 
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parasitism as the roots may grow past the portion of the soil profile where the majority of 

nematodes are found. 

 Aeration is essential for maintaining an optimal bulk density but it is also important for 

increasing oxygen infiltration to the root zone. Aeration encourages healthy roots which can 

better tolerate the damage caused by nematode feeding (Crow 2001). 

 Finally, shade on greens should be reduced by trimming or removing nearby trees. Shade 

reduces the amount of light for photosynthesis. Nematode-damaged turf is more prone to decline 

from lack of sunlight than healthy turf is because of its reduced capacity to store energy (Crow 

2001). Additionally, shaded areas will retain soil moisture for an extended period of time, which 

can encourage growth of PPN populations. 

 A combination of these practices will help to mitigate the damaged caused by PPN in 

turf. Use of these practices in conjunction with biological and chemical management tactics can 

promote plant health while mitigating damage caused by PPN infestation. 

2.5.2 Biological Management of Plant-Parasitic Nematodes 

Predators, antagonists, and competing organisms are part of every ecosystem. There are 

checks and balances in place to prevent unbalanced increases of any population within the 

system (Stirling 2011). Biological management is defined as the use, conservation, or 

enhancement of an organism or a direct product of it to manage plant pests (Pal and Gardener 

2006). Antagonists of the pest are released into the environment to keep the population of the 

pest under control. This tactic involves targeted suppression of PPN. Biological control can also 

take a more general approach where the diversity of the ecosystem is enhanced with amendments 

encouraging the development of all antagonists within the ecosystem without specifically 

choosing which ones. 

 Adding manures and composts to soils to improve the quality and quantity of crops has 

been practiced since the dawn of agriculture (Rodriguez-Kabana et al. 1987). Amendments are 

introduced into the soil medium to increase antagonist populations to suppress pathogens of 

plants. This can be accomplished with the addition of animal manures, green manures, chitin, or 

compost. Disease pressure is ultimately reduced by increasing populations of many 

microorganisms but there are few reports on organic amendments that increase nematode 
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antagonist populations specifically (Oka 2010). The type of soil to which the amendments are 

added has a strong influence on its nematicidal activity; this is due, in part, to the mobility of the 

nitrogenous compounds in the soil (Oka et al. 2007).  

 The most popular form of classical biological management of PPN in turfgrass are 

products which contain formulations of Pasteuria spp and Bacillus firmus Bredemann and 

Werner (Siddiqui and Mahmood 1999). Pasteuria spp. are bacteria which live on the cuticle of 

the host nematode (Sayre and Starr 1985). These bacteria have been formulated into products, 

such as EconemÊ, to control PPN populations (Crow et al. 2006). P. penetrans Thorne (Sayre & 

Starr) has a wide host range, making it an ideal candidate for development into a biocontrol 

product (Siddiqui and Mahmood 1999). There has been success with products containing 

Pasteuria spp. in other cropping systems but the results in turfgrass have not been as promising 

(Crow et al. 2011). 

 B. firmus has also been formulated into products used to control nematodes in turfgrass 

under trade names such as Nortica® (Wilson and Jackson 2013). B. firmus colonizes the root 

systems of the turfgrass and produces compounds that protect the roots from PPN colonization 

(Crow 2001). B. firmus is a non-parasitic rhizobacterium which belongs to a genus that contains 

many species that have a similar mode of action (Siddiqui and Mahmood 1999). This product 

acts as a preventative measure rather than a curative one and is best used on areas that have a low 

level of infestation (Crow 2001). There are other bacteria that are non-parasitic and act in a 

similar protective manner as the Bacillus group does: Streptomyces spp., Clostridium spp., 

Serratia spp., and Agrobacterium spp. (Siddiqui and Mahmood 1999). There have also been a 

few products developed that contain chemicals derived from bacteria-. An example of this is the 

insecticide AvidÊ, which contains abamectin and is derived from Streptomyces avermitilis (ex 

Burg et al.) Kim and Goodfellow, and has shown promise as a nematicide (Blackburn et al. 

1996; Dayan et al. 2009). AvidÊ, however, lacks the ability to effectively move through the 

thatch layer of golf course turf due to its low soil mobility (Gruber et al. 1990). Soil mobility is 

an important quality for chemical and biological nematicides to possess as the organic thatch 

layer of turfgrass is difficult to penetrate (Horst et al. 1996). 

There are numerous species of fungi that are nematode antagonists (Jatala 1986; Siddiqui 

and Mahmood 1996). There are five groups into which these antagonistic fungi are classified: 
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predacious fungi, endoparasitic fungi, opportunistic fungi, and mychorrhizal fungi. The 

important genera of fungi that antagonise PPN are: Verticillium, Hirsutella, Nematophthora, 

Arthrobotrys, Drechmeria, Fusarium, and Monoarcosporium (Siddiqui and Mahmood 1996). 

  The predacious fungi are grouped based on their feeding strategy. One group uses 

adhesive hyphal networks and another uses adhesive hyphal knobs, branches, or constricting 

rings to capture their prey (Jatala 1986). The group using the hyphal networks grow considerably 

faster than those which use the knobs and constricting rings (Cooke 1963). The saprophytic 

ability of these fungi appears to have been reduced when they developed their predacious ability 

(Cooke 1963). In addition to the adhesives used by these fungi, some also produce toxins that 

paralyze or kill the trapped nematodes before the cuticle is penetrated (Olthof and Estey 1963). 

This characteristic is seen in fungi belonging to the genera Hyphomycetes and Zoopagales 

(Cooke 1963; Duddington 1956). The impact of these fungi is strongly correlated with the 

environmental conditions in which they reside. Soil factors such as pH, nutrients, addition of 

organic matter, and moisture will affect the effectiveness against PPN (Jaffee et al. 1998; 

Johnson 1962; Siddiqui and Mahmood 1999). 

 Endoparasitic fungi colonize nematodes in search of nutrients. These are found in most 

fungal classes such as: Ascomycetes, Basidiomycetes, Zygomycetes, Chytridiomycetes and 

Oomycetes (Moosavi and Zare 2012). These fungi produce conidia which are either ingested or 

adhere to the cuticle of the nematode (Jansson and Nordbring-Hertz 1983). Most endoparasitic 

fungi are obligate parasites with poor saprophytic ability. They produce very little mycelium in 

the soil and spend almost all of their life in the body of their nematode host (Siddiqui and 

Mahmood 1996). Their inability to lie in wait for PPN by switching food sources makes them a 

poor choice for use as biocontrol agents. 

 The main two genera of opportunistic fungi that colonize PPN are Verticillium and 

Paecilomyces. Verticillium parasitize the eggs and juveniles of nematodes through hyphal 

penetration (Bourne et al. 1996; Morgan-Jones et al. 1983). Paecilomyces are primarily 

saprophytes, allowing them to subsist on a wide range of substrates in the soil (Jatala 1986). Like 

Verticillium, Paecilomyces infects the eggs of PPN and destroys the embryos within 5 days 

(Dube and Smart Jr 1987). Due to their generally saprophytic nature, these fungi are effective 

biocontrol agents because they do not rely on PPN for survival. They work best, however, when 
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applied in conjunction with a bacterial antagonist such as Pasteuria spp. (Dube and Smart Jr 

1987). With any biocontrol regime it is important to recognize that diversification of the 

antagonists applied will increase the efficacy of the treatment because there are multiple routes 

of attack on the pathogen (Jatala 1986). 

 The symbiotic relationship between mycorrhizal fungi and plant roots allows for the 

sharing of nutrients, water, and metabolic products between the two organisms (Bagyaraj et al. 

1979). The hyphae extend from the roots of plants into the rhizosphere, and increase the surface 

area available to obtain nutrients that the plant would have been unable to access without the 

mycorrhizal fungi. The fungi help to mitigate the stress plants suffer under drought conditions or 

nutrient deficient soils (Baltruschat et al. 1973). This extended network can also reduce the stress 

from PPN feeding. Endogone mosseae Nicol. and Gerd., has been shown to have an antagonistic 

effect on root-knot nematodes on tobacco and tomato (Bagyaraj et al. 1979; Baltruschat et al. 

1973). Reduction in PPN populations is probably due to the physiological changes in the plant 

induced by the fungi rather than actual antagonism by the fungi on the PPN (Bagyaraj et al. 

1979). 

 Entomopathogenic nematodes have been studied as a means of managing PPN in 

turfgrass. Nematodes belonging to the genus Steinernema spp. were evaluated for their ability to 

control root-knot, sting, and ring nematodes on golf courses in Georgia and South Carolina 

(Grewal et al. 1997). The added benefit of using entomopathogenic nematodes is that they are 

effective at controlling larval stages of many insects that may injure turfgrass plants as well 

(Grewal et al. 1997). The entomopathogenic nematodes provided inconsistent control of the 

PPN, probably due to the differences in the site characteristics where they were tested and 

evaluated.  

 There are many antagonists of PPN that can help reduce populations but the formulation 

and use of these organisms can be challenging. Products that work well under laboratory 

conditions may not be effective in field experiments. Products that make it to the market for 

commercial use must be applied under strict conditions in order to obtain effective results. 

Extensive research has been performed in this area for many years and to date there are very few 

products on the market that are acceptable for use in managed turfgrass systems (Wilson and 

Jackson 2013). 
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Targeted suppression of PPN with the use of soil amendments aims to introduce a 

compound into the soil environment that enhances the microbial community such that an 

antagonist or several antagonistsô populations are increased. Compounds that have been 

investigated for this function include chitin, collagen, and keratin (Schenck et al. 1980; Spiegel 

et al. 1987; Spiegel et al. 1986; Westerdahl et al. 1992). 

 Chitinous material added to soils can be used as a means of specifically supressing PPN 

because of the presence of chitin in nematode egg shells and the cell walls of plant-pathogenic 

fungi (Gaugler and Bilgrami 2004; Oka 2010). Chitin has also been found in the gelatinous 

matrix of root-knot nematode egg sacs (Spiegel et al. 1986). When chitin is added to the soil, 

organisms that feed on it increase in number, thereby consuming both pathogenic fungi and 

nematode eggs. Adding chitin amendments to soil has resulted in significant reduction in galling 

by root-knot nematodes in tomato, potato, walnut, and Brussels sprouts (Spiegel et al. 1987; 

Westerdahl et al. 1992).  

The mechanism of control of PPN from the addition of chitin is thought to be twofold: 1) 

the addition of nitrogenous compounds including ammonia and nitrous acid quickly kills off live 

nematodes; and 2) the activity of the chitinolytic antagonist organisms is stimulated long after 

the nitrogenous compounds have dissipated and these attack the eggs and other stages of the 

nematode (Rodriguez-Kabana et al. 1987; Spiegel et al. 1987). The application of chitin to the 

soil may be an alternative to conventional management techniques for PPN with long lasting 

effects. 

 Both collagen and keratin are found in the cuticle, or outer layer of the nematodeôs body 

(Schenck et al. 1980). The influence of the application of collagen and keratin on nematode 

populations has been investigated by several research groups (Galper et al. 1990; Galper et al. 

1991; Khan and Saxena 1997; Schenck et al. 1980). Galper et al. (1990), found that root galling 

on tomato plants by root-knot nematodes was significantly reduced by amendment with collagen. 

In a follow-up study investigating the influence of collagenolytic fungi, adding the fungus 

Cunninghamella elegans Lendner reduced galling in tomatoes by 90%, an increase of 20% when 

compared to the addition of collagen alone (Galper et al. 1991). C. elegans also showed lytic 

activity of keratin, which is potentially present as a structural protein in PPN. Other researchers 

concluded that keratinolytic antagonists were not the reason the PPN populations had been 
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reduced, but rather it was the ammonia from the feather and horn meals that was the reason for 

the population decline (Khan and Saxena 1997).  

 Utilizing soil amendments that specifically enhance populations of microorganisms that 

feed on chitin, collagen, or keratin may be an effective way to control PPN in soil. However, the 

addition of organic materials to the soil may have negative effects, including nutrient and/or 

pathogen leaching, odour pollution, salinity and dispersal of animal pathogens. It is evident that 

the applications of biocontrol agents have limited efficacy in turfgrass systems due to the 

perennial nature of turfgrass stands. Additions of matter high in nitrogen, however, have been 

shown to have strong nematicidal activity in turfgrasses, even more so than the use of some 

pesticides (Cheng et al. 2008). 

General suppression of PPN and plant pathogens as a whole can be accomplished with 

additions of animal manures, green manures, and compost that are either rich in microbial 

activity or contain important compounds that kill or injure nematodes. 

 Animal manures are frequently applied to soils to increase fertility. Along with the 

nutrients there are a plethora of microorganisms that were present in the gut of the animal, as 

long as the manure has not been sterilized. Nematode suppression is dependent on the dose and 

type of manure applied but there has never been a clear correlation established between animal 

manures and antagonists of PPN (Oka 2010). There are, however, instances where addition of 

chicken, horse, ruminant, or pig excrement have shown suppression of nematodes, likely due to 

the microbial antagonists that survived their gut or the nitrogen content ï particularly in the form 

of ammonia ï of their fecal matter (Oka and Yermiyahu 2002). 

 In several studies that focused primarily on root-knot nematodes, chicken litter (Everts et 

al. 2006; Kaplan and Noe 1993; Kaplan et al. 1992) was shown to reduce nematode populations. 

Kaplan and Noe (Kaplan and Noe 1993) found that after only 10 days the total number of 

nematodes within the roots of tomato seedlings had decreased as the amount of chicken litter was 

increased, and after 46 days egg numbers had also decreased. In a later study, combinations of 

sterile and non-sterile chicken litter and soil were used to determine that it was the microbial 
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communities from the chicken litter that were attacking the PPN juveniles and eggs (Kaplan et 

al. 1992). 

 Investigation into the utilization of nematophagous fungi to control animal parasitic 

nematodes has led to the discovery of some species, including Arthrobotrys oligospora (Fresen) 

and Arthrobotrys flagrans (Dudd.) Sidorova, Gorlenko & Nalepina, that can survive the 

digestive tract of ruminants, horses, and pigs. Both A. olgiospora and flagrans, added to animal 

feed, were shown to reduce infection rate of horses, pigs, and cows in pastures where Ostertagia 

sp., Oesophagostomum sp., Hyostrongylus sp., or Cooperia sp. infections were rampant (Nansen 

et al. 1996; Wolstrup et al. 1996). This is a parasite of animals, not plants, but the presence of 

these nematophagous fungal spores in their feces suggests that it is possible to use manures to 

create a suppressive soil that may control PPN. 

 Green manure is living, or very recently harvested plant material that is incorporated into 

the soil to increase the disease suppressiveness and nutrient content. These plant materials 

typically have low carbon to nitrogen (C/N) ratios and high protein or amine contents, the 

optimal range being 14-20 (Figure 2-4) (Rivera and Aballay 2008; Rodriguez-Kabana et al. 

1987). Chemicals such as polythienyls, acetylenes, alkaloids, carboxylic acids, fatty acids, 

phenolics, and glucosinolates are present in the plant tissues and are released when incorporated 

into the soil, killing the surrounding nematodes (Chitwood 2002; Oka 2010). Unfortunately 

sometimes green manure can be phytotoxic if the nitrogen content is too high (Rodriguez-

Kabana et al. 1987).  

 

Figure 2-4: The diagram shows the optimal carbon to nitrogen ratio (C/N ratio) for organic amendments. Green lines 

show the desired qualities, red show undesirable. The optimal range is 14-20. The shaded boxes indicate areas in 

which the effect may depend on other factors. Adapted from Rodriguez-Kabana et al. 1987. 
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Green manures can be unprocessed and mixed in, as with the use of rapeseed (Brassica 

napus L.), or grown alongside the crop as with mustard (Brassica juncea (L.) Vassiliǯ 

Matveievitch Czernajew) (Akhtar and Alam 1991; Mojtahedi et al. 1991). Oil cakes of castor 

bean (Ricinus communis L.) and neem (Azadirachta indica A. Juss) have been shown to have 

similar nematicidal effects as the chemical nematicide, carbofuran (Akhtar 2000; Akhtar and 

Alam 1991; Khan and Saxena 1997). Grape pomace has a C/N ratio of 20.8, at which 

nematicidal activity takes place without causing toxicity to plants (Rivera and Aballay 2008). 

There are many plant materials that can be incorporated into soils that have nematicidal activity 

but this needs to be carefully balanced with phytotoxicity as seen in Figure 2-4. Green manures 

are difficult to apply to turfgrass because they cannot be incorporated into the soil. These may, 

however, be used prior to planting the turf as an alternative to fumigation. 

Composts are usually made from waste plant matter and animal wastes in agro-industrial 

operations (Oka 2010). There are four essential components for compost: organic matter, 

oxygen, water, and microorganisms. Composts must also have the ideal C/N ratio to provide 

nematicidal activity to the soil in which they are incorporated. Composts provide general 

suppression of plant pathogens such as Pythium spp., Phytophthora spp., Fusarium spp., and 

Rhizoctonia spp. in addition to the suppression of PPN (Hoitink et al. 1996). Increasing the 

dosage of compost with a C/N ratio of 14-20 has reduced the populations of nematode genera 

Bitylenchus, Helicotylenchus, Heterodera, Paratylenchus, Geocenamus, and Tylenchulus (Renļo 

et al. 2009). It is hypothesized that nitrogenous compounds, rather than microbial communities, 

in the compost that are the likely control mechanism of nematodes (Oka and Yermiyahu 2002). 

2.5.3 Chemical Management of Plant-Parasitic Nematodes 

 Chemical management of PPN is accomplished by means of soil fumigation prior to 

planting or applications of treatments to established stands. The options for both are limited since 

products developed to control nematodes are toxic to many non-target organisms (McCarty 

2001). There are currently no post-plant nematicides registered in Canada for use on turfgrass. 

Applications of most herbicides, fungicides, and insecticides have shown no significant effect on 

nematode communities (Cheng et al. 2008). 

Fumigants are applied as gasses or liquids that readily vaporize, killing PPN, weeds, 

pathogens, and other soil microorganisms. Fumigant nematicides such as 1,3-dichloropropene 
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(CurfewÊ), metam sodium (VapamÊ), metam potassium (K-PamÊ), chloropicrin (Chlor-O-

PicÊ) and methyl bromide have been shown to be effective for managing nematode populations 

when applied as pre-plant products (Crow et al. 2003). However, few of these are registered for 

post-plant use on turfgrass due to their potential for phytotoxicity (Crow et al. 2003). These 

products affect biochemical pathways in protein synthesis and respiration (Haydock et al. 2006). 

They should be applied when the soil is moist to trap in the fumigant and/or a tarp should be 

placed over the soil (McCarty 2001). The practicality of a fumigant nematicide is low for golf 

courses because they can only be applied when the green is being constructed, because of 

phytotoxicity (McCarty 2001).  

 Non-fumigant nematicides are used after the plant has become established and are ideally 

non-phytotoxic. Two important groups of non-fumigant nematicides are the carbamates and the 

organophosphates. Aldicarb, carbofuran, and oxamyl belong to the carbamate family and 

fenamiphos, ethoprop, and chlorpyrifos belong to the organophosphate family (Haydock et al. 

2006). The mode of action of carbamate and organophosphate nematicides is presumed to be 

inhibition of acetylcholinesterase (Opperman and Chang 1990; Pree et al. 1990; Steele 1977). 

This prevents acetylcholine from being broken down and therefore the nerves cannot repolarize 

(Opperman and Chang 1990). Nematodes in contact with these chemicals are paralyzed and 

starve to death. If the product is not applied at a lethal dose, the nematodes can recover after a 

period of time (Haydock et al. 2006). These products are considered ónematostaticsô because 

they do not kill the nematode they instead influence their ability to move, how they find their 

hosts, and their ability to penetrate plant tissues (McGarvey et al. 1984; Opperman and Chang 

1990; Wright et al. 1980). 

The organophosphates and carbamates tested by Hara and Kaya in 1982 adversely 

affected development and reproduction of Neoaplectana carpocapsae Weiser at all tested 

concentrations (Hara and Kaya 1983). Fenamiphos and carbofuran are extremely toxic 

nematicides, inhibiting nematode reproduction at 0.01 mg/mL, but when nematodes were 

removed from the chemical their activity returned to normal (Hara and Kaya 1983; Pree et al. 

1990). When aldicarb and carbofuran are applied in low concentrations hormesis has been 

observed, stimulating the hatching rate of Heterodera schachtii Schmidt at low doses but killing 

them at high doses (Steele 1977; Steele 1983). Oxamyl was evaluated in 1988 and showed some 
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systemic activity in turfgrass and provided moderate control of sting nematode (Giblin-Davis et 

al. 1988). There are numerous articles published on the efficacy of this family of chemicals, but 

they are considered much too persistent and broad-spectrum to be widely used (Giblin-Davis et 

al. 1988; Hara and Kaya 1983; Nordmeyer and Dickson 1989; Opperman and Chang 1990; 

Steele 1977; Steele 1983). 

 There are several nematicides that do not belong to the organophosphate or carbamate 

groups which show potential for effective management of PPN. There are quite a few which are 

being researched but most must be incorporated into the soil or applied prior to planting, making 

them impractical for use on turfgrass. Two chemicals with potential are fluensulfone and 

furfural. Fluensulfone is the first of its family of chemicals to be released onto the market, under 

the trade name NIMITZÊ (Hu et al. 2007; Phillion et al. 1998). Fluensulfone has been shown to 

be an effective nematicide because of its irreversibility and its systemic distribution via foliar 

application (Oka et al. 2012). Although there has been success managing root-knot nematodes 

there have been some issues with managing migratory nematodes with this chemical. The causes 

of this are unknown since the mode of action has not yet been identified (Oka 2014).  

The other promising nematicide emerging on to the market is furfural. This chemical is a 

naturally occurring aromatic aldehyde which can be extracted from agricultural by-products such 

as cereal straw (Crow and Luc 2014). The furfural product Multiguard ProtectÊ, has been tested 

on turfgrass infested with sting nematode in the Southern United States with some success (Luc 

and Crow 2013). Furfural, however, is very readily broken down by aerobic soil microorganisms 

which reduces its efficacy, especially in the top 5 cm of the soil where oxygen is plentiful (Crow 

and Luc 2014). Some researchers suggest covering treated areas with tarps to improve the 

efficacy of furfural; this practice is not practical for turf applications (Ismail et al. 2007). 

 The options for chemical control of nematodes are severely limited. Most nematicides 

developed to date are broad spectrum and highly toxic to mammals and most other non-target 

organisms. New, targeted nematicides must be developed to control nematodes without 

phytotoxicity or harming other soil micro flora and fauna. One of the goals of the proposed 

research is to find an appropriate control measure that poses low risk to the applicator and to the 

environment. 
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2.6 Golf Course Plant-Parasitic Nematode Surveys in North America 

 Understanding the population dynamics of PPN on golf courses has been an area of 

research for many years. There have been numerous surveys of PPN populations in golf courses 

and managed lawns in Canada and the United States of America. There have been three studies 

performed on Canadian sites (Fushtey and McElroy 1977; Simard et al. 2008; Yu et al. 1998) 

while there have been many more on American sites (Bekal and Becker 2000; Chastagner and 

McElroy 1984; Davis et al. 1994; Jordan and Mitkowski 2006; Lucas et al. 1978; McClure et al. 

2012; Murdoch et al. 1978; Sumner 1967; Taylor et al. 1963; Todd and Tisserat 1990; Troll and 

Tarjan 1954; Walker et al. 2002). Nematodes are not often considered a cool-season pest of turf 

and this may be why there are many more articles published in the United States of America than 

in Canada. These surveys have helped to elucidate the impact of nematodes on turf health as well 

as identify the predominate genera present in the areas studied. 

 The predominant genera of PPN found on golf courses growing cool-season turfgrasses 

are: root-knot nematodes (Meloidogyne spp.), cyst nematodes (Heterodera spp.), lesion 

nematodes (Pratylenchus spp.), pin nematodes (Paratylenchus spp.), stunt nematodes 

(Tylenchorhynchus spp.), spiral nematodes (Helicotylenchus spp.), ring nematodes 

(Criconemoides spp.), and lance nematodes (Hoplolaimus spp.) (Fushtey and McElroy 1977; 

Simard et al. 2008; Yu et al. 1998). Soil properties, age of the green, type of turfgrass, and turf 

quality have been investigated for their correlation with nematode populations present (Jordan 

and Mitkowski 2006; Simard et al. 2008; Walker et al. 2002). The time of year when samples are 

taken has also been shown to influence the predominant genera of PPN that are found (Jordan 

and Mitkowski 2006; Todd and Tisserat 1990). Site characteristics and their relationships with 

nematode populations have been monitored and described in many reports but there is 

inconsistency among studies. It is also difficult to determine conclusively what influence a site 

characteristic will have on the population of PPN because so many of the characteristics are 

related. An example of this from Walker et al. (2002) was the observation that PPN were found 

in higher quantities in greens planted with creeping bentgrass cv. Penncross than those planted 

with SR1020 bentgrass; however, the greens planted with Penncross were on average 12.6 years 

older than those planted with SR1020. Although there was a correlation between the type of 

turfgrass and PPN populations this was also confounded by the effect of the age of the green. 
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There is a continuing debate about the influence of soil characteristics such as nutrients, 

organic matter, pH, bulk density, texture, etc., on the populations of PPN. Some studies have 

concluded that there is no correlation between soil texture, moisture, or PPN population 

distribution (Chastagner and McElroy 1984; Todd and Tisserat 1990), while others have 

concluded that certain properties of the soil will lead to higher populations of PPN (Simard et al. 

2008; Walker et al. 2002).  

The age of a green on a golf course has been shown to have a strong correlation with the 

diversity and number of PPN in the soil and has not been disputed in the literature (Jordan and 

Mitkowski 2006; Simard et al. 2008; Walker et al. 2002). Walker et al. (2002) noted that total 

combined population densities of PPN increased with age but specifically, populations of ring, 

stunt, and spiral nematodes increased with the age of the green. They also noted the increase in 

nitrate ïnitrogen (NO3-N), plant available phosphorus and potassium, and organic matter as the 

age of the green increased, in part due to the addition of fertilizers to the soil over the years 

(Walker et al. 2002). The trend in the literature points toward populations of PPN increasing as 

the age of the green increases. 

Walker et al. (2002) noted that there was a negative relationship between bulk density 

and populations of several nematodes. Bulk density of soil increases due to compaction, and over 

time the bulk density of a green will increase if measures are not taken to decrease compaction. 

This is especially important for greens made from the native soil because they are far more 

susceptible to compaction than those made with sand. Most golf greens are made primarily of 

sand which results in a lower bulk density than soils containing high amounts of silt or clay. 

Management practices specifically intended to reduce bulk density are employed on most golf 

courses to keep bulk density within a desired range. The relationship identified by Walker et al. 

(2002) may be correct but the range of bulk density values which can be collected from golf 

greens is relatively small due to the management practices used. In the study performed by 

Bouwman and Arts (2000), they noted that the total nematode population remained stable over 

the 5-year study investigating the influence of heavy farm equipment on grassland productivity. 

They found that as soil compaction and bulk density increased the nematode population shifted 

from bacterivores and omnivores/predator nematodes towards more PPN (Bouwman and Arts 

2000). Walker et al. (2002) and Bouwman and Arts (2000) found conflicting results which may 
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indicate that there are other aspects of golf course greens which encourage the growth of PPN 

populations over time.  

The cultivars of turfgrass and visible condition of the stand have both been investigated 

as possible indicators of the number and type of PPN in the soil. Several studies concluded that 

the health of the grass was not an indication of the presence of nematodes and this is especially 

true in the cooler climates of Canada (Fushtey and McElroy 1977; Todd and Tisserat 1990; Yu et 

al. 1998). Todd and Tisserat (1990) suggest that relatively high populations of PPN are necessary 

to cause damage to turfgrass but the threshold at which the damage is evident may change year 

to year or even season to season. Walker et al. (2002) concluded that populations of stunt 

nematode were not affected by turfgrass cultivar but Yu et al. (1998) stated that lesion nematode 

was negatively influenced by the presence of Kentucky bluegrass. It seems as though some 

genera are influenced by the type of turfgrass where others are not.  

Timing of sampling can significantly influence the genera of nematodes found because the 

temperature of the soil can change considerably throughout the season. The life strategies of the 

various nematode genera will also impact when they are in the highest abundance. The 

predominant genera present in the mid-summer can be drastically different than the genera found 

when the soil is cooler in the spring and fall. Numerous studies have shown that there is seasonal 

variability in PPN populations, noting the decline in populations in July and August (Chastagner 

and McElroy 1984; Jordan and Mitkowski 2006; Lucas et al. 1978; Sumner 1967; Todd and 

Tisserat 1990; Walker et al. 2002). Two research groups noted that although most populations of 

PPN declined as soil temperatures increased, the population of stunt nematode increased mid-

summer (Jordan and Mitkowski 2006; Lucas et al. 1978). The variation in populations 

throughout the year can cause discrepancies in the results if samples are only taken once. The 

seasonal variability is also important when determining what type of nematicide to use as a 

control measure.  

Extensive work has been performed to understand PPN as pests and develop action 

thresholds for turfgrass managers. As these pests are considerably more detrimental in warm 

climates, most of the work to develop thresholds has been conducted in the United States. The 

University of Massachusetts has developed thresholds for the northeastern United States (Table 

2-1) (Wick 2012). These thresholds have been used in Canada since there are currently no 
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thresholds set for Canadian turf. Although these values are used as a guideline, action thresholds 

fluctuate based on many environmental factors from season to season and even month to month 

(Todd and Tisserat 1990).  

Table 2-1: Threshold levels for turfgrass nematodes in New England. Adapted from Wick 2012. 

Nematode Genus Threshold (nematodes per 100 cc soil) 

Ring Criconemoides 1500 

Spiral Helicotylenchus 1500 

Stunt Tylenchorhynchus 800 

Cyst Heterodera 500 

Root-knot Meloidogyne 500 

Lance Hoplolaimus 400 

Needle Longidorus 100 

Lesion Pratylenchus 100 

Stubby Root Trichodorus, Paratrichodorus 100 

Dagger Xiphinema 200 

Pin Paratylenchus -- 

 

The surveys performed in the past focused on small areas within Canada and the United 

States. Performing a survey of golf courses over the whole country can help to determine what 

the predominant genera are in different regions, allowing for a more focused approach to 

management. In addition, standardizing the method with which the nematodes are extracted from 

the soil will allow for more comparable results as Baermann pan and sugar centrifugal flotation 

yield different results. 
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Chapter 3 Methods Comparison for Nematode Extraction from Soil 

3.1 Abstract 

Plant-parasitic nematodes (PPN) are aquatic organisms that inhabit the soil and feed on 

plant tissues. These organisms can cause considerable losses to crops by reducing the plantôs 

ability to take up water and nutrients. Identification and quantification of the nematode genera 

present allows growers to determine if the productivity of the crop has been influenced by PPN. 

Knowing the population size and composition can help determine if management actions should 

be taken and which should be used. There are many different techniques used to extract 

nematodes from the soil for identification and quantification. The objective of this study was to 

compare two extraction techniques, Baermann pan and sugar centrifugal flotation, for separating 

nematodes from soil. Soils were collected from two golf course sites in Toronto, Ontario and two 

in Guelph, Ontario. Two sites were sampled in the late spring and two in the fall. The sugar 

centrifugal flotation method extracted more PPN from the soil than the Baermann pan method. 

Both methods were adequate for the extraction of free-living nematodes. In soils where both 

sedentary and mobile nematodes may be present, sugar centrifugal flotation is the preferable 

method of extraction. 

3.2 Intr oduction 

Nematodes which parasitize plants are detrimental to plant health, affecting almost every 

crop worldwide. Quantifying their presence in the soil and plant tissues can help to determine 

action thresholds. Extraction methods are judged on the number of nematodes which can be 

extracted from the soil (Viglierchio and Schmitt 1983b). The method used should be fast, 

reproducible, and free from operator error (Viglierchio and Schmitt 1983b). There are three 

primary methods of extraction used to remove nematodes from soil: Baermann pan, Baermann 

funnel (Townshend 1963; Whitehead and Hemming 1965), and sugar centrifugal flotation 

(Jenkins 1964). These methods have been modified by many researchers over the years to 

optimize the number of nematodes removed from the soil (Baermann 1917; Caveness and Jensen 

1955; Cobb 1918; Flegg and Hooper 1970; Jenkins 1964; McSorley and Walter 1991; 

Oostenbrink 1960; Seinhorst 1956; Townshend 1963). 
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 Nematodes are aquatic organisms and move best when the soil is moist. This is the 

principle behind the Baermann pan and funnel methods (Dropkin 1980). Soil containing 

nematodes is placed in contact with water and the nematodes are given time to swim through the 

soil and filter into the water. The method originally proposed by Baermann (Baermann 1917) 

used a funnel to collect the nematodes but this was improved by Whitehead (Whitehead and 

Hemming 1965) when they proposed the use of a tray or pan instead of the funnel. Increasing the 

amount of surface area in contact with the soil increases the efficacy of these methods (McSorley 

and Walter 1991). In the experiments performed by Whitehead and Hemming (1965) they found 

that nematodes often got stuck to the sides of the funnels or died from lack of oxygen in the 

vessel. The use of the pan rather than the funnel alleviates these issues.  

The Baermann pan and funnel methods are effective for extracting nematode species 

from soil that are active and can move though the soil with relative ease. These methods are also 

often used for extracting nematodes from larger volumes of soil than is possible with the sugar 

centrifugal flotation method (Whitehead and Hemming 1965). Migratory nematodes, such as 

spiral and stunt nematodes, can be quantified using this method but it is best used on nematodes 

which are free-living as they are more active (Perry and Wright 1998). When using the 

Baermann pan or funnel method to extract nematodes from soil, samples need to be processed 

quickly as extended storage of soils can lead to death of nematodes due to lack of oxygen and/or 

food sources (Barker et al. 1969). 

 The third widely used extraction technique is the sugar centrifugal flotation method. This 

method was first written down by Jenkins (1964) but has been heavily modified since then. This 

nematode extraction technique uses the density of the nematode to separate it from soil. The soil 

containing nematodes is sieved to remove large debris. The soil and water are poured into a 

centrifuge tube. This tube is spun in a centrifuge to pull all of the soil and nematodes into a pellet 

at the bottom of the tube. Once the soil has been separated from the water, a heavy sugar solution 

is used to pull the nematodes from the soil. The nematodes are less dense than the sugar solution 

so they are pulled from the soil into the supernatant sugar solution. Once separated, they can be 

quantified. This method does not rely on the mobility of the nematodes, which is the reason it is 

effective for extracting sedentary nematodes, such as ring, root-knot females, and cyst females, 

from soil. Problems can arise when using this method to extract nematodes from large volumes 
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of soil, as it can be time consuming to prepare multiple centrifuge tubes (Whitehead and 

Hemming 1965). 

 In soils where both sedentary and mobile nematodes exist it is essential to choose an 

extraction technique that can adequately quantify both populations. Surveys of nematodes in golf 

course soils across North America have not used consistent nematode extraction techniques. This 

poses two problems: the results are not comparable among the surveys and some studies may 

have been conducted using extraction techniques that do not adequately measure all nematodes 

present (Chastagner and McElroy 1984; Fushtey and McElroy 1977; Jordan and Mitkowski 

2006; Simard et al. 2008; Walker et al. 2002; Yu et al. 1998). The objective of this experiment 

was to compare the Baermann pan and the sugar centrifugal flotation method to determine which 

extraction technique extracts the most sedentary and mobile nematodes from golf course soils. 

3.3 Materials and Methods 

Nematodes were extracted from the soil using two methods: Baermann pan and sugar 

centrifugal flotation. The methods outlined earlier were used as a guide but were modified to 

optimize the number of nematodes extracted. The Baermann pan method used in this study was 

modified from the method written by J.L. Townsend (1963) and the sugar centrifugal flotation 

method was modified from the method outlined by W.R. Jenkins (1964).  

3.3.1 Soil Sample Collection 

 Soil samples were collected from four golf courses around Toronto and Guelph, Ontario. 

Two courses were sampled June 24th, 2014 and the other two were sampled on September 23rd, 

2014. This represented two different points in the season to ensure that the seasonal variation in 

the nematode populations was accounted for. The courses were also chosen based on their 

previously estimated nematode populations so that the effect of population size on nematodes 

extracted from soil could be determined.  

Three greens at each site were sampled using a soil probe with an internal diameter of 16 

mm and soil cores taken to a depth of 10 cm. The soil probe was used to collect approximately 

30 soil cores from each green in a grid pattern that represented the entire surface. When the plug 

was removed the hole was filled with sand provided by the golf course and the turf (specifically, 

the top 2 cm that contained the turf and thatch layer) was carefully replaced to minimize the 

damage to the greens. All soil cores were placed into a plastic freezer bag and mixed together to 
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create a composite sample for each green. Once collected, the samples were placed in a cooler 

with ice and transported back to the University of Guelph. Soil collected for the sugar centrifugal 

flotation nematode extraction, that was not extracted on the day it was collected, was placed in a 

refrigerator at 4°C for no more than three weeks to reduce nematode death and reproduction. The 

Baermann pan nematode extractions were set up on the day the soil was collected. These 

methods are common practice for diagnosing nematode presence in turf (Shurtleff and Averre 

2000). 

3.3.2 Soil Sample Preparation 

 Composite samples representing each green were placed on a sieve with a 6 mm pore size 

that had brown kraft paper underneath and the soil was pressed through to minimize clumps. 

Once soil was homogenized the paper was used to mix the samples by picking up the edges and 

rolling the soil on it. The soil was mixed in this fashion for approximately 30 seconds. The 

mixed, composite sample was then separated into six 50 cc subsamples in order to obtain a 

representative but small portion of soil. Three greens at each of the four golf courses were 

sampled and the soil from each green was subsampled three times for a total of 36 samples per 

extraction technique. 

3.3.3 Baermann Pan Extraction Method 

Six 1-ply Kleenex® tissues were stacked and staggered to make the receptacle for the 

soil. Plastic screening was cut to fit a petri dish (150 mm diameter) and placed in the bottom to 

increase the structural integrity of the tissues and allow for space between the dish and the soil 

for the nematodes to move into the water. The tissues were placed on top of the screen in the dish 

and the 50 cc aliquot of soil was placed in the center. The soil was spread out to increase the 

surface area in contact with the water as seen in Figure 3-1. The tissues were folded in to cover 

the soil. Enough tap water was added to the dish to saturate the tissues and fill the remaining 

space between the soil and dish. The water was added carefully so as not to disturb the tissues or 

damage them. Lids were placed on the dishes and labeled. 
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Figure 3-1: Nematode extraction set up using the Baermann pan method. 1) 50 cc of soil was placed in the tissue, 2) 

the soil was spread out and flattened, 3) the tissue corner was folded in over the soil, 4) the rest of the corners of the 

tissues were folded in, 5) tap water was added, 6) the lids were places on the dishes, and they were labelled and 

stacked. 

 

 Baermann pan nematode extractions were left for seven days and tap water was added to 

the dishes as needed to ensure they stayed wet. Once the samples had incubated, the tissue and 

screen were picked up and very lightly squeezed into the dish. The bottom of the screen was 

carefully rinsed into the dish and the soil and tissues discarded. 

 The samples were concentrated by pouring them into a disposable, Fisher 50 mL 

centrifuge tube using a funnel which was rinsed into the tube after the collection water was 

poured in. Two tubes were necessary as there was often more than 50 mL of water in the dishes. 

The nematodes were given 24 hours to settle to the bottom and then the top portion of the liquid 

was decanted. The remaining 5 mL were poured into a 60 mm diameter counting dish which had 

a grid scored on the bottom. Nematodes were identified to genus and counted using an Olympus 

SZX12 microscope. All data were reported as number of nematodes per 100 cc soil. 

3.3.4 Sugar Centrifugal Flotation Extraction Method 

 The soil was prepared as described above and a 50 cc subsample was placed on a #40 

sieve (0.42 mm pore size) and washed thoroughly with tap water at medium pressure over a 9 L 

bucket until the water reached the 3 L line in the bucket. The water and soil in the bucket were 

given 30 seconds to settle then poured through a #400 sieve (0.037 mm pore size), taking care 
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not to include sediment. The sieve was agitated as the water was poured through to ensure there 

was no overflow. The sieve was rinsed again with water at low pressure or with a wash bottle 

and then poured into a round bottom 50 mL centrifuge tube. Two tubes were sometimes required 

depending on the amount of soil and water that were present. 

 Tubes were balanced to within 0.2 g of each other and spun at 3400 rpm for 6 minutes in 

a centrifuge (Thermo ScientificÊ SorvallÊ LegendÊ RT Plus Centrifuge). Once the cycle was 

complete the supernatant was decanted and the heavy sugar solution (454 g sugar/L water) was 

added. The following steps were done as quickly as possible (within approximately 15 minutes) 

as the osmotic pressure of the sugar solution can cause the nematodes to implode. Once the sugar 

solution was added, a scoopula was used to break up the soil pellet to ensure the nematodes were 

in solution. The tubes were again balanced to within 0.2 g of each other and the samples were 

spun for 1 minute at 3400 rpm. 

 When the cycle was complete the samples were removed from the centrifuge and the 

supernatant was poured into a #500 sieve (0.025 mm pore size) without disturbing the soil pellet 

at the bottom. The sieve was rinsed thoroughly (approximately 1 min) at low water pressure to 

remove the sugar solution from the nematodes. The nematodes were rinsed into a counting dish 

(60 mm diameter) that had a scored grid on it with as little water as possible. Nematodes were 

identified to genus and counted using the microscope described above and reported as nematodes 

per 100 cc soil. 

3.3.5 Statistical Analysis 

 Data from all sites and dates were combined and an ANOVA was performed on the data 

using the proc glm function in SAS® software 9.3 (SAS Institute 2012). The data did not meet 

the assumption of normality for the ANOVA. A number of transformations (Log, ln, and x2) 

were attempted but they did not result in a normal distribution. Options relating to non-

parametric analysis were explored but the result of the Kruskal-Wallis test was the same as the 

ANOVA. Because of this the result of the ANOVA were presented for ease of interpretation. 

The data were also analyzed to determine if interactions existed between site and extraction 

method. Means and standard errors were obtained using the stderr option of the lsmeans 

statement. Using a macro in SAS 9.3 developed at the University of Guelph (Bowley, personal 
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communication) a Tukey-Kramer adjustment was applied (p > 0.05) to the data for means 

separation.  

3.4 Results 

More total PPN were extracted from the soil using the sugar centrifugal flotation method 

than with the Baermann pan method (p< 0.0001). There was no significant difference between 

the extraction methods for free-living nematodes (p< 0.0001, Table 3-1). All genera of PPN were 

extracted in significantly higher numbers by the sugar centrifugal flotation method than the 

Baermann pan method, and this was also the case when the PPN were divided into two groups: 

endoparasitic nematodes and a second group of semi-endoparasitic nematodes plus ectoparasitic 

nematodes (Figure 3-2). No ring nematodes were extracted using the Baermann pan method.  

Table 3-1: Means of nematodes extracted from soil samples by Baermann pan (BP) and sugar centrifugal flotation 

(SCF) methods.  

Nematode Genus Extraction Method Mean1 (nematodes/100 cc soil) 

Cyst 
BP 2 b1 ± 52 

SCF 46 a ± 5 

Root-knot 
BP 18 b ± 4 

SCF 59 a ± 4 

Ring 
BP 0 b ± 10 

SCF 135 a ± 10 

Spiral 
BP 23 b ± 16 

SCF 106 a ± 16 

Stunt 
BP 57 b ± 106 

SCF 1031 a ± 106 

Free Living 
BP 383 a ± 22 

SCF 409 a ± 22 

1 Means were calculated as least squared means 
2 Extraction method pairs for each nematode genus followed by the same letter are not significantly different P< 

0,05, Tukey-Kramerôs adjustment. Samples from all sites and dates were used in this analysis (n=72). 
3 Value after the ± is the standard error of the mean 
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Figure 3-2: Comparison of nematode extraction methods from soil using Baermann pan (BP) and sugar centrifugal 

flotation (SCF) methods. Extraction methods were compared for endoparasitic nematodes (Endo PPN), free-living 

nematodes (Free), total plant-parasitic nematodes (Total PPN), and semi-endoparasitic and ectoparasitic nematodes 

(SEE PPN). Letters denote significant differences between means for each nematode genus, error bars indicate 

standard error of the mean (n=72). 

 

Although there was an extraction method by site interaction (Appendix A), the interaction 

was a result of varying population levels at each site. Two sites were selected based on their 

previously estimated populations so that the extraction techniques could be analyzed on two 

different starting population sizes. The interaction between site and nematode extraction 

technique was expected as more nematodes were present in the samples from courses with higher 

estimated populations than those with lower estimated populations. Therefore the main effects 

are presented and discussed and the data were pooled across all sites.  

3.5 Discussion 

 The Baermann pan method of extracting nematodes from soil was significantly less 

effective than the sugar centrifugal flotation method at separating PPN populations from golf 

course soils. These results are similar to those of researchers studying field soils (Barker et al. 

1969). The Baermann pan extraction method relies on the nematodes to actively swim into the 

water in the dish below the soil while the sugar centrifugal flotation method separates the 

nematodes from the soil regardless of their mobility (Whitehead and Hemming 1965). Sedentary 
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nematodes, such as ring, and the adult female forms of cyst and root-knot nematodes, do not 

move through the soil into the water and are often underestimated by the Baermann pan 

extraction technique. Shurtleff and Averre (2000) as well as Mai and Mullin (1996) discourage 

the use of Baermann pan and funnel extraction for ring nematodes, as only a small percentage 

move through the apparatus to the collection waters. This under estimation is evident, especially 

for ring nematodes, as none were extracted using the Baermann pan method. Only free living 

nematodes were extracted in similar numbers by both methods, as expected. 

 The mobile nematodes in the soil samples, specifically spiral and stunt, were also 

underestimated by the Baermann pan extraction technique. Both spiral and stunt nematodes are 

semi-endoparasitic, meaning they feed primarily on the outside the plant but may put some of 

their body inside, which is why they are found mostly in the soil (Shurtleff and Averre 2000). 

These migratory semi-endoparasites move easily through soil from feeding site to feeding site 

along roots. The nematodes in this category would seem to be the best suited to travel through 

the Baermann pan apparatus into the collection waters. However, they were significantly 

underestimated by this technique. This may have been caused by the lack of root exudates which 

stimulate the nematodes to move toward the plant.  

The total number of PPN extracted with the sugar centrifugal flotation technique was 

significantly higher for all genera. This difference was not observed, however, for the free-living 

nematodes observed in the study since they were extracted in equal numbers by both techniques. 

Free-living nematodes are very mobile in the soil which is why they were able to swim through 

the Baermann pan apparatus with relative ease compared to the PPN. 

 An interaction was observed between the site and the extraction method, indicating that 

the extraction method produced different results depending on the site from which the soil was 

obtained. This interaction, however, did not alter the results of the methods comparison. The 

sugar centrifugal flotation method found higher populations of each PPN genus at each of the 

locations. The only differences observed between sites were the population levels of each genus. 

Regardless of the initial size of the PPN population, the sugar centrifugal flotation method was 

more effective for extracting PPN from golf course soils. 
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In conclusion, PPN populations in golf course soils are better estimated by the sugar 

centrifugal flotation method of extraction. When investigating populations of free-living 

nematodes both techniques would be acceptable since there was no significant difference in the 

number of nematodes extracted between the methods (p <0.0001). Ring nematodes are often 

found in soils from golf course greens in Canada and the United States of America. Therefore the 

sugar centrifugal flotation method should be used when investigating nematode populations from 

those regions (Todd and Tisserat 1990; Walker et al. 2002). The results of this study may be 

beneficial for nematologists investigating the populations of nematodes not only in golf courses 

but in other agricultural soils where sedentary and mobile nematodes exist together. 
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Chapter 4 Survey of Plant-Parasitic Nematodes on Golf Course Greens 

throughout Canada 

4.1 Abstract 

Plant-parasitic nematodes (PPN) affect almost every cultivated plant, including turfgrass. 

Understanding the population dynamics of PPN can help to target management practices to the 

time when populations of nematodes are most vulnerable. A survey was conducted in Canada to 

determine which nematode genera were prevalent in golf greens in various regions throughout 

Ontario as well as Vancouver, British Columbia; Montreal, Quebec; and in the Atlantic 

provinces. Seasonal variation was also assessed by sampling in the spring, summer and fall over 

the 2013 and 2014 seasons. The sites within Ontario were chosen based on the age of the greens 

and were separated into younger and older than 20 years. The study was conducted only within 

Ontario in 2013, and throughout Canada in 2014. Nematode populations were highest in the 

coastal cities of Canada. The populations fluctuated seasonally, often highest in the summer and 

lower during the spring and fall seasons. Age of the green was an important factor in nematode 

populations with greens older than 20 years having higher nematode populations. Plant-parasitic 

nematodes were found in 99.25% of samples and the predominant genera were spiral 

(Helicotylenchus spp.), stunt (Tylenchorhynchus spp.), ring (Criconemoides spp.), root-knot 

(Meloidogyne spp.), and cyst (Heterodera spp.). 

4.2 Introduction  

PPN are important pests in many agricultural crops and cause extensive damage to host 

plants (Koenning et al. 1999). Under conditions where the plant is not stressed by abiotic 

pressures, high populations of PPN can often go unnoticed (Todd and Tisserat 1990). These pests 

are known to cause significant damage to turfgrass in the Southern United States (McCarty 2001; 

Perry et al. 1970). However, in cool climates, PPN are not often associated with direct decline of 

turfgrasses, but can be if populations are high enough (Fushtey and McElroy 1977). The damage 

caused in cooler climates is often attributed to other pathogens or abiotic stress on the plant 

(Jordan and Mitkowski 2006; Simard et al. 2008)) and as a result, PPN are not recognized as a 

significant problem in Canadian turfgrass sites (Simard et al. 2008).  
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PPN interact with other pathogens in the soil often causing a disease complex (Shurtleff 

and Averre 2000). Common pathogens which attack turfgrasses may sometimes be secondary 

invaders of the plants. This can lead to putting greens that exhibit symptoms of pathogen 

presence even after treatment due to an underlying issue, often PPN (Fushtey and McElroy 

1977). Therefore, testing soils for the presence of PPN on a regular basis can save a significant 

amount of time and resources. 

PPN are found in all areas of a golf course but tend to cause the most damage to greens 

because greens are intensely managed and the plants are under significant stress (Crow 2005b; 

Simard et al. 2008). Golf greens have the perfect conditions to allow PPN to thrive (Crow 

2005b). The sand-based root zone allows for adequate pore space for movement through the soil 

profile, the consistent application of water to maintain turf health promotes a moist root zone 

which is ideal for nematodes, and the host is perennial, allowing for constant reproduction and 

feeding without the risk of losing the host plant (Crow 2005b; Jordan and Mitkowski 2006). 

Mowing heights on golf greens can be 2.5 mm or lower which puts the plants under stress as 

photosynthetic capacity is reduced by the extremely short leaves (Crow 2005b). The sand-based 

root zone may be beneficial for PPN but it can be detrimental for the grass as nutrients are easily 

leached (Crow 2005b).  

There have been numerous surveys of PPN in golf courses, sports fields, and lawn bowling 

greens throughout North America (Bekal and Becker 2000; Chastagner and McElroy 1984; 

Davis et al. 1994; Fushtey and McElroy 1977; Jordan and Mitkowski 2006; Lucas et al. 1978; 

McClure et al. 2012; Murdoch et al. 1978; Simard et al. 2008; Taylor et al. 1963; Todd and 

Tisserat 1990; Troll and Tarjan 1954; Walker et al. 2002; Wick 1989; Yu et al. 1998). These 

studies aim to understand the population dynamics of PPN so that they can be managed more 

effectively. This information has been invaluable in the management of PPN on golf courses but 

the nematode extraction methods used were not consistent throughout the studies, which makes 

comparison among studies difficult. Although these studies conducted throughout North 

America have been effective in identifying PPN issues in turfgrasses, most have focused on 

specific regions. There have been two such surveys in the past 20 years in Canada, one focusing 

on southern Ontario (Yu et al. 1998) and the other on Ontario and Quebec (Simard et al., 2008). 

There have been no studies to date that compared the populations of PPN throughout several 
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provinces in Canada, nor have any investigated the relationship between age of the green and 

PPN. 

 Yu et al. (2008) surveyed golf course soils across Southern Ontario for PPN. They 

combined samples from tees, fairways, and greens and extracted nematodes using the Baermann 

pan (Whitehead and Hemming 1965) and the sugar centrifugal flotation (Jenkins 1964) methods. 

The centrifugal flotation method extracted more ring nematodes than the Baermann pan method 

but both methods extracted a similar number of all other genera. The highest numbers of 

nematodes found in the soils were spiral, followed by lesion, pin, stunt, and ring nematodes (Yu 

et al. 1998). The authors did not record the age of the courses that were sampled. This is a 

confounding variable in the experiment that was not accounted for in their analysis. Also, the 

authors did not differentiate between the green, tee, and fairway areas. The lesion nematode is 

not commonly found on golf greens (Chastagner and McElroy 1984; Jordan and Mitkowski 

2006; Lucas et al. 1978; Murdoch et al. 1978; Todd and Tisserat 1990; Walker et al. 2002), so by 

reporting the results on mixed samples of all areas sampled, the investigators did not accurately 

represent the genera of nematodes that may be present in the greens specifically. The report 

combined the results of both extraction techniques which makes comparison of the mean number 

of nematodes at each site difficult. 

A study performed by Simard et al. (2008) focused on golf courses in Ontario and 

Quebec. They sampled greens, fairways, and roughs and reported the number of nematodes 

found for each. The Baermann pan extraction method was used. The genus found most 

frequently on greens and fairways was lesion, whereas Tylenchus was most common in roughs. 

Needle and stubby root nematodes were only found in greens on the golf courses. Similar 

nematode genera were found in this study as those found by Yu et al. (2008) as well as seven 

other genera. The predominant PPN found throughout this survey was lesion nematode followed 

by spiral, pin, ring, and stunt nematodes. These results may not represent all of the nematodes 

present because the Baermann pan method is not very effective for non-mobile PPN, such as ring 

nematodes.  

The initial purpose of the survey performed by Simard et al. was to determine the 

populations of entomopathogenic nematodes in turfgrass (Simard et al. 2007). These are 

typically mobile and therefore the Baermann pan would be an appropriate extraction method. 
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Not all genera of nematodes that parasitize turfgrass are mobile which is why the sugar 

centrifugal flotation method has been favoured over the Baermann pan method by other 

researchers (Jordan and Mitkowski 2006; Walker et al. 2002). Utilizing the Baermann pan 

method for extracting nematodes from soil was not appropriate for determining the population of 

PPN but it is an acceptable method for estimating populations of free-living nematodes.  

Comparing the studies of Simard et al (2008) and Yu et al (1998) is difficult because they 

used different extraction techniques, length of sample storage time, and/or combined samples. As 

a result the predominant genera found by each of the studies were not the same. The 

commonality between both studies is that they each found a diverse population of PPN at each of 

the sites sampled. Typically spiral nematode was present in the highest populations. The genera 

and population sizes of PPN present on golf greens in Ontario and Canada cannot be inferred 

from the data in the preceding studies as these will differ with management, extraction technique, 

and age of the greens.  

The objective of this study was to determine the prevalent genera of PPN in golf greens 

throughout Canada. The Canada-wide survey was designed to compare the population dynamics 

of PPN in important regions in Canada. A second objective was to determine how PPN 

fluctuated though time. This portion of the study was primarily focused on Ontario. The survey 

sites were sampled in three different seasons, over two years, and at sites that were over 20 years 

of age and under 20 years of age. This provided information about the seasonal variation in PPN 

populations but also showed how PPN populations change over years.  

4.3 Materials and Methods 

Regions were selected within Ontario which represented four different climates. The 

regions samples were: London/Windsor, the greater Toronto area (GTA) and Guelph, the 

Niagara region, and Ottawa/Cornwall (Figure 4-1). The Ottawa/Cornwall area is further north 

and is not as close to the Great Lakes as the other regions, which results in a cooler climate. 

Toronto/Guelph and Niagara are on the edge of Lake Ontario while London and Windsor are 

closer to Lake Erie and Lake Huron. These large bodies of water affect the temperature and 

precipitation in these areas. Golf course managers within each region in Southern Ontario were 

contacted in 2013 to request their participation in the survey. Six golf courses were chosen in 
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each region, three old and three young, for a total of 24 courses. An additional course was added 

in the Toronto/GTA region due to the turfgrass managerôs interest in the project. 

Figure 4-1: Map of sites participating in the survey in Ontario. Created using Google EarthÊ. 

 

 Three greens were selected by the superintendents on each course for sampling based on 

one or some of the following characteristics: known issues with nematodes, ongoing issues with 

disease management, drainage problems, excess shading, and poor turf quality. These 

characteristics were chosen because they are often linked to moderate to high levels of PPN 

(Crow 2001).  

Soil samples were collected as outlined in Chapter 3 in May, July and September of 

2013. Golf courses within a region were sampled on the same day to minimize variability in 

sampling conditions. All courses were sampled over a two-week span during each sampling 

period. Soil samples awaiting extraction were stored for no longer than three weeks in a large 

walk-in refrigerator at 4 °C as described in Chapter 3. 
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Figure 4-2: Map of sites participating in the survey across Canada. Created using Google EarthÊ. 

  

 In February 2014, superintendents of golf courses from, British Columbia, Alberta, 

Quebec, Nova Scotia, and New Brunswick were contacted. Confirmation was received from 

three courses in British Columbia and Quebec, two courses in Nova Scotia and New Brunswick, 

and one course in Alberta (Figure 4-2). Unfortunately, one course in New Brunswick dropped 

out of the study after one sample collection and the course in Alberta was left out of the analysis 

due to the small sample size in that region (data not included). Superintendents of participating 

golf courses in British Columbia, Alberta, Nova Scotia, and New Brunswick were asked to send 

soil samples to our laboratory in May, July and September via overnight shipping. These samples 

were placed in a refrigerator at 4 °C while awaiting extraction to ensure nematode integrity. The 

research team sampled the courses in Quebec during the trip to sample courses in Ottawa and 

Cornwall. 

 The courses in Ontario were sampled in 2014 as they were in 2013 in May, July and 

September. All samples from across the country were collected within a two-week span for each 

sampling period. Soil sample preparation, nematode extraction using the sugar centrifugal 

flotation method, identification and quantification were conducted as outlined in Chapter 3 with 

two modifications. In these samples 25 cc of soil was used instead of 50 cc, and the composite 

samples were only subsampled once. All nematode counts were reported as nematodes per 100 

cc soil. 
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4.3.1 Statistical Analysis 

The Ontario data from 2013 and 2014 were analyzed separately from the Canada-wide 

data from 2014. The Ontario data set (2013 & 2014) were analysed as a three-way factorial 

ANOVA with nematode populations as the dependant variable and region, season, and age of 

green as the three factors. This was repeated over two years. The Canada data set (2014) was 

analyzed as a two-way factorial ANOVA with nematode populations as the dependant variable 

and region and season as the two factors. This was not repeated. Both data sets were analyzed 

separately using the proc glm  function of SAS® 9.3 (SAS Institute 2012). Means and standard 

errors were obtained using the stderr option of the lsmeans statement. A Tukey-Kramer 

adjustment was applied to the data for means separation, using a macro in SAS software 

developed at the University of Guelph (Bowley, personal communication). The data were not 

normal and therefore violated the assumption of normality for the ANOVA that was performed. 

Multiple transformations (Log, ln, and x2) did not result in normal data. Options relating to non-

parametric analysis were explored but were not used because none of the tests were appropriate 

for the data set. Due to the large sample size in both data sets the assumption of normality was 

dismissed. The spiral nematode population was subjected to an additional test that was less 

conservative, the Studentôs t-test. The additional test was required because the population 

difference was deemed significant by the ANOVA but not significant by the conservative Tukey-

Kramer adjustment. The Atlantic region included sites from Nova Scotia and New Brunswick 

and these were pooled due to the small sample size for each province. Alberta data were not 

included due to the small sample size. The relationship between the age of the green and total 

PPN counts was analyzed using proc reg to create a regression equation to model the data. The 

data points corresponding to the oldest green were removed and the regression recalculated to 

determine if the correlation coefficient increased but the removal of those data points had no 

effect on the strength of the correlation.  

4.4 Results 

 The predominant genera of PPN found in the soil samples were ring, spiral, stunt, cyst, 

and root-knot nematodes. Lance, lesion, and pin nematodes were found in only a small number 

of samples (Figure 4-3). The data were pooled across all three seasons to show the general 
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distribution of the population. The sample size for Ontario was smaller in 2014 than 2013 

because a site in Toronto dropped from the study due to renovation of their greens.  

Figure 4-3: Mean Canadian nematode population proportions by city/region in 2014 (n = 297). Other category 

includes lance, lesion, and pin nematodes. Nova Scotia (NS), New Brunswick (NB). 

 

Different genera of nematodes were found in the highest numbers in each region. In 

Ontario, only 1% of the greens did not have PPN over the course of the two year study. The 

population of each nematode genus was relatively consistent in Ontario from year to year during 

the survey with the exception of root-knot nematode which was found in 54% more greens in 

2014 than in 2013 (Table 4-1). Stunt nematodes were the most prevalent genus of PPN followed 

by ring, spiral and root-knot (Figure 4-3). In the Montreal area of Quebec, all samples contained 

spiral, ring, and stunt nematodes. In the Vancouver area of British Columbia, the most prevalent 

genus of PPN was spiral, followed by ring, root-knot and then stunt. In the Atlantic region, spiral 

nematodes were found in the greatest proportion, followed by ring nematodes. Stunt, root-knot 
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and cyst nematodes were also observed in the Atlantic provinces but in lower proportions than 

were seen in the other provinces. Free-living nematodes were found in all samples analyzed 

(Table 4-1).  

Table 4-1: Percentage of golf course greens with genera of plant-parasitic nematode across Canada.  

Percentage of sites with  each nematode genus across Canada 

Province Ontario  Quebec British Columbia  Atlantic 1 

Year 2013 2014 2014 2014 2014 

Ring 81 74 100 70 11 

Spiral 68 69 100 100 96 

Stunt 87 91 100 93 74 

Cyst 29 31 22 26 59 

Root-Knot  18 72 85 93 56 

Lance 21 11 0 4 4 

Lesion 5 0 0 0 0 

Pin 0 1 0 0 4 

Free-living  100 100 100 100 100 

Sample Size 225 216 27 27 27 

1 Atlantic region includes Nova Scotia and New Brunswick 

 

Data were separated based on region of collection as the factors in the Ontario data set 

were age category of the green, sampling year, region, and season while the factors in the 

Canada-wide data set were city/region and season. Where interactions were observed among 

factors, the interactions (simple effects) are presented instead of the main effects. 
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Table 4-2: Percentage of golf course greens with genera of plant-parasitic nematode across Ontario 

Percentage of sites tested positive for each nematode genus within Ontario 

Nematode Genus London/Windsor Toronto/Guelph Niagara Ottawa/Cornwall  

Year 2013 2014 2013 2014 2013 2014 2013 2014 

Ring 87 89 65 50 81 74 94 81 

Spiral 96 94 52 61 91 81 37 39 

Stunt 100 100 78 83 91 91 81 89 

Root-Knot  28 72 27 69 9 72 6 74 

Cyst 31 41 41 35 19 15 22 31 

Lance 30 19 5 7 44 17 9 0 

Lesion 13 0 2 0 2 0 4 0 

Pin 0 2 2 2 0 0 0 0 

Free-Living  100 100 100 100 100 100 100 100 

Sample Size 54 54 63 54 54 54 54 54 

 

Table 4-3: Minimum (min), maximum (max), and average (ave) nematode counts from golf course greens by 

province. Ontario data was pooled over both years. 

Nematode counts per 100 cc soil 

Province Ontario  Quebec British Columbia  Atlantic 1 

Statistic Min  Max Ave Min  Max Ave Min  Max Ave Min  Max Ave 

Ring 0 2184 164 80 620 288 0 1292 219 0 1208 217 

Spiral 0 2952 176 24 2200 636 100 11168 1563 0 11376 1485 

Stunt 0 4752 239 4 376 87 0 640 112 0 172 37 

Cyst 0 320 16 0 16 2 0 276 17 0 172 36 

Root-Knot  0 616 23 0 204 57 0 400 131 0 220 33 

Lance 0 120 4 0 0 0 0 8 0 0 8 0 

Lesion 0 72 0 0 0 0 0 0 0 0 0 0 

Pin 0 8 0 0 0 0 0 0 0 0 12 0 

Free-living  12 1856 338 72 636 302 56 2664 826 72 840 331 

Sample Size 441 27 27 27 

1 Atlantic region includes Nova Scotia and New Brunswick 

 

4.4.1 All Plant -Parasitic Nematodes 

 The factors which influenced the PPN populations as a whole in Ontario were region, age 

of the green, season, and the year in which the green was sampled. Within Ontario, the 

Ottawa/Cornwall area had the lowest number of PPN. All other areas of Ontario had average 
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PPN counts of 600 ï 800 nematodes per 100 cc soil (Table 4-4). Greens that were over the age of 

20 years had significantly more PPN than those that were under 20 (Table 4-5). 

Table 4-4: Total plant-parasitic nematode (PPN) populations by region in Ontario (2013 and 2014 combined).  

City  Means1 

London/Windsor 812 a2 ± 603 

Toronto/Guelph 674 a ± 59 

Niagara 730 a ± 64 

Ottawa/Cornwall 401 b ± 60 

1 Means were reported as least squared means of nematodes per 100 cc of soil (n = 441; P <0.0001) 
2 Means followed by the same letter are not significantly different, at P < 0.05, Tukey-Kramer adjustment  
3 Value after the ± is the standard error of the mean 

 

Table 4-5: Total plant-parasitic nematode (PPN) populations (nematodes per 100 cc of soil) by age category in 

Ontario (2013 and 2014 combined).  

Age Category Mean1 

Old (< 20 years) 914 a2 ± 413 

Young (> 20 years) 395 b ± 45 

1 Means were reported as least squared means of nematodes per 100 cc of soil (n = 441; P <0.0001) 
2 Means followed by the same letter are not significantly different, at P < 0.05, Tukey-Kramer adjustment  
3 Value after the ± is the standard error of the mean 

 

The number of PPN increases with age of the green until approximately 75 years of age 

(Figure 4-4). After 75 years the PPN population levels plateau and drop off as greens reach the 

age of 90 years. There was only one green that was over the age of 100 while all others were 

between the ages of 2 years and 92 years.  
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Figure 4-4: Influence of the age of the green on total plant-parasitic nematodes in Ontario golf courses. The data 

were pooled over both years (2013 and 2014) all seasons and regions (n = 441). 

 

 

  

Figure 4-5: Seasonal variation of total plant-parasitic nematode populations in 2013 and 2014 in Ontario (n = 441; P 

= 0.0259). Bars with the same letter are not significantly different at P > 0.05, Tukeyôs adjustment. The error bars 

represent the standard error of the mean. 
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Both sampling year and season within each year had a significant effect on the estimated 

total PPN population in golf course greens in Ontario. An interaction was found between season 

and year due to the high nematode population found in the summer of 2014. These samples had 

significantly more PPN than all other time points sampled (Figure 4-5).  

Table 4-6 Total plant-parasitic nematode (PPN) population in golf course greens in Canada (2014) by region.  

City  Mean1 

London/Windsor, ON2 921 c3 ± 1764 

Toronto/Guelph, ON 839 c ± 176 

Niagara, ON 859 c ± 176 

Ottawa/Cornwall, ON 493 c ± 176 

Montreal, QC 1123 bc ± 249 

Vancouver, BC 2215 a ± 249 

Lunenburg, NS/New Glasgow, 

NS/Hampton, NB (Atlantic) 
1886 ab ± 249 

1 Means were reported as least squared means of nematodes per 100 cc of soil (n = 297; P <0.0001) 
2 ON ï Ontario, QC ï Quebec, BC ï British Columbia, NS ï Nova Scotia, NB ï New Brunswick 
3 Means followed by the same letter are not significantly different, at P < 0.05, Tukey-Kramer adjustment  
4 Value after the ± is the standard error of the mean 

 

Across Canada both region and season were significant factors influencing the total PPN 

population in golf course greens. The average population of PPN estimated from greens was 

highest in British Columbia and lowest in Ontario (Table 4-6). The population of total PPN were 

significantly higher in the summer than in the spring, while fall was not different from either of 

the other two seasons (Table 4-7).  

Table 4-7: Total plant-parasitic nematode (PPN) populations by season in Canada (2014).  

Season Mean1 

Spring 811 b2 ± 1383 

Summer 1494 a ± 138 

Fall 1269 ab ± 138 

1 Means were reported as least squared means of nematodes per 100 cc of soil (n = 297; P = 0.002) 
2 Means followed by the same letter are not significantly different, at P < 0.05, Tukey-Kramer adjustment  
3 Value after the ± is the standard error of the mean 
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4.4.2 Ring Nematodes 

 In Ontario, the growing season, age of the green, and region were significant factors 

affecting ring nematode populations. The populations of ring nematodes were lowest in the 

spring and higher but similar in the summer and fall (Table 4-8).  

Table 4-8: Ring nematode populations by season in Ontario (2013 and 2014 combined). 

Season Mean1 

Spring 101 b2 ± 193 

Summer 178 a ± 19 

Fall 172 a ± 19 

1 Means were reported as least squared means of nematodes per 100 cc of soil (n = 441; P = 0.0062) 
2 Means followed by the same letter are not significantly different, at P < 0.05, Tukey-Kramer adjustment  
3 Value after the ± is the standard error of the mean 

 

There was a significant region by green age interaction for ring nematode. Populations of 

ring nematodes did not differ between old and young greens except in Niagara, where the old 

greens had very high populations (Figure 4-6). There were no differences among the other 

regions between old and young greens. 

 

Figure 4-6: Ring nematode population by region on old (over 20 years of age) and young (under 20 years of age) 

greens in Ontario (n = 441; P <0.0001). Bars with the same letter are not significantly different at P > 0.05, Tukeyôs 

adjustment. The error bars represent the standard error of the mean. 
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Canada-wide, there were differences among the populations of ring nematodes. Montreal 

and the Niagara region had higher mean populations than Toronto/Guelph region. Ring 

nematode populations, on average, were much lower than the threshold of 1500 nematodes per 

100 cc soil for primary damage as determined by the University of Massachusetts (Wick 2012).  

Table 4-9: Ring nematode population in Canada (2014) by region. 

City/Region Mean1 

London/Windsor, ON2 175 ab3 ± 374 

Toronto/Guelph, ON 74 b ± 37 

Niagara, ON 292 a ± 37 

Ottawa/Cornwall, ON 152 ab ± 37 

Montreal, QC 288 a ± 53 

Vancouver, BC 219 ab ± 53 

Lunenburg, NS/New 

Glasgow, NS/Hampton, NB 

(Atlantic) 

217 ab ± 53 

1 Means were reported as least squared means of nematodes per 100 cc of soil (n = 297; P = 0.0015) 
2 ON ï Ontario, QC ï Quebec, BC ï British Columbia, NS ï Nova Scotia, NB ï New Brunswick 
3 Means followed by the same letter are not significantly different, at P < 0.05, Tukey-Kramer adjustment  
4 Value after the ± is the standard error of the mean 

 

4.4.3 Spiral Nematodes 

The factors that influenced the populations of spiral nematodes in Ontario were the 

season when the green was sampled, the age of the green, and the region in which the golf course 

was present. Populations were higher in the summer than in the spring. The fall population was 

not significantly different from the spring or summer. 

Table 4-10: Spiral nematode populations by season in Ontario (2013 and 2014 combined). 

Season Mean1 

Spring 123 b2 ± 253 

Summer 260 a ± 25 

Fall 178 ab ± 25 

1 Means were reported as least squared means of nematodes per 100 cc of soil (n = 441; P = 0.0005) 
2 Means followed by the same letter are not significantly different, at P < 0.05, Tukey-Kramer adjustment  
3 Value after the ± is the standard error of the mean 
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Figure 4-7: Regional variation in spiral nematode population on old (over 20 years of age) and young (under 20 

years of age) greens in Ontario (n = 441; P <0.0001). Bars with the same letter are not significantly different at P > 

0.05, Tukeyôs adjustment. The error bars represent the standard error of the mean. 

 

 There was also a signification region by green age interaction for spiral nematodes but 

the trend was different from that of ring nematodes. The interaction found between age of the 

green and region in ring nematodes was a difference of magnitude, whereas the interaction seen 

in spiral nematodes was one of direction. In Niagara the young greens had more spiral nematodes 

than the old greens did. Whereas in the London/Windsor region, the old greens had more spiral 

nematode that the young greens. The population of spiral nematodes in the young greens in 

Niagara was comparable to the populations in the old greens in London/Windsor (~ 400 per 100 

cc soil) (Figure 4-7). 

Table 4-11: Spiral nematode populations by season in Canada (2014). 

Season Mean1 

Spring 399 b2,3 ± 1164 

Summer 772 a ± 116 

Fall 735 a ± 116 
1 Means were reported as least squared means of nematodes per 100 cc of soil (n = 297; P = 0.0443) 
2 Means followed by the same letter are not significantly different, at P < 0.05 
3 Data were analyzed using Studentôs t-test adjustment 
4 Value after the ± is the standard error of the mean 
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in the ANOVA, the spiral nematode populations from season to season were not significant 

when the Tukey-Kramer adjustment was applied. Hence the less conservative Studentôs t-test 

adjustment was applied to determine the means separation among means (Table 4-11). The 

populations of spiral nematodes were lower in the spring than in summer or fall.  

Table 4-12: Spiral nematode population in Canada (2014) by region. 

City/Region Mean1 

London/Windsor, ON2 321 c3 ± 1484 

Toronto/Guelph, ON 107 c ± 148 

Niagara, ON 250 c ± 148 

Ottawa/Cornwall, ON 87 c ± 148 

Montreal, QC 636 bc ± 209 

Vancouver, BC 1563 a ± 209 

Lunenburg, NS/New 

Glasgow, NS/Hampton, NB 

(Atlantic) 

1485 ab ± 209 

1 Means were reported as least squared means of nematodes per 100 cc of soil (n = 297; P <0.0001) 
2 ON ï Ontario, QC ï Quebec, BC ï British Columbia, NS ï Nova Scotia, NB ï New Brunswick 
3 Means followed by the same letter are not significantly different, at P < 0.05, Tukey-Kramer adjustment  
4 Value after the ± is the standard error of the mean 

 

Regionally, spiral nematode populations were higher in the Vancouver region than they 

were in all other regions except for the Atlantic provinces (Table 4-12). In addition, the average 

spiral nematode population in Vancouver exceeded the threshold of 1500 spiral nematodes per 

100 cc soil set by the University of Massachusetts (Wick 2012). 

4.4.4 Stunt Nematodes 

The sampling year, age of the green and regional variation were significant factors 

affecting the stunt nematode population in Ontario. There were no significant interactions found 

among the factors for the stunt nematodes. Greens that were over the age of 20 years had more 

stunt nematodes than those less than 20 years of age (Table 4-13). The population of stunt 

nematodes was higher 2014 than in 2013 (Table 4-14). 
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Table 4-13: Stunt nematode populations by age category in Ontario (2013 and 2014 combined). 

Age Category Mean1 

Old (< 20 years) 349 a2 ± 303 

Young (> 20 years) 119 b ± 30 

1 Means were reported as least squared means of nematodes per 100 cc of soil (n = 441; P <0.0001) 
2 Means followed by the same letter are not significantly different, at P < 0.05, Tukey-Kramer adjustment  
3 Value after the ± is the standard error of the mean 

 

Table 4-14: Stunt nematode populations by year in Ontario (2013 and 2014 combined). 

Year Mean1 

2013 189 b2 ± 313 

2014 279 a ± 31 

1 Means were reported as least squared means of nematodes per 100 cc of soil (n = 441; P = 0.0433) 
2 Means followed by the same letter are not significantly different, at P < 0.05, Tukey-Kramer adjustment  
3 Value after the ± is the standard error of the mean 

 

Table 4-15: Stunt nematode populations by region in Ontario (2013 and 2014 combined). 

City  Mean1 

London/Windsor 292 ab2 ± 443 

Toronto/Guelph 395 a ± 43 

Niagara 133 bc ± 47 

Ottawa/Cornwall 116 c ± 44 

1 Means were reported as least squared means of nematodes per 100 cc of soil (n = 441; P <0.0001) 
2 Means followed by the same letter are not significantly different, at P < 0.05, Tukey-Kramer adjustment  
3 Value after the ± is the standard error of the mean 

 

Within Ontario, the Toronto/Guelph region had a higher population of stunt nematodes 

than the Ottawa/Cornwall or Niagara regions did but it was not significantly different than the 

London/Windsor region (Table 4-15). Nationally, region was also an important factor affecting 

the population of stunt nematodes (Table 4-16). Toronto/Guelph region had a higher average 

population than the Ottawa/Cornwall, Montreal, Vancouver, and the Atlantic region. None of the 

regions were over the threshold of 800 stunt nematodes per 100 cc soil as determined by the 

University of Massachusetts (Wick 2012).  
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Table 4-16: Stunt nematode population in Canada (2014) by region. 

City/Region Mean1 

London/Windsor, ON2 319 ab3 ± 694 

Toronto/Guelph, ON 481 a ± 69 

Niagara, ON 206 ab ± 69 

Ottawa/Cornwall, ON 121 b ± 69 

Montreal, QC 87 b ± 97 

Vancouver, BC 112 b ± 97 

Lunenburg, NS/New 

Glasgow, NS/Hampton, NB 

(Atlantic) 

37 b ± 97 

1 Means were reported as least squared means of nematodes per 100 cc of soil (n = 297; P =0.0004) 
2 ON ï Ontario, QC ï Quebec, BC ï British Columbia, NS ï Nova Scotia, NB ï New Brunswick 
3 Means followed by the same letter are not significantly different, at P < 0.05, Tukey-Kramer adjustment  
4 Value after the ± is the standard error of the mean 

 

4.4.5 Root-Knot Nematodes 

There were differences in the populations of root-knot nematode between the sampling 

years within Ontario. There was a three-way interaction with region, age of the green, and year 

in which the samples were collected for root-knot nematode populations. (Figure 4-8). The 

average root-knot nematode populations in old and young greens were not significantly different 

in either year. There were higher root-knot populations found in 2014 in the old greens in 

Toronto/Guelph and the young greens in Niagara than the populations observed in 2013. 

Throughout Canada, region and season were significant factors affecting root-knot 

nematode populations but the population did not follow the same seasonal trend in all regions 

(Figure 4-9). The means were not significantly different from season to season in any region 

except Vancouver. Vancouver had higher populations of root-knot nematodes in the fall than the 

spring. No region in Canada exceeded the threshold of 500 root-knot nematodes per 100 cc soil 

as determined by the University of Massachusetts (Wick 2012). 
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.  

Figure 4-8: Regional variation in root-knot nematode populations in old (over 20 years of age) and young (under 20 

years of age) greens in Ontario in 2013 and 2014 (n = 441; P = 0.0131). Bars with the same letter are not 

significantly different at P > 0.05, Tukeyôs adjustment. The error bars represent the standard error of the mean. 

 

 

Figure 4-9: Regional variation in root-knot nematode populations throughout Canada in the spring, summer, and fall 

of 2014 (n = 297; P <0.0001). Bars with the same letter are not significantly different at P > 0.05, Tukeyôs 

adjustment. The error bars represent the standard error of the mean. 
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4.4.6 Cyst Nematodes 

 Region and age of the green were significant factors affecting the cyst nematode 

population within Ontario. Both region and season interacted with the age of the green when 

estimating cyst nematode populations. The interaction between region and age of the green was 

due to the low cyst nematode population in old greens in the Niagara region, which was not 

significantly different from the population in young greens (Figure 4-10). In the Toronto/Guelph 

and Ottawa/Cornwall regions, old greens had significantly higher populations of cyst nematodes 

than the young greens. Similarly the interaction between season and age of the green that 

affected root-knot nematodes also affected cyst nematode populations (Figure 4-11). Populations 

of cyst nematodes in young greens were too low for there to be a significant difference between 

the seasons. Seasonal variation affecting cyst nematode populations was observed in the old 

greens but this difference was not significant. 

 

Figure 4-10: Regional variation in cyst nematode population on old (over 20 years of age) and young (under 20 

years of age) greens in Ontario (n = 441; P = 0.0003). Bars with the same letter are not significantly different at P > 

0.05, Tukeyôs adjustment. The error bars represent the standard error of the mean. 
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Figure 4-11: Seasonal variation in cyst nematode population on old (over 20 years of age) and young (under 20 

years of age) greens in Ontario (n = 441; P = 0.0372). Bars with the same letter are not significantly different at P > 

0.05, Tukeyôs adjustment. The error bars represent the standard error of the mean. 

 

Throughout Canada, region was an important factor affecting cyst nematode populations 

(Table 4-17). The Atlantic region had higher cyst nematode population levels than Montreal and 

the Niagara region but all other regions were not significantly different from each other. In all 

regions cyst nematode populations were below the threshold of 500 cyst nematodes per 100 cc of 

soil as set by the University of Massachusetts (Wick 2012). 

Table 4-17: Cyst nematode population in Canada (2014) by region. 

City/Region Mean1 

London/Windsor, ON2 10 ab3 ± 64 

Toronto/Guelph, ON 19 ab ± 6 

Niagara, ON 5 b ± 6 

Ottawa/Cornwall, ON 27 ab ± 6 

Montreal, QC 2 b ± 8 

Vancouver, BC 17 ab ± 8 

Lunenburg, NS/New 

Glasgow, NS/Hampton, NB 

(Atlantic) 

36 a ± 8 

1 Means were reported as least squared means of nematodes per 100 cc of soil (n = 297; P = 0.0064) 
2 ON ï Ontario, QC ï Quebec, BC ï British Columbia, NS ï Nova Scotia, NB ï New Brunswick 
3 Means followed by the same letter are not significantly different, at P < 0.05, Tukey-Kramer adjustment  
4 Value after the ± is the standard error of the mean 
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4.4.7 Free Living Nematodes 

Table 4-18: Free-living nematodes by region, season, year sampled, and age of green in Ontario. 

Region Age Category Season Year Mean1 

London/ 

Windsor 

Old 

Spring 
2013 479 b-h2 ± 643 

2014 381 c-h ± 64 

Summer 
2013 1088 a ± 64 

2014 628 bcd ± 64 

Fall 
2013 577 b-f ± 64 

2014 322 c-h ± 64 

Young 

Spring 
2013 127 h ± 64 

2014 158 h ± 64 

Summer 
2013 260 e-h ± 64 

2014 272 d-h ± 64 

Fall 
2013 155 h ± 64 

2014 150 h ± 64 

Toronto/ 

Guelph 

Old 

Spring 
2013 308 c-h ± 58 

2014 366 c-h ± 67 

Summer 
2013 553 b-h ± 58 

2014 621 b-e ± 67 

Fall 
2013 378 c-h ± 58 

2014 190 h ± 67 

Young 

Spring 
2013 207 h ± 60 

2014 301 c-h ± 60 

Summer 
2013 273 e-h ± 60 

2014 777 ab ± 60 

Fall 
2013 234 f-h ± 60 

2014 174 h ± 60 

Niagara 

Old 

Spring 
2013 188 h ± 55 

2014 196 h ± 55 

Summer 
2013 442 c-h ± 55 

2014 539 b-g ± 55 

Fall 
2013 294 d-h ± 55 

2014 257 f-g ± 55 

Young 

Spring 
2013 278 c-h ± 78 

2014 203 f-h ± 78 

Summer 
2013 619 b-f ± 78 

2014 686 a-c ± 78 

Fall 
2013 181 f-h ± 78 

2014 207 f-h ± 78 

Ottawa/ 

Cornwall  

Old 

Spring 
2013 188 h ± 64 

2014 354 c-h ± 64 

Summer 
2013 251 e-h ± 64 

2014 343 c-h ± 64 

Fall 
2013 178 h ± 64 

2014 214 gh ± 64 

Young 

Spring 
2013 140 h ± 64 

2014 306 c-h ± 64 

Summer 
2013 346 c-h ± 64 

2014 335 c-h ± 64 

Fall 
2013 227 f-h ± 64 

2014 336 c-h ± 64 
1 Means were reported as least squared means of nematodes per 100 cc of soil (n = 441; P = 0.0018) 
2 Means followed by the same letter are not significantly different, a P < 0.05, Tukey-Kramer adjustment  
3 Value after the ± is the standard error of the mean 
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The populations of free living nematodes in Ontario were influenced by region, age of the 

green, and the season in which the green was sampled. The population of free living nematodes 

had a four-way interaction among the regions, age of the green, sampling season, and year in 

which the samples were collected (Table 4-18). The old greens in London/Windsor region had 

the highest populations of free living nematodes during 2013, whereas all others were not 

significantly different from one another. The population was influenced by a number of factors 

and it was relatively difficult to discern any patterns in their population dynamics. 

Both region and season were significant factors affecting the Canada-wide population of 

free living nematodes. Populations of free living nematodes were lowest in the fall in many 

regions (  

Figure 4-12). The difference between the seasons was different in Toronto/Guelph, 

Niagara and Montreal but no differences were seen in the other regions. Although the general 

trends seen in PPN populations are followed by free living nematodes the factors which affect 

them may be expected to be quite different. 

  

Figure 4-12: Regional variation in free living nematode populations throughout Canada in the spring, summer, and 

fall of 2014 (n = 297; P <0.0001). Bars with the same letter are not significantly different at P > 0.05, Tukeyôs 

adjustment. The error bars represent the standard error of the mean. 
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4.5 Discussion 

Nematode populations in golf course greens throughout Canada were influenced by the 

region they were collected in and often by the season in which the samples were collected. In 

Ontario, age of the green and year in which the samples were collected also influenced the 

population levels. The prevalent genera of PPN found were ring, spiral, stunt, cyst, and root-knot 

nematodes. Pin, lesion, and lance nematodes were found in a limited number of samples. PPN 

were found in almost every sample analyzed and free-living nematodes were found in all 

samples. These results were similar to previous surveys of nematode populations in golf course 

greens in Canada but the proportions in which the predominant genera were found differed 

(Simard et al. 2008; Yu et al. 1998). 

The nematode populations were analyzed to determine the influence of climate and time of 

sampling on population size. The effects of climate on nematode populations were determined by 

separating the sampled sites into regions and determining if there was a difference in the 

populations among regions. The effects of time scale on nematode populations were investigated 

in three ways: seasonal variations, yearly variations, and variations based on the age of the green, 

thus investigating the short, medium, and long-term time scale. Collecting samples during 

multiple seasons and over two years also allowed the comparison of about how nematode 

populations are affected by changes in local climate as well as time. 

There were seven regions in this study: London/Windsor, Toronto/Guelph, Niagara, 

Ottawa/Cornwall, Montreal, Vancouver, and Atlantic that were assessed for PPN populations in 

golf course greens. The first four regions are in Ontario and the last three are cities or regions 

across Canada. The scope of our study was unlike the previous surveys conducted in Canada in 

that samples from six provinces were assessed with a standardized extraction method. Collecting 

data from a wide region creates a more comprehensive assessment of the nematode populations 

present in multiple regions across Canada which, in turn, allows for more accurate interpretation 

of the data (Jordan and Mitkowski 2006). Region was a significant factor for the populations of 

all nematode genera throughout Canada and within Ontario with the exception of root-knot 
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nematode. No other study has performed a national survey of nematode populations in golf 

course greens. 

The total PPN population levels varied with region both within Ontario and throughout 

Canada. In our study, the total PPN population in Quebec was not significantly different than the 

population in Ontario, which is consistent with the earlier study by Simard et al. (2008), 

Ottawa/Cornwall had the lowest population levels of PPN in Ontario with all others being 

similar. When the scope was widened to all of Canada, the population levels of PPN in Ontario 

were much lower than those observed in Vancouver. This distinct difference in the populations is 

most likely caused by the climatic differences between these two areas.  

In the coastal regions of Canada the temperatures are moderated. In Vancouver the thirty 

year average temperature ranged from 4.1 °C to 18.0 °C (Canada 2015d). The thirty year average 

range in Halifax, Nova Scotia, on the east coast of Canada and part of the Atlantic region was 

from -5.9 °C to 18.8 °C (Canada 2015a). Both are a tighter range than experienced in Ontario. In 

Toronto, the thirty year average has been from -3.7 °C to 22.3 °C and the range for Ottawa was 

from -10.2 °C to 21.2 °C (Canada 2015b; Canada 2015c). The average low temperature of 

Vancouver does not drop below freezing and remains above 10 °C from April to October. That 

was not the case in Ontario where in Ottawa temperatures are only above 10 °C from late May 

until September. These temperature differences may partially explain the variation in nematode 

populations from region to region throughout Canada as temperature impacts all physiological 

processes and behaviors of nematodes more than any other factor (Gaugler and Bilgrami 2004). 

More moderate temperature ranges, as are found in the coastal areas of Canada, may lead to 

longer periods of time in which PPN can feed and reproduce resulting in higher populations. 

The general trends seen in the total population levels of PPN differ from those seen in the 

specific genera. Ring nematodes varied from region to region within Ontario and throughout 

Canada. The interaction observed between the age of the green and region was evident primarily 

in the Niagara region, the only region that showed a difference in ring populations between the 

old and young greens. When comparing the populations of ring nematodes across Canada, levels 

in Montreal were similar to those observed in the Niagara region of Ontario. Ring nematodes 

may be more prevalent in these areas due to the soil conditions or regional microclimates.  
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The stunt nematodes were the simplest to model as there were no interactions among any 

of the variables. Within Ontario, the Toronto/Guelph region had higher populations of stunt 

nematodes than those found in Ottawa/Cornwall and the other regions of Canada. This is 

interesting because Vancouver had more total PPN than all of the cities in Ontario but stunt 

nematodes were most prevalent in Toronto/Guelph. Stunt nematodes were found in high 

numbers in a few of the old golf courses in Toronto and this contributed to the region having the 

highest population levels of stunt nematodes. The regional differences may also have been a 

result of competition between stunt and spiral nematodes in the coastal regions. In a few regions, 

such as Atlantic, the spiral nematodes were the predominant genus which may have out 

competed all other genera including stunt nematodes. This competition phenomenon has been 

observed between other nematode genera in the past (Johnson 1970; Umesh et al. 1994). 

As with the ring nematodes, there was an interaction between green age and region in the 

spiral nematode population within Ontario. This indicates that there may be other factors that 

were influencing the nematode populations in those areas. In London/Windsor the population of 

spiral nematodes was higher in the old greens. However, the opposite was true for Niagara where 

the young greens had higher populations than the old greens. It is possible that some of the 

greens that were considered young may have had other influences that caused the ring or spiral 

nematode population levels to flourish, such as some of the greens may have been constructed 

from contaminated soil, planted with contaminated sod, or improperly fumigated post-

renovation. Soil containing nematodes that was transplanted to a new location may have been the 

cause of the higher than expected ring or spiral nematode populations in those areas. Throughout 

Canada, the spiral nematode population was higher in Vancouver than any of the regions within 

Ontario. However, spiral nematodes appear to have a competitive advantage in the Atlantic 

region as well. Competition between genera of PPN living in a mixed population with turfgrass 

as a host has been previously reported (Johnson 1970). Johnson (1970) stated that there was a 

reduction in feeding and reproduction of ring and stunt nematodes living in a mixed culture with 

sting nematodes. The study performed by Johnson found that sting nematodes were far more 

virulent than ring and stunt. It is possible that spiral nematodes are the most prevalent genus of 

nematode found in Canada which may explain why they alone are found in populations as large 
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as 11,000 per 100 cc of soil. They are, however, not the most virulent nematode genus since their 

threshold is among the highest of all nematodes commonly found in Canada (Wick 2012). 

In the study performed in British Columbia, a ñstrikingò number of spiral nematodes were 

found in some of the samples (Fushtey and McElroy 1977). Over thirty years later, large 

numbers of spiral nematodes were found in samples from the Vancouver sites in our survey. 

Samples from Vancouver and the Atlantic region had over 11,000 spiral nematodes per 100 cc of 

soil. Yu et al. (1998) found that the presence of spiral nematodes did not seem to be associated 

with unhealthy turf; however, the populations were not higher than 205 nematodes per 100 cc 

soil in Ontario. When spiral nematodes are in excess of ten thousand per 100 cc soil, their 

presence would probably cause significant injury to the turfgrass since the action threshold for 

spiral nematodes is 1500 nematodes per 100 cc soil (Crow 2005a; Wick 2012). The research 

team was unable to examine the greens at these sites in Eastern Canada and Vancouver but it 

would be interesting to determine if populations in excess of 10,000 spiral nematodes caused 

visual symptoms in the turf. 

A three-way interaction among region, age of the green, and year was found for root-knot 

nematodes in Ontario. However, region was not a significant factor for the population. The 

interaction may have been caused by the variable effect of the age of the green in the regions 

sampled. Thus it appears that the year in which the greens were sampled had more of an impact 

than region or age of the green. Throughout Canada there was an interaction between season and 

region as well but in this data set region was a significant factor for root-knot nematodes. Root-

knot nematode populations were higher in the fall sampling from Vancouver but otherwise there 

were no significant differences between regions. When examining the regional variation of root-

knot nematodes Ontario may have been too small of an area for significant differences to be 

seen. When the population was examined throughout Canada, region did play an important role 

in the population, particularly in Vancouver. This indicates that there is something different 

about the population in Ontario versus all of Canada. This may have been caused by the 

differences in climates among the regions of Canada or it could be that different species of root-

knot nematodes are found throughout the country. A third option may be that root-knot 

nematodes are more of an issue in young greens which may be due to the characteristics such as 

an almost complete monoculture of turf species or lack of competition between PPN species. 



71 

 

As was the case with many of the other nematode genera, an interaction was found with 

region and age of the green in cyst nematode populations. The cyst nematode populations were 

very low in Niagara and this likely led to the interaction. The Niagara population of cyst 

nematodes was low in all golf courses sampled with average counts fewer than 10 cyst 

nematodes per 100 cc soil. Cyst nematodes were present in all Niagara samples but populations 

did not tend to be as high as other nematode genera populations. The cyst populations in 

Toronto/Guelph and Ottawa/Cornwall were higher in greens over 20 years of age than those 

under 20 years of age. The cyst nematode population throughout Canada was low, not reaching 

more than 40 per 100 cc soil on average. The Atlantic region had higher counts than Niagara and 

Montreal but there was no statistical difference between cyst nematode populations in other 

regions. 

It was difficult to determine if there was any pattern in the free-living nematode population 

as they seemed to fluctuate independently of the other nematodes in the soil. A four-way 

interaction between region, season, age of the green, and year in which the sample was collected 

was observed with free-living nematode populations. Although region significantly affected the 

population numbers there seems to be other factors at work. 

Region was an important factor in PPN populations in Canada since it was a significant 

factor for all genera found by the survey with the exception of root-knot nematodes in Ontario. 

Within Ontario, region in which the sample was collected often had an interaction with age of 

the green. It appears as though the influence of the age of the green is dependent on the region in 

which the samples were collected. Root-knot and free-living nematodes were the only two 

genera which had an interaction between the two factors examined for the Canada-wide data set. 

The season when the soil was sampled was a significant factor for Ontario populations of 

ring, spiral, and free-living nematodes and for populations of spiral, root-knot, and free-living 

nematodes across Canada. The highest nematode populations were usually found in the mid-

summer as was consistent with the studies performed by Todd and Tisserat (1990) and Lucas et 

al., (1978). Optimal temperature for most nematode activity and infection is between 25-30 °C 

which would result in higher populations mid-summer than in other times of the year (Wallace 

1966). This trend was not observed for all nematode genera since season sometimes interacted 

with region and year in which the samples were collected. 
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Root-knot nematodes are an example of how seasonal variability depends on the age of the 

green, region and year in which the samples were collected. Seasonal changes in the root-knot 

nematode population were not significant in any region but Vancouver. This suggests that there 

may be multiple species of root-knot nematode that parasitize turf in Canada, or even within 

Ontario, which have different life cycles. Meloidogyne naasi Franklin is a nematode commonly 

found in the roots of grassy plants (Michell et al. 1973) and is likely the species in the present 

study. The peak in the population would have occurred in the fall as the juveniles made their way 

into roots to over-season but that was not what was seen in our study; perhaps it was obscured by 

the high variability in the populations or competition issues between root-knot species and other 

PPN (Siddiqui and Taylor 1970).  

 Previous nematode surveys in Canada did not investigate seasonal variation in populations 

(Simard et al. 2008; Yu et al. 1998). Chastanger and McElroy (1984) stated that temperature has 

the greatest effect on nematode populations and the fact that they did not sample the sites in their 

survey multiple times throughout the season caused them to miss the chance to determine the full 

potential of the populations of PPN in Washington. Other studies from the United States, 

however, did investigate the impact of the sampling season on the nematode populations present 

(Davis et al. 1994; Jordan and Mitkowski 2006; Lucas et al. 1978). Davis et al. (1994) and Lucas 

et al. (1978) found that levels of ring and spiral nematode populations were generally highest in 

the spring and fall. Jordan and Mitkowski (2006) found that ring and spiral nematode 

populations were similar in both spring and summer and increased in the fall. Lucas et al. (1978) 

and Jordan and Mitkowski (2006) also found that stunt nematode populations spiked in the 

summer and dropped off in the fall. 

In the present study, ring nematodes were highest in the summer and fall in Ontario but were 

not significantly different from season to season throughout the rest of Canada. Spiral nematode 

populations tended to be higher in the summer than the spring but neither season was 

significantly different from the fall in Ontario. Spiral nematode populations were not 

significantly different from season to season throughout Canada. Season was not a significant 

factor in the stunt and cyst nematode population in both Ontario and throughout Canada; their 

populations remained stable from season to season. 
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The differences in nematode populations in the present study were probably due to different 

species of nematodes in each of the areas. The surveys by Davis et al. (1994), Jordan and 

Mitkowski (2006), and Lucas et al. (1978), were conducted in Illinois, Southern New England, 

and North Carolina, respectively. The differences in populations in these different regions of 

North America may be caused by climate as well. Jordan and Mitkowski (2006) found that even 

though populations of nematodes were higher in the second year of their study, the seasonal 

variability remained constant. In this study, the populations of root-knot nematodes and total 

PPN showed interactions with season and year. Root-knot nematodes were highest in the spring 

of 2013 and in the summer of 2014. Total PPN peaked in the summer in both years. These 

variations in nematode population peaks may have been caused by differences in climate or 

nematode species present, in either case the peaks found in this study will help golf course 

managers to determine when appropriate action should be taken. 

Understanding the seasonal variation in populations can be crucial when trying to time 

nematicide applications or performing certain cultural management practices. Nematodes are 

thought to be most active when the plants are actively growing and establishing new roots in the 

spring (Barker et al. 1998). Application of chemical nematicides is most effective when 

populations are at their lowest (Davis et al. 1994). Using the data collected by this and other 

studies, golf course managers can time management practices when the predominant genus 

found in their greens is at its lowest, typically the shoulder seasons. 

In Ontario all sites were sampled in 2013 and 2014 to compare the seasonal and regional 

fluctuations between two years. The seasonal fluctuations were consistent from year to year for 

all genera except root-knot nematodes. Total PPN, root-knot, and stunt nematode populations 

were significant in each year. The total PPN population levels were affected by year and season 

but that was partly due to the increased levels of nematode populations found in the second year 

rather than a change in the season when the population spikes occurred. Populations were higher 

in 2014, but the trend was the same. 

The year in which the greens were sampled was a significant factor for root-knot nematodes. 

However, this may have been due to researcher error as juvenile root-knot nematodes are 

particularly difficult to identify with little experience and this may have contributed to the 
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differences between the two years. The nematodes were identified with a better understanding of 

their morphology in the second year of the study as compared to the first year.  

Year in which the samples were collected was also a significant factor for stunt nematodes. 

Stunt nematodes were found in higher populations in the second year of the study. Stunt 

nematodes are ectoparasitic, spending all of their life without the protection of being inside a 

plant. The population of stunt nematodes may have been reduced by the freeze-thaw events of 

winter 2012. During the winter of 2013 the temperatures remained well below freezing for the 

entire winter. Nematodes protect themselves from the cold by either finding a place to hide or 

producing anti-freeze proteins (Gaugler and Bilgrami 2004). When temperatures fluctuate as 

much as they did in the winter of 2012 substantial damage can be caused when nematodes come 

out of stasis only to be greeted by below freezing temperatures shortly afterwards. Stunt 

nematodes were the predominant genus in the Toronto/Guelph area of Ontario while spiral were 

the predominant genus in the coastal regions. Although spiral nematodes appear to be the most 

virulent PPN genus in Canada they may not be able to tolerate the cold winters of Canadaôs 

interior as well as stunt nematodes, even though they are both semi-endoparasites. 

The nematode genera that did not change from year to year in Ontario were spiral, ring, cyst, 

and free-living nematodes but this does not mean that their populations have not been increasing 

over time. Changes in populations over time were more obvious when population size in relation 

to the age of the greens was examined. Age of the green affected all nematode populations 

except for root-knot nematodes. Greens that were older than 20 years of age tended to have 

higher population levels of nematodes. This was consistent with studies conducted by Jordan and 

Mitkowski (2006) and Walker et al. (2002) who suggested that this reflected populations 

increasing over time. 

 In 2013 populations of root-knot nematodes in Ontario were low with less than 30 per 

100 cc of soil on average. In 2014 the population increased to 80 per 100 cc of soil in some 

regions but not all of them. Root-knot nematodes were observed in higher numbers on the young 

greens of Niagara than the older ones and this does not fall in line with the trends seen with the 

other PPN genera. It is possible that root-knot nematodes are not influenced by the age of the 

green or that they prefer younger greens. If more samples were collected and analyzed for root-
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knot nematode then perhaps the gradual increase in population over time would have been more 

evident or the other factors influencing the population may have been apparent. 

 Cyst nematode populations were significantly higher in greens that were over 20 years of 

age. Young greens had very low populations of cyst nematodes, making it difficult to note any 

seasonal variations. There was an interaction between green age and region but again, this was 

likely due to the very low populations found in young greens. It appears that cyst nematodes are 

predominantly an issue on older greens. In Canada the species of cyst nematodes may be 

monocyclic in their reproduction cycle and this could explain the slow increase in population 

level as opposed to if it were a polycyclic pathogen. 

 Ring nematode populations also appeared to be affected by the interaction between 

region and the age of green. This was observed in the Toronto/Guelph populations which were 

similar in size in both the old and young greens. A similar phenomenon was also observed with 

the spiral nematode population in the Niagara region, where the young greens had more spiral 

nematodes than the old greens. These variances in the population were probably caused by 

factors outside of the scope of this survey. 

Stunt nematodes, unlike spiral, ring, and cyst, were not affected by interactions between age 

of the green and the other factors as they were consistently found in higher populations on old 

greens (>20 years of age). Stunt nematodes are ectoparasitic nematodes which deposit eggs 

unprotected in the soil (Shurtleff and Averre 2000). The populations of these nematodes may 

increase slowly as they do not have the protection from the elements, predators, or pesticides 

when compared to endoparasitic or semi-endoparasitic nematodes that remain inside plant 

tissues. 

 As greens age, nematode populations increase due to their constant reproduction and 

feeding (Jordan and Mitkowski 2006). There are no registered post-plant nematicides for use on 

turfgrass in Canada, and once the greens are established there are no means of reducing the 

nematode population. Cultural practices will only mitigate the damage caused to the plants and 

cannot reduce nematode populations once they have become established.  

Yu et al. (1998) stated that root-knot and cyst nematodes were found in low numbers on 

only a few greens. They concluded that they were probably parasitizing nearby weeds rather than 
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the turfgrass. In the current study populations of root-knot and cyst nematodes were lower than 

spiral, ring, or stunt nematodes but their presence in the samples was definitely noteworthy. 

Several samples from Toronto/Guelph and Niagara regions were over the threshold for root-knot 

nematodes and a few samples from Ottawa/Cornwall were close to the threshold for cyst 

nematodes. The populations of these two endoparasitic nematodes may have been under 

estimated by Yu et al. (1998), since they used a combination of Baermann pan and sugar 

centrifugal flotation for nematode extraction from samples to estimate populations, which could 

have underestimated the numbers of female cyst and root-knot nematodes.  

Turfgrass health was not measured since it is difficult to associate compromised grass health 

with PPN feeding in cooler climates (Todd and Tisserat 1990). High nematode populations may 

be masked by the amount of maintenance the greens undergo as that may ameliorate the 

detrimental effects of nematode feeding and reproduction (Todd and Tisserat 1990). Although 

the populations of PPN were generally below threshold in Canada, the damage that the 

combination of the genera present may predispose the grass to attack from other pathogens. The 

variability in the nematode populations can be partially accounted for by the age of the green, 

season, region, and year in which the samples were collected. 

 Seasonal variation may not be consistent from year to year but the general trends indicate a 

constant increase in total PPN populations. This was particularly evident in the cyst nematode 

population since they had small populations in young greens but often larger populations in old 

greens. However, cyst nematode do not appear to be an issue for Canadian golf courses at this 

time. The same can be said for ring nematodes even though their populations were higher. There 

were exceptions to the trend of increasing PPN populations in the root-knot nematode 

populations which did not appear to increase over time, nonetheless more samples from a wider 

variety of sites or a third year of data may clarify the trends seen in this nematode population. 

Free-living nematodes varied widely between regions, seasons, years, and in the various aged 

greens. It was difficult to identify which factors influence the free-living nematode population 

since they did not seem to follow the same trends as the PPN. The spiral nematode appears to be 

the most prevalent PPN found in Canada since populations as large as theirs were not found for 

any other genus. The spiral nematodes were predominant in the coastal cities while stunt 

nematode was the most widespread in Ontario. The soil physical and chemical properties as well 
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as the management practices used to maintain the turf may also help to explain some of the 

variability in the nematode populations throughout Canada.  
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Chapter 5 Influence of Soil Properties and Management Practices on Plant-

Parasitic Nematode Populations 

5.1 Abstract 

Plant-parasitic nematodes (PPN) are sensitive to the soil environment in which they live. 

The physical and chemical properties of soil can affect the diversity and size of the nematode 

population through factors such as pore size and water holding capacity. Management practices 

performed on golf greens to maintain turf quality can change soil chemical and physical 

properties, and have an indirect or direct influence on PPN populations. Soil samples from golf 

course sites were collected across Canada and the nematode populations determined. The same 

soil was also analyzed for its physical and chemical properties. The soil physical parameters 

measured were percent organic matter, bulk density, soil texture, soil temperature, and air 

temperature. The soil chemical properties assessed were base saturation and total soil content of 

potassium, magnesium, calcium, sodium, phosphorus, hydrogen, and aluminum. Heavy metal 

concentration was also measured for arsenic, cadmium, cobalt, chromium, copper, mercury, 

molybdenum, nickel, lead, selenium, and zinc. Information on the management practices was 

collected through a survey of golf course managers. Questions pertaining to management 

practices used in the analysis were: number of rounds per year, use of tarps, proportion of grass 

species on the green, use of drainage, height at which the grass was cut, and rolling frequency. 

Stepwise regression was conducted to determine the effects of soil physical and chemical 

parameters, and management practices, on nematode populations. Management practices were 

the parameters most frequently correlated with the nematode populations, followed by soil 

chemical properties and then soil physical properties. Factors related to water holding potential, 

pore size, and age of the green were most frequently correlated with nematode populations. Soil 

concentrations of heavy metals were measured in select samples but were not significantly 

correlated to total PPN populations. 

5.2 Introduction  

Environmental conditions limit the survival and reproduction of nematodes due to their 

sensitivity to temperature extremes, desiccation, flooding, osmotic and ionic stress, toxic 

chemicals, pathogens, and predation (Wharton 1986). Nematodes can protect themselves from 
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adverse conditions by entering states of reduced or zero metabolism (Wharton 1986). Spiral 

nematodes can survive up to eight months completely dehydrated, ring nematodes can survive up 

to two years, and cyst nematodes can survive more than five years in the absence of water 

(Norton 1978). Some species, such as Ditylenchus dipsaci Kuhn, can survive in dry conditions 

for up to 23 years and will resume activity after two to three hours of immersion in water 

(Fielding 1951). Nematodes can control the amount of water they lose by altering the 

permeability of the cuticle (Wharton 1986). These defense mechanisms make these organisms 

very difficult to manage once they are established in appreciable numbers. 

Although soil moisture and temperature have the largest influence on PPN populations 

there may be other soil factors that also affect the prevalence of PPN in the soil (Walker et al. 

2002). Previous studies have examined the influence of soil chemical and physical properties to 

try to determine factors other than climate, season, and age of the green that could affect 

nematode populations. Two rather comprehensive studies were conducted where soil properties 

were related to the populations of various nematode genera (Simard et al. 2008; Walker et al. 

2002). The study conducted by Simard et al. (2008) was carried out in Ontario and Quebec in 

2002 and 2003 and the study by Walker et al. (2002) was conducted in Oklahoma in 2000. 

Simard et al. (2008) conducted factor analysis to determine the correlation between soil 

characteristics and the genus of nematodes present. The presence of ring nematode was 

positively associated with phosphorus and potassium and negatively associated with pH. Lesion 

nematode was negatively related to percent organic matter. Root-knot and spiral nematodes were 

positively related to pH and stunt nematode was positively related to potassium and phosphorus. 

The factor analysis showed that nematode populations are more closely related to the soil 

chemical parameters than to the physical parameters. The correlations that they found between 

the soil parameters and the nematode counts, however, did not account for a large portion of the 

variation in the data, indicating that soil parameters may not influence species distribution.  

Walker et al. (2002) found that soil pH was not correlated with any of the nematode genera 

found in the soil samples, unlike Simard et al. (Simard et al. 2008; Walker et al. 2002). Ring and 

stunt nematodes increased with increasing nitrate-nitrogen (NO3-N) content of the soil. Ring, 

stunt, and spiral nematodes increased with greater plant-available phosphorus, potassium, and 

organic matter content. The authors noticed a negative relationship between bulk density and 
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populations of stubby root, spiral, and total PPN populations. Only NO3-N, plant available 

potassium, and organic matter were correlated with an increase in population density of all PPN 

combined. Lance nematode populations were negatively correlated with sand particle sizes 

between 500 ɛm and 1 mm. Lance and ring nematodes increased in population as the percent of 

sand fraction between 106 and 250 ɛm increased. Total PPN populations decreased as sand 

fractions greater than 1mm increased. The study in Oklahoma found stronger links with soil 

chemical properties than the study by Simard et al. (2008). 

Heavy metals have been shown to reduce nematode diversity and alter population structure 

(Chen et al. 2009). Contaminants from industry, accidental spills, and historical use of pesticides 

containing these elements can lead to a build-up or increase of heavy metal concentrations in 

soils and influence PPN populations (Bardgett et al. 1994; Georgieva et al. 2002). Research has 

shown that nematodes can be used as indicators of soil health and sentinels for heavy metal 

contamination (Bardgett et al. 1994). 

Management practices used to groom and cultivate the golf greens can also affect 

nematode populations although the studies involving the measurement of nematode populations 

in regard to turfgrass management practices are limited. A study performed by Giblin-Davis et 

al. (1991) investigated the effect of height of cut and nematicide use on nematode populations in 

Florida using a visual rating system of the turf health and quality. Lowering the mowing height 

resulted in lower turfgrass quality when parasitized by root-knot, ring, lance, and sting nematode. 

When fenamiphos was used in conjunction with lower mowing heights plant health, as indicated 

by a visual rating score, increased. Visual ratings are not always correlated with nematode 

populations as a plant may look healthy even if it is under significant pressure from large 

nematode populations (Wallace 1971). Visual turf health ratings may not always be an indication 

of nematode populations but are very important in turfgrass management since visual appeal is 

an important goal of turfgrass cultivation. Although the use of nematicides such as fenamiphos 

increased the visual health rating of the turf, even when mowed at a low height, fenamiphos is 

not available in Canada. 

Walker et al. (2002) attempted to correlate management expenditures on fertilizer, 

pesticides, adjuvants, and sand applications with nematode populations. They found that 

fertilizer, insecticides, adjuvants, and sand applications had no correlation with total PPN 
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populations but that they did have an effect on specific genera. Total PPN populations increased 

with fungicide and herbicide expenditures. This correlation is interesting since fungicides have 

the potential to reduce antagonism from fungi that may attack and reduce PPN populations. 

Herbicides may share this link as they are used to control weeds that may have been competing 

with the poorly performing turf. Ring nematode populations increased with the use of adjuvants, 

fungicides, sand application, and herbicide. Stunt nematode populations increased with herbicide 

use and stubby root nematodes increased with all expenditures. Spiral nematodes were not 

correlated with any golf course expenditures. The correlations between expenditures on 

pesticides and sand applications were loosely correlated with PPN populations but they probably 

do not have a direct influence on PPN. Their link with nematode populations may have more to 

do with compensation for poorly performing plants subjected to the pressures of nematode 

feeding. The links found between the expenditures and nematode populations also may have 

been confounded by the age of the green. Older, well-established golf courses may have higher 

budgets than those which are younger and may therefore have higher chemical and cultural 

expenditures. Two studies have reported a strong correlation between age of the green and higher 

PPN populations (Jordan and Mitkowski 2006; Walker et al. 2002). 

Understanding the influence of soil properties and management techniques on PPN found 

in golf green soils can help turfgrass managers to predict which practices may help alleviate the 

stress placed on the plants by the parasitism. Factors that are correlated with nematode 

populations can be identified with statistical models and be altered by turfgrass managers to 

optimize plant health. The objective of this study was to determine the influence of soil chemical 

and physical properties, as well as management practices, on the genera and populations of PPN 

found in golf course green soils throughout Canada. 

5.3 Materials and Methods 

 Soil samples collected for the survey outlined in Chapter 4 were analyzed for physical 

and chemical properties. Samples were collected from every green at three time points over the 

growing season (spring, summer, and fall). Once the nematodes in the soil had been counted, the 

three composite samples were combined to reduce the impact of sample collection time on the 

parameters measured. The samples were mixed thoroughly as previously described prior to sub-

sampling for analysis. Data on soil properties and management practices were only determined 
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once for each green. These data were then applied to the nematode population data from all 

collection dates for each green.  

5.3.1 Soil Physical Properties 

 Soil samples were analyzed for the physical properties including percent organic matter, 

bulk density, soil texture, soil temperature, and air temperature. Soil organic matter content was 

outsourced to A&L Laboratories (London, Ontario, Canada) using method 13.2 of the Soil 

Analysis Handbook of Reference Methods (Jones Jr 1999). Soil temperature data was collected 

on site each time a green was sampled using a digital thermometer (Hanna checktemp HI 98501). 

Air temperature data was downloaded from Environment Canadaôs historical weather data 

website and was reported as the average air temperature for that day (Canada 2015e).  

Bulk density was measured once on each green by inserting a 12.7 cm tube, with a 

beveled edge on one end, 10.2 cm into the soil. The tube was removed from the ground using a 

screw driver which was inserted through two holes at the top of the tube. The soil in the tube was 

pressed from the beveled end out of the tube 1-2 cm, depending on thatch level, and the turf and 

thatch were cut off and measured. The remaining soil was transferred to a small metal pan and 

placed in a drying oven at 80 °C for 48 hours. Once the soil had dried it was weighed and then 

discarded and the pan was reweighed. The weight of the soil and the pan were recorded and bulk 

density was calculated (Equation 5-1).  

ὄόὰὯ ὈὩὲίὭὸώ = ὓὥίί έὪ Ὀὶώ ὛέὭὰ (Ὣ)/VoὰόάὩ έὪ ὛὥάὴὰὩ ( ὧά3) 

Equation 5-1: Bulk Density Calculation (Donahue et al. 1977).  

 

The soil texture was determined using the Retsch AS 200 sieve shaker (Haan, Germany). 

Moist soil samples of 500g were placed in metal pans and air-dried. Once the soil was dried it 

was placed into the top of the shaker apparatus and the lid was placed on top. Eight sieves and a 

bottom pan were used to separate the soil particles by size. The sieves used were numbers 5, 10, 

18, 35, 60, 100, 200 and 270 with pore sizes of 4 mm, 2 mm, 1 mm, 500 µm, 250 µm, 150 µm, 

75 µm, and 53 µm, respectively. Soil particles that were smaller than 53 µm fell into the bottom 

pan of the shaker apparatus. Soil samples were shaken at amplitude 40 for 30 minutes. When the 

cycle was complete the sieves containing soil were weighed to two decimal places. The sieves 
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were then cleaned by tapping them over a bin and carefully brushing them with a small hand 

brush. Once cleaned the sieves were reweighed. Both weights were recorded and the percent 

gravel, sand, and clay/silt were calculated. The soil particle sizes were grouped into seven 

different categories (Table 5-1). 

Table 5-1: Soil particle size categories 

Particle Size Category Particle Size Range Sieves Used 

Clay/Silt < 53 µm Bottom Pan 

Very Fine Sand 53 µm to 75 µm 200 & 270 

Fine Sand 75 µm to 150 µm 100 

Medium Sand 150 µm to 250 µm 60 

Coarse Sand 250 µm to 500 µm 35 

Very Coarse Sand 500 µm to 4 mm 18 & 10 

Gravel > 4 mm 5 

 

5.3.2 Soil Chemical Properties 

 The soil chemical analysis was outsourced to A&L Laboratories (London, Ontario, 

Canada). The soil chemical parameters measured were: potassium, magnesium, calcium, sodium, 

phosphorus, aluminum, hydrogen, pH, and cation exchange capacity (CEC). The parts per 

million (ppm) and base saturation were reported for potassium, magnesium, calcium, sodium, 

phosphorus, and aluminum. The base saturation was also reported for hydrogen. The chemical 

parameters were reported as ppm and base saturation because ppm refers to the amount of a 

compound or element present while base saturation refers to the amount of a compound or 

element which is bound to the soil colloid; this has some impact on the its availability to plants 

(Birch 1951).The bicarbonate phosphorus was measured using the Olsen Bicarbonate 

Phosphorus method. Method 7.3, Mehlich 3 Extraction was used to measure phosphorus (weak 

Bray), potassium, magnesium, calcium, sodium, and aluminum. Dried soils were extracted with 

the aforementioned method and analyzed using an inductively couple plasma optical emission 

spectrophotometer (Jones Jr 1999). Base saturation and CEC were calculated from the ppm 

values. The pH was measured by mixing soils 1:1 with deionized water and measured with a pH 

electrode (A&L Laboratories, personal communication)  

 Ten soil samples were analyzed for heavy metal content. Soil was analyzed for arsenic, 

cadmium, cobalt, chromium, copper, mercury, molybdenum, nickel, lead, selenium, and zinc. 
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The analysis was outsourced to A&L Laboratories (London, Ontario, Canada). Metal 

concentration in soils was determined using the modified EPA 3050B and EPA 6010 methods 

(2012a; 2012b). Dried soils were weighed and digested at 105°C for two hours in a mixture of 

hydrochloric and nitric acid. The digestate was analyzed with an inductively coupled plasma 

optical emission spectrophotometer for all metals except mercury. The digestate was analyzed 

for mercury with cold vapour atomic absorption spectrophotometer. All data were reported as 

microgram metal per gram of soil and compared to the total PPN population of that sample.  

5.3.3 Collection of Golf Course Management Information 

Golf course manager participants were asked to fill out a questionnaire on the 

management practices conducted on their golf course. The 33-question document contained 

questions pertaining to the height of cut, type of mower used, frequency and amount of 

topdressing, number of rounds per year, disease issues, and other management-related topics. Of 

the questions asked, six of these questions were selected for analysis based on number of 

participants who answered and based on relevance to the study. These questions were: 

1. How many rounds per year are played on the course? 

2. Are tarps used on the greens? 

3. What grass species are present on the green and in what proportions are they? 

4. Is drainage installed in the greens? 

5. What is the mid-season height of cut? 

6. How frequently are the greens rolled per week? 

The answers that provided a numerical response were entered into the spreadsheet as they were 

given. The questions that yielded a yes or no response were entered into the spreadsheet as 1 for 

a response of yes and 0 for a response of no. 

5.3.4 Statistical Analysis 

 Soil parameters and management questionnaire answers were subjected to regression 

analysis with population counts of ring, spiral, stunt, root-knot, and cyst nematodes as well as 

total PPN and free-living nematodes. To streamline results, the nematode population counts from 

the 2014 data set across Canada from Chapter 4 were used. The datasets from the Ontario sites 
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ranked in a similar order in both 2013 and 2014, making the use of both data sets redundant. The 

soil properties were only measured once on each green but were repeated in the analysis with the 

nematode populations for each sample collection with the exception of soil and air temperatures 

that were measured for each sample. The statistical analyses of the soil physical and chemical 

parameter data were performed in SAS 9.3 using the proc reg command with the stepwise option 

(SAS Institute 2012). The nematode population data did not fit a normal distribution because of 

the extreme data points in the data set; many zeros and large values were present. Options 

relating to non-parametric analysis of the nematode data sets were explored but were not used 

because none of the tests were appropriate for the data set. The assumption of normality was 

dismissed due to the large sample size. All parameters that entered and exited the models were 

significant to 0.1500. Statistical analysis of the heavy metal data was performed in SAS using the 

proc reg command.  

5.4 Results 

The population counts of the, stunt, spiral, ring, root-knot and cyst nematodes, plus the 

total PPN and free-living nematode populations were analyzed to identify relationships with the 

soil properties and management techniques. The minimum, maximum, and average values for 

each parameter are presented in Table 5-2, Table 5-4, and Table 5-7. Soil chemical properties 

were split into three categories: total concentration in soil (ppm), percent base saturation, and 

heavy metals. 

5.4.1 Soil Physical Properties 

The soil physical properties that were positively correlated with total PPN populations 

were: percent organic matter, percent clay/silt, percent coarse sand, percent gravel, and air 

temperature (Table 5-3). The soil physical properties that were negatively correlated with total 

PPN population were: percent very fine sand, percent very coarse sand, and soil temperature.  

Ring, cyst, and free-living nematodes had the strongest correlations with soil physical 

properties. Ring nematode populations were influenced by percent organic matter, percent very 

fine sand, percent very coarse sand, percent gravel, soil temperature, and air temperature 

(adjusted R2 = 0.20; p value <0.0001) (Table 5-3). Percent organic matter, percent gravel, and 

soil temperature were positively correlated with ring nematode populations. Percent very fine 
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sand, percent very coarse sand, and air temperature were negatively correlated with ring 

nematode populations. Cyst nematodes were positively correlated with percent very fine sand, 

fine sand, and coarse sand (adjusted R2 = 0.15; p value <0.0001). Free-living nematode 

populations were positively correlated with percent medium sand, percent gravel, bulk density, 

and soil temperature (adjusted R2 = 0.21; p value <0.0001). 

Table 5-2: Soil physical properties of golf course greens by region of Canada.  

Province Ontario 1 Quebec1 British Columbia 1 Atlantic 1 

Statistic Min  Max Ave Min  Max Ave Min  Max Ave Min  Max Ave 

Organic Matter (%)  0.40 5.40 2.12 1.30 3.20 2.13 1.70 2.10 1.84 1.00 2.80 1.94 

Clay/Silt (%)  0.09 17.14 1.50 0.24 0.61 0.41 0.19 0.47 0.33 0.33 1.00 0.60 

Very Fine Sand (%) 1.57 32.09 6.92 2.21 6.07 3.51 0.96 2.16 0.17 2.58 3.95 2.99 

Fine Sand (%) 5.18 65.69 13.97 8.40 13.11 10.50 5.05 8.48 7.04 6.89 9.16 7.78 

Medium Sand (%) 12.31 56.59 36.75 36.11 45.61 40.52 38.64 44.07 41.89 28.86 34.54 32.20 

Coarse Sand (%) 1.82 51.70 28.94 29.79 40.01 35.36 36.77 39.51 38.23 39.18 44.12 41.65 

Very Coarse Sand (%) 1.16 37.29 11.25 6.95 12.27 9.42 6.68 16.29 10.64 10.54 17.66 14.08 

Gravel (%) 0.00 6.69 0.68 0.09 0.61 0.28 0.01 0.41 0.17 0.23 2.85 0.69 

Bulk Density (g/cm3) 1.16 1.99 1.55 1.40 1.67 1.55 N/A N/A N/A N/A N/A N/A 

Soil Temperature (°C)2 7.60 29.70 17.55 9.80 23.50 17.85 9.50 23.00 16.54 9.30 23.20 16.86 

Air Temperature (°C)2 7.30 24.00 15.92 12.60 23.60 18.10 13.80 20.40 16.56 7.10 19.80 12.46 

Sample Size 75 9 9 9 

1 All sites from the province were pooled. 
2 Sample size for soil and air temperatures were 441, 27, 27, and 27 for Ontario, Quebec, British Columbia, and the 

Atlantic region, respectively.  

 

Spiral, stunt, and root-knot nematodes had few correlations with soil physical properties. 

Spiral nematodes populations were positively correlated with percent clay/silt and percent coarse 

sand (adjusted R2 = 0.06; p value = 0.0002) (Table 5-3). Stunt nematode populations were 

influenced by percent organic matter, percent medium sand, bulk density, soil temperature, and 

air temperature (adjusted R2 = 0.08; p value = 0.0002). Percent organic matter, percent medium 

sand, bulk density, and air temperature were positively correlated with stunt nematode 

populations. Soil temperature at the time of sampling was negatively correlated with stunt 

nematode populations. Root-knot nematodes were negatively correlated with percent very fine 

sand and positively correlated with bulk density (adjusted R2 = 0.05; p value = 0.0008). 
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Table 5-3: Slope coefficients of stepwise regression of soil physical properties and the predominant plant-parasitic 

nematode (PPN) genera, total PPN, and free-living nematodes (n = 243). Blank cells indicate the parameter was not 

significant. 

Soil Physical Property Ring Spiral Stunt Cyst Root-Knot  Total PPN Free-living  

Organic Matter (%)  115.73  125.02   259.10  

Clay/Silt (%)   36.21    62.20  

Very Fine Sand (%) -11.82   1.33 -1.93 -36.86  

Fine Sand (%)    1.25    

Medium Sand (%)   8.26    2.37 

Coarse Sand (%)  8.58  2.79  15.34  

Very Coarse Sand (%) -22.41     -69.12  

Gravel (%) 86.26     227.11 27.10 

Bulk Density (g/cm3)   660.45  52.47  315.51 

Soil Temperature (°C) 8.97  -26.90   -28.92 28.24 

Air Temperature (°C) -13.64  40.62   43.27  

Adjusted R2 0.20 0.06 0.08 0.15 0.05 0.14 0.21 

Model p Value <0.0001 0.0002 0.0002 <0.0001 0.0008 <0.0001 <0.0001 

 

5.4.2 Soil Chemical Properties 

Soil chemical parameters are important in nematode reproduction and feeding as they 

directly influence plant health (Walker et al. 2002). The total amount of plant nutrients present in 

the soil does not indicate how much of the element is available to the plant while base saturation 

does (Donahue et al. 1977). The soil chemical properties, were reported as the concentration of 

the chemical in units of parts per million (ppm) (Table 5-5) and nutrient saturation of the soil 

colloids by the soil chemicals in terms of percent base saturation (Table 5-6). Heavy metals were 

reported in units of micrograms of metal per gram of soil. The total soil chemical properties that 

were negatively correlated with the total PPN populations were magnesium, aluminium, and pH; 

potassium was positively correlated with the total PPN population (adjusted R2 = 0.18; p value 

<0.0001). 

Spiral, stunt, and free-living nematodes had the strongest correlations with total soil 

chemical concentration parameters (Table 5-5). Spiral nematodes were negatively correlated 

with phosphorus (bicarbonate test), magnesium, and pH and positively correlated with potassium 

(adjusted R2 = 0.18; p value <0.0001). Stunt nematodes were positively correlated with 

phosphorus (bicarbonate test) and sodium and negatively correlated with potassium and 
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aluminium (adjusted R2 = 0.14; p value <0.0001). Free-living nematodes were positively 

correlated with potassium and negatively correlated with phosphorus (Bray), sodium, and pH 

(adjusted R2 = 0.11; p value <0.0001). 

Table 5-4: Soil chemical properties expressed as parts per million (ppm) and percent base saturation by regions of 

Canada. 

Province Ontario Quebec British Columbia  Atlantic  

Statistic Min  Max Ave Min  Max Ave Min  Max Ave Min  Max Ave 

Phosphorus 

Bicarb (ppm) 
2.00 59.00 25.23 28.00 49.00 36.89 16.00 29.00 22.89 28.00 53.00 41.78 

Phosphorus 

Bray (ppm) 
1.00 134.00 53.38 50.00 120.00 73.89 25.00 49.00 38.11 51.00 134.00 92.11 

Potassium 

(ppm) 
21.00 123.00 58.38 27.00 69.00 42.22 37.00 91.00 61.11 27.00 88.00 52.67 

Magnesium 

(ppm) 
60.00 300.00 148.69 70.00 160.00 88.89 65.00 110.00 83.33 50.00 95.00 74.89 

Calcium (ppm) 600.00 7200.00 3520.75 360.00 1010.00 624.44 360.00 480.00 417.78 270.00 760.00 448.89 

Sodium (ppm) 11.00 41.00 19.98 19.00 35.00 23.56 9.00 23.00 13.67 8.00 20.00 13.33 

Aluminum 

(ppm) 
5.00 832.00 157.89 190.00 395.00 286.33 191.00 335.00 269.56 247.00 549.00 380.89 

% Phosphorus 

Saturation 
1.00 63.00 15.64 6.00 39.00 23.11 5.00 29.00 16.56 24.00 37.00 30.56 

% Potassium 

Saturation 
0.20 3.40 1.20 1.60 3.40 2.29 2.40 5.30 3.73 1.10 4.30 2.88 

% Magnesium 

Saturation 
2.50 22.50 9.25 11.30 21.00 15.50 14.20 21.20 16.56 4.00 19.00 13.61 

% Calcium 

Saturation 
50.40 96.40 79.31 45.80 85.50 63.88 46.00 52.60 49.80 13.50 64.00 48.24 

% Sodium 

Saturation 
0.10 2.50 0.70 1.50 2.90 2.16 1.00 2.20 1.39 0.70 2.80 1.29 

% Aluminum 

Saturation 
0.00 0.80 0.07 0.10 0.30 0.16 0.20 0.60 0.30 0.30 1.90 0.54 

% Hydrogen 

Saturation 
3.10 23.20 11.52 8.90 30.30 20.84 26.10 31.30 28.51 20.00 80.80 36.08 

pH 5.60 7.70 6.93 6.50 7.40 6.94 6.10 6.60 6.44 5.40 6.70 6.31 

CEC 1 

(meq/100 g 

soil) 

5.10 43.30 20.57 3.50 6.30 4.81 3.80 4.60 4.19 3.20 10.40 5.04 

Sample Size 75 9 9 9 

1Cation Exchange Capacity (CEC) 

 

The population numbers of ring, cyst, and root-knot nematodes had weak correlations 

with the total soil chemical concentration in the soil as seen in Table 5-5. Ring nematodes were 

negatively correlated with phosphorus (Bray) and positively correlated with phosphorus 

(bicarbonate), magnesium, and aluminum (adjusted R2 = 0.06; p value = 0.0002). Cyst 

nematodes were negatively correlated with magnesium, and pH (adjusted R2 = 0.06; p value 
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<0.0001). Root-knot nematodes were positively correlated with magnesium and negatively 

correlated with phosphorus (Bray), calcium, and pH (adjusted R2 = 0.09; p value <0.0001).  

The total PPN population levels were positively correlated with phosphorus base 

saturation and potassium base saturation and negatively correlated with magnesium base 

saturation, calcium base saturation, aluminum base saturation, hydrogen base saturation, and pH 

(adjusted R2 = 0.38; p value <0.0001,Table 5-6). Spiral nematodes had the strongest correlation 

with the soil chemical parameters when expressed as percent base saturation. Spiral nematodes 

were positively correlated with phosphorus base saturation and potassium base saturation and 

negatively correlated with magnesium base saturation, calcium base saturation, aluminum base 

saturation, hydrogen base saturation, and pH (adjusted R2 = 0.45; p value <0.0001). Free-living 

nematodes had the second highest correlation with the soil chemical base saturation parameters, 

but this was much lower than the total PPN. Free-living nematodes were positively correlated 

with potassium base saturation, and CEC and were negatively correlated with phosphorus base 

saturation, calcium base saturation, and aluminum base saturation (adjusted R2 = 0.11; p value 

<0.0001). 

Ring, stunt, root-knot, and cyst nematodes had few correlations with the soil chemical 

parameters when expressed as percent base saturation (Table 5-6). Ring nematodes were 

positively correlated with potassium base saturation and negatively correlated with sodium base 

saturation and hydrogen base saturation (adjusted R2 = 0.04; p value = 0.0043). Stunt nematodes 

were positively correlated with calcium base saturation and sodium base saturation and 

negatively correlated with aluminum base saturation and pH (adjusted R2 = 0.06; p value = 

0.0007). Root-knot nematodes were negatively correlated with phosphorus base saturation and 

calcium base saturation (adjusted R2 = 0.05; p value = 0.0007). Finally, cyst nematodes were 

positively correlated with hydrogen base saturation and negatively correlated with magnesium 

base saturation and CEC (adjusted R2 = 0.08; p value <0.0001). There were no correlations 

between any of the heavy metals and total PPN populations (Appendix A). 
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Table 5-5: Slope coefficients of stepwise regression of soil chemical properties in units of parts per million (ppm) 

and the predominant plant-parasitic nematode (PPN) genera, total PPN, and free-living nematodes (n = 297). Blank 

cells indicate the parameter was not significant. 

Soil Chemical Property Ring Spiral Stunt Cyst Root-Knot  Total PPN Free-living  

Phosphorus Bicarb1 (ppm) 14.71 -5.37 13.59     

Phosphorus Bray1 (ppm) -5.18    -0.56  -1.95 

Potassium (ppm)  14.20 -2.17   14.52 1.63 

Magnesium (ppm) 1.02 -7.88  -0.12 0.15 -9.36  

Calcium (ppm)     -0.01   

Sodium (ppm)   18.23    -10.67 

Aluminum (ppm)  0.32  -0.47   -1.24  

pH  -688.49  -18.66 -32.19 -817.59 -178.07 

CEC 2 

(meq/100 g soil) 
       

Adjusted R2 0.06 0.18 0.14 0.06 0.09 0.18 0.11 

Model p Value 0.0002 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

1 Two different tests were used to determine the phosphorus content depending on the pH of the soil. Phosphorus 

bicarbonate (Bicarb) test measures readily available phosphorus for plants in soils with a pH over 7 and phosphorus 

weak Bray (Bray) test measures the amount of phosphorus available to plants. 
2 Cation exchange capacity (CEC) 
 

Table 5-6: Slope coefficients of stepwise regression of soil chemical properties in units of percent base saturation 

and the predominant plant-parasitic nematode (PPN) genera, total PPN, and free-living nematodes (n = 237). Blank 

cells indicate the parameter was not significant. 

Soil Chemical 

Property 
Ring Spiral Stunt Cyst 

Root-

Knot  

Total 

PPN 

Free-

living  

% Phosphorus 

Saturation 
 13.27   -0.75 15.40 -3.37 

% Potassium 

Saturation 
79.05 369.11    453.28 109.27 

% Magnesium 

Saturation 
 -235.88  -2.35  -264.24  

% Calcium 

Saturation 
 -111.15 12.01  -1.34 -123.51 -5.35 

% Sodium 

Saturation 
-75.13  170.12    -99.13 

% Aluminum 

Saturation 
 -1801.85 -799.81   -2652.28  

% Hydrogen 

Saturation 
-4.12 -48.10  0.59  -69.37  

pH  -502.96 -617.36   -1092.74  

CEC 1 

(meq/100 g soil) 
   -1.25   5.18 

Adjusted R2 0.04 0.45 0.06 0.08 0.05 0.38 0.11 

Model p Value 0.0043 <0.0001 0.0007 <0.0001 0.0007 <0.0001 <0.0001 

1Cation Exchange Capacity (CEC) 
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5.4.3 Golf Green Management 

Golf course management practices, as reported by the superintendents, had a stronger 

correlation with the nematode populations than the soil chemical and physical properties. The 

management practices summary table (Table 5-7) includes only values that had a numerical 

response. The management techniques that were positively correlated with the total PPN 

population were percent annual bluegrass (Poa annua) and presence of drainage (adjusted R2 = 

0.34; p value <0.0001). 

Table 5-7: Management practices summary statistics for golf courses in Canada (n=153). 

Management Practice1 Minimum  Maximum Average 

Rounds of Golf (per year) 15000 50000 28422 

Annual Bluegrass (%)  0 90 42.7 

Creeping Bentgrass (%) 10 100 57.3 

HOC2 (mm) 2.921 3.556 3.179 

Rolling Frequency (per week) 0 7 3 
1 Only the management practices with numerical responses were included in this table. 
2 Height of cut (HOC) 

 

Table 5-8: Slope coefficients of stepwise regression of management practices and the predominant plant-parasitic 

nematode (PPN) genera, total PPN, and free-living nematodes (n = 153). Blank cells indicate the parameter was not 

significant. 

Management 

Practice 
Ring Spiral Stunt Cyst 

Root-

Knot  

Total 

PPN 
Free-living  

Rounds of Golf 

(per year) 
6.97E-5   -7.45E-6    

Tarps (Y/N) 1 104.02       

Creeping 

Bentgrass (%) 
 -4.66      

Annual 

Bluegrass (%)  
  13.58 0.57 0.32 21.56  

Drainage (Y/N) 1 -49.79  444.03 9.32  299.33  

Height of Cut 

(mm) 
-145.84      -207.67 

Rolling 

Frequency 

(per week) 

46.83 86.18 -91.54 -3.03 4.77  18.49 

Adjusted R2 0.31 0.14 0.28 0.37 0.03 0.34 0.05 

Model p Value <0.0001 <0.0001 <0.0001 <0.0001 0.0312 <0.0001 0.0116 

1 Yes (Y)/No (N) 

Populations of ring, spiral, stunt, and cyst nematodes had the strongest correlation with 

the management practices (Table 5-8). Ring nematodes were positively correlated with the 
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rounds of golf per year, the use of tarps, and rolling frequency and were negatively correlated 

with the presence of drainage and the height of cut (adjusted R2 = 0.31; p value <0.0001). Spiral 

nematodes were negatively correlated with percent creeping bentgrass (Agrostis stolonifera L.) 

and positively correlated with rolling frequency (adjusted R2 = 0.14; p value <0.0001). Stunt 

nematodes were positively correlated with percent annual bluegrass and drainage and were 

negatively correlated with rolling frequency (adjusted R2 = 0.28; p value <0.0001). Cyst 

nematodes were positively correlated with annual bluegrass and drainage and were negatively 

correlated with rounds per year and rolling frequency (adjusted R2 = 0.37; p value <0.0001). 

 Root-knot and free-living nematodes had few correlations with management practices. 

Root-knot nematodes were positively correlated with percent annual bluegrass and rolling 

frequency (adjusted R2 = 0.03; p value = 0.0312). Free-living nematodes were positively 

correlated with rolling frequency and negatively correlated with height of cut (adjusted R2 = 

0.05; p value = 0.0116). 

5.5 Discussion 

The majority of PPN are inhabitants of the soil and are in direct contact with the complex 

chemical reactions within it. Many of the effects of soil chemical properties are indirect; they 

influence the food web which then go on to influence the nematode population both qualitatively 

and quantitatively (Gaugler and Bilgrami 2004). The soil physical properties influence the pore 

space and water holding capacity of the soil matrix as well as chemical properties of the soil. 

These factors can be manipulated through management techniques to create an environment that 

is unique to golf greens. Golf greens are an ideal habitat for PPN because of their sandy soil 

texture, perennial host, and frequent irrigation (Crow 2005b). 

Prevalence and virulence of many PPN vary predictably in soils of different textures 

because texture is related to soil porosity and water potential (Barker et al. 1998; Gaugler and 

Bilgrami 2004). Crop yield suppression by nematodes is greater in irrigated, sandy (coarse 

textured) soils but tends to be unaffected by irrigation in fine textured soils (Gaugler and 

Bilgrami 2004). The golf greens in this study were primarily composed of sand with values of 

82.75% to 99.9%. The textural composition of golf greens is intentionally managed to help with 
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drainage on the heavily trafficked surface. Griffin found that soils containing 84% sand provided 

the optimal conditions for nematode feeding and reproduction (Griffin 1996). 

In our study the sand fractions between 75 and 500 ɛm were often positively correlated 

with the various nematode genera, but the degree of association was quite low. The very fine 

sand and very coarse sand were negatively correlated. In a study performed by Wallace (1966) 

the optimal soil pore size for root-knot nematode was determined to be 75 to 120 ɛm which is 

equivalent to coarsely textured soils such as sandy loams. The very coarse fractions of soil likely 

decreased the water holding capacity of the soil and the very fine fractions may have reduced the 

pore size, which would have created unfavourable conditions for nematode movement. 

Walker et al. (2002) found a negative correlation between nematode populations and soil 

particles greater than 1 mm and while this was the case in our study for the very coarse sand 

particles, it was not the case for the particles greater than 4 mm. This was a small fraction of the 

soil particles present in the greens and therefore has a limited effect on the nematode populations 

(Walker et al. 2002). The highly managed nature of the environment within a green has very 

little variation and although correlations were observed between some of the soil textural 

fractions, changing these qualities of the green to reduce nematode predation is impractical and 

therefore unlikely. 

Although temperature is one of the main factors that influence nematode populations, there 

was not a clear correlation with either soil or air temperature in the survey. Stunt nematodes were 

positively correlated with air temperature but negatively correlated with soil temperature. The 

opposite was true of ring nematodes. This may be due to the fact that samples were collected 

when soil temperatures were close to or over 10 °C and no site had soil temperatures over 30 °C, 

making inferences about the effect of very low or very high temperatures impossible with the 

given data set. Air temperatures were recorded but should only be used for general climatic 

trends as soil temperatures can vary significantly from air temperatures (Norton 1978). The 

conflicting result of the influence of soil and air temperature on the various nematode genera 

may be due to the different generaôs abilities to tolerate less than ideal temperatures. However, it 

may also have been due to the timing of sample collection as soil temperatures were recorded at 

each visit and those visits occurred at different times of the day between the various sites. 
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Snow cover can drastically change the temperature of the soil below the turfgrass stand; 

soils that are exposed over the winter lack the insulation from extreme weather and are colder 

than those protected by snow (Norton 1978). Fluctuations in temperature are most extreme at the 

soilôs surface and lessen as depth increases; therefore, PPN are subjected to the high variation in 

soil temperature as they inhabit the top 10 cm of soil (Dropkin 1980; Norton 1978). The amount 

of snow cover present in the preceding winter could have a significant impact on nematode 

populations. Snow cover may have a greater influence on populations of the nematode genera 

than the temperature of the soil and air. Unfortunately, snow cover was not measured in this 

study.  

Organic matter is important in water retention, cation exchange capacity, soil aggregation, 

erosion control, plant nutrition, and as a substrate for soil microorganisms (Schmidt et al. 2011). 

There is also evidence to suggest that organic matter is important in nematode ecology (Norton 

1978). The organic matter present in golf greens is managed through thatch removal. Thatch is 

an organic layer above the soil and below the green tissue of the living canopy and is composed 

of living and dead grass and organic debris (Hurto and Turgeon 1978). When the grass produces 

new tissues faster than the microbial community can break them down, the thatch layer increases 

in size. Excessive nitrogen application can also increase the accumulation of thatch (Christians 

1998). Excessive nitrogen application has also been linked to an increase in the succulence of 

roots which is favourable for nematodes (Crow 2001). Organic matter was positively correlated 

with ring, stunt, and total PPN populations. Perhaps an excess application of nitrogen caused an 

increase in organic matter which in turn benefited the nematode populations present in the soil. It 

would also be interesting to measure the amount of thatch present on the golf greens and its 

correlation with nematode populations; perhaps it would show a correlation similar to the one 

seen between organic matter and nematode populations. Managing thatch and organic matter 

content of soils while applying the ideal amount of nitrogen may help to reduce nematode 

populations. 

Walker et al. (2002) stated that bulk density had a negative effect on nematode 

populations. The current study found the opposite. Bulk density was positively correlated with 

stunt, root-knot, and free-living nematodes. Bulk density is directly linked to the level of 

compaction of the soil profile. Turf managers perform cultivation practices such as coring, 
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drilling, slicing, spiking, and vertical mowing on the greens to reduce excess thatch and soil 

compaction (Turgeon 2008). The bulk density of the soil is managed within a narrow range thus 

making it challenging to determine the full range of the impact bulk density will have on 

nematode populations. 

Todd and Tisserat (1990) stated that it is unlikely that the soil physical properties were 

responsible for the aggregation of nematodes since the putting greens are artificially uniform in 

soil texture. This appears to be the case of our study as the correlation coefficients were low. 

This result conflicts with the results found by Walker et al. (2002) but is probably due to the 

wide variety of biotic, physical, and chemical factors that may be occurring in the different areas 

studied (Wallace 1963). 

The host plant plays an integral role in structuring nematode communities both directly, 

through its provision of a food source, and indirectly, by changing the soil properties (Kandji et 

al. 2001). The host plant can influence soil chemical properties through exudates, production of 

organic matter, or uptake of nutrients from the soil. The most important exchangeable cations in 

soils for plants are calcium, magnesium, potassium, sodium, aluminium, and hydrogen (Thomas 

1982). These ions are important in plant nutrition and contribute to the pH of the soil (Norton 

1978). Fertilizers are often applied in an attempt to overcome the damage caused by nematode 

feeding on root tissues (Norton 1978). The soil chemical parameters and their influence on 

nematode populations have been extensively studied but the biological significance of such 

correlations is difficult to define. 

In the present study phosphorus, potassium, magnesium, calcium, sodium, aluminium, 

pH, and CEC were measured and compared to nematode populations. The models explained 

anywhere from 4 to 45% of the variation in the nematode populations. The influence of soil 

chemical parameters were sometimes positively correlated with one genus and then negatively 

correlated with another showing that soil chemistry affects nematode genera differently. This 

finding was supported by studies on turf as well as other crops (Kandji et al. 2001; Walker et al. 

2002). 

Walker et al. (2002) found a positive correlation between NO3-N content of soils and 

nematode populations (Walker et al. 2002). They concluded that the application of nitrogen 



96 

 

fertilizers was probably increased to compensate for the low-vigor greens which were subjected 

to high nematode predation (Walker et al. 2002). Although in the current study nitrogen content 

of soils was not determined, phosphorus and potassium were often correlated with nematode 

populations and may have been applied in conjunction with nitrogen fertilizers to increase the 

productivity of greens which were performing poorly. It is difficult to determine if the fertilizers 

were applied because of the high nematode populations or if the nematode populations were high 

because of the application of fertilizers (Walker et al. 2002), or if the fertilizer components were 

high because the weakened plants could not effectively take up the nutrients.  

A study on fallow conditions and PPN in Kenya found an increase in spiral and root-knot 

nematodes with increasing concentrations of potassium and magnesium (Kandji et al. 2001). In 

the current study, spiral nematodes were positively correlated with potassium but negatively 

correlated with magnesium. Root-knot nematodes were positively correlated with magnesium 

and were not found to have a significant correlation with potassium. The study in Kenya also 

found that root-knot nematodes were positively correlated with calcium while in the present 

study they were negatively correlated. There is little information on the influence of calcium on 

nematode populations, nor is there any on the influence of aluminum (Norton 1978). The soil 

chemistry may be influencing the nematode populations but more likely, the plants living in the 

soil are the member of this food web being influenced. The influence of the soilôs chemistry may 

cause changes in the host plant which then affect the nematodes. Chastanger and McElroy (1984) 

stated that there was no obvious correlation between PPN and the variety of turfgrass, soil type, 

or soil moisture because management factors tend to standardize these factors on golf course 

greens. Although the correlation coefficients in the present study were weak, they may explain 

some of the variability in the nematode population. Plant-parasitic nematodes are a challenging 

pest to study and they, like every organism, are influenced by their environment.  

The pH of a soil is a measure of the amount of H+ ions present within it and it affects the 

availability of minerals within it (Brady and Weil 2008). Acidic pH (>4) is known to cause pain 

sensations in nematodes through a system similar to the mammalian signal transduction. This 

leads to nematodes avoiding particularly acidic environments (Sambongi et al. 2000). The 

optimal soil pH for nematode movement is 6.4 to 7.0 (Wallace 1966). The range of soil pH 

values in this study was 5.4 to 7.4. The Nova Scotia sites had the lowest pH and the Ottawa sites 
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had the highest pH. Burns (1971) suggested that the reason nematodes were found in lower 

numbers in the acidic soils (pH 4) may be due to thickening of epidermal walls of the plant for 

protection from the acidity of the soil. This thickening of the walls makes feeding for the 

nematodes more difficult (Burns 1971). In our study we found that nematodes were negatively 

correlated with pH and this indicates that they may be more prevalent in slightly acidic soils 

(Appendix A). The PPN counts from the Atlantic region were among the highest and they, 

coincidentally, had the lowest pH soils. The range of soil pH in this study was too narrow to 

draw any definitive conclusions about the influence of soil pH on nematode populations and it is 

likely that other factors, including year-round air and soil temperatures may have had a greater 

influence in regional variability. 

CEC is the total number of cations that can be adsorbed on a soil particle and are 

exchangeable with cations in the soil solution and is strongly linked to the nutrient availability of 

the soil (Donahue et al. 1977). The clay and organic matter content of the soils are the most 

chemically active and play an important role in the CEC of a soil. Sands and silt are relatively 

inert and do not contribute to the CEC (Donahue et al. 1977). In our study we did not see 

frequent correlation between nematode populations and CEC, likely due to the low organic 

matter and clay content of the soils. Only when the soil chemical parameters were expressed as 

the amount of the nutrient which was bound to the soil colloid, percent base saturation, was a 

correlation found with CEC and the nematode populations. This may be because percent base 

saturation is related to the amount of the nutrient which is available to the plant, which may have 

a more direct correlation with plant health and their ability to support nematodes than the total 

amount of a nutrient present in the soil. Cyst nematode populations were negatively correlated 

with CEC while free-living nematodes were positively correlated but the adjusted R2 of those 

models were only 0.08 and 0.11, respectively, so the influence of these factors was small. 

Additions of clay and organic matter can increase the CEC of a soil but this may alter the 

physical properties of the soil such as infiltration and percolation rate (McCarty 2001). Practices 

such as core aerification can decrease CEC but are often used to combat more pressing issues 

such as thatch accumulation and compaction in the soil profile (McCarty 2001). Increasing the 

CEC of the soil would improve plant nutrition and the ability of the plant to cope with the 

predation by nematodes but at the cost of reducing the water permeation through the soil. 
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Nematodes can be used as biological models for determining the toxicity of substances and 

as sentinels that can be monitored for effects from contaminants (Bardgett et al. 1994; Ekschmitt 

and Korthals 2006; Williams and Dusenbery 1988). Heavy metals can be found in a variety of 

soils, especially on older golf courses where heavy metal fungicides were used for a long period 

of time and these heavy metals are potentially toxic to nematodes. In our study, soil from ten 

sites was tested for ten different heavy metals. Sites were chosen based on the age of the green 

and soils from these sites were analyzed for correlations between the metal concentration and the 

total nematode populations. All metals were negatively correlated with the total PPN population 

and the associated R2 values ranged from -0.0210 to 0.1661. There were no significant 

correlations, however the general trend was for the heavy metals to have a negative effect on 

nematode populations. It is likely that if more samples were collected and analyzed, a stronger 

correlation between soil metal concentrations and nematode populations may have been 

apparent, especially since at one of the sites mercury levels were as high as 50 mg/g of soil 

(Appendix A). 

Golf greens are the most heavily managed area of the golf course as the majority of the 

game is played on them (Beard 2002). Greens are often intentionally constructed to help reduce 

soil compaction, improve drainage, and promote a smooth playing surface. Questionnaires 

regarding management practices were distributed to all of the participating superintendents and 

approximately 50% answered. Only some of the questions posed in the questionnaire were 

useable as the responses were either difficult to interpret or not answered at all. There were six 

questions selected for the analysis and the responses were compared to the five predominant 

nematode genera as well as total PPN and free-living nematodes. These questions were selected 

as the responses to them were clear and not open to interpretation by the examiner. In addition, 

they were deemed to be relevant to nematode population dynamics. Many of the questions were 

difficult to turn into yes/no or numerical responses that could be analyzed with our statistical 

software package and in the future multiple choice questions might be preferable to open-ended 

ones.  

The number of rounds of golf played on a property per year may influence the amount of 

management required to maintain healthy greens which may in turn impact compaction. Rounds 

per year were positively correlated with ring nematode and negatively correlated with cyst 
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nematode. Rolling is a practice performed on greens to improve the smoothness of the surface 

(Turgeon 2008). Rolling increases the level of compaction of the soil profile but the benefits it 

provides to the playing surface are counteracted by cultivation practices, especially core aeration 

(removing a core of soil and replacing it with sand) (Beard 1973). Rolling frequency was 

negatively correlated with stunt and cyst nematodes while it was positively correlated with ring, 

spiral, root-knot and free-living nematode populations. Thus, some species appear to tolerate 

compaction better than others. Increasing or reducing the amount of rolling to control a particular 

genus of nematode is impractical as rolling is an integral practice for improving the greenôs 

consistency. 

Tarps are used to protect greens during the winter from ice formation and crown 

dehydration (Beard 2002). They help to insulate the grass and soil and reduce turf death when 

thaw-refreeze events occur (Beard 2002). Ring nematodes were the only genus positively 

correlated with the use of tarps on greens. Ring nematodes are slow-moving ectoparasitic 

nematodes (Shurtleff and Averre 2000) and their eggs are laid in the soil. Thus they may be more 

susceptible to low temperatures over the winter.  

Walker et al., (2002) noted that there was a correlation between greens planted with 

Penncross creeping bentgrass and high nematode counts. They concluded that the greens planted 

with Penncross were older than those planted with other cultivars and that the age of the green 

was the factor which caused the increase in nematode populations rather than preferential 

feeding (Walker et al. 2002). In our study, low populations of spiral nematode were associated 

with creeping bentgrass while high populations of stunt, root-knot, cyst, and total PPN were 

associated with annual bluegrass. Annual bluegrass tends to be present as a weed in older greens 

which explains why it was positively correlated with most of the nematode genera in this study. 

The negative correlation between creeping bentgrass and spiral nematode may be also due to the 

fact that newly established greens, which are close to 100% creeping bentgrass, tend to have 

lower nematode populations. Age of the green has been linked to an increase in nematode 

populations in other studies (Jordan and Mitkowski 2006). 

Although nematodes can tolerate low oxygen levels for a few days, the oxygen content of 

the soil is a limiting factor in waterlogged soils (Perry and Wright 1998; Wallace 1963). The 

numbers of ring nematodes were negatively correlated with drainage while stunt, cyst and total 
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PPN were positively correlated. Stunt and cyst nematodes may be more sensitive to oxygen 

limitations than ring nematodes because ring nematodes have a thick, highly annulated cuticle 

which may prevent oxygen diffusion out of their bodies in low oxygen environments (Shurtleff 

and Averre 2000). In environments where oxygen is readily available, sedentary nematodes such 

as the ring nematode may have trouble competing for root tissue surface area with nematodes 

which move faster, such as stunt nematode (Shurtleff and Averre 2000). Adequate aeration and 

drainage is important for turf health but it is also beneficial for PPN (Wallace 1963). 

The height at which greens are cut has been decreasing over the years from pressure 

placed on managers to increase green speed (Beard 2002). Mowing is stressful for plants as 

cutting the shoots causes wounding and the removal of photosynthetic tissues which provide 

resources to the plant (Christians 1998). Mowing encourages the plant to put more resources into 

shoot growth than root growth and to increase density below the mowing height (Christians 

1998). In our study the height of cut was negatively correlated with ring and free-living 

nematodes. The same result was found in a previous study (Giblin-Davis et al. 1991). The 

correlation seen in our study does not make sense as a lowering the height of cut would reduce 

the amount of root tissues available for the nematodes to feed on. 

Availability of food resources, free water, and suitable temperature are the principle factors 

which influence nematode populations (Gaugler and Bilgrami 2004). Management practices of 

golf greens had the strongest correlations to PPN populations while the soil chemical and 

physical properties had weaker correlations with nematode populations. The most commonly 

included variables in the physical parameter models were: very fine sand, organic matter, coarse 

sand, and gravel. In the chemical parameter models the most commonly included variables were: 

magnesium, calcium, pH, and potassium. In the management practices models the frequency of 

rolling was the most commonly included variable. It is difficult to determine how important 

these factors are for nematode populations; all that can be determined from the survey is that 

these factors were often correlated with the nematodes present in the soil from golf courses. The 

results of this study sometimes conflicted with previously performed studies. This may be due to 

the influence of climate but it is also possible that we have different species of the predominant 

nematode genera in Canada than those found in other parts of North America. Altering factors or 

management practices such as rolling frequency, pH, bulk density, soil texture, and CEC is not a 
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practical way to manage nematode populations as these variables are managed to attain other 

goals such as plant health and water movement away from the green. Changing the soilôs 

properties in the hope of reducing nematode populations is not possible for golf course greens 

because of the nature of the environment needed for the green to perform as the golfers and 

superintendents require. Monitoring snow cover and temperature fluctuations through the winter 

months can help to indicate what the PPN populations may be in the following growing season 

as PPN are susceptible to thaw-refreeze events. The information gathered by this study can help 

to understand more about what influences nematode populations in golf course greens and assist 

golf course superintendents to make informed decisions about the needs of their greens.  
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Chapter 6 Low-Risk Nematicide Trial 

6.1 Abstract 

Plant-parasitic nematodes are detrimental to the productivity of many cultivated plants as 

they damage root and shoot tissues to derive nutrients. Nematicides are used to reduce nematode 

populations in many crops. The purpose of this experiment was to test five post-plant 

nematicides for use on turfgrass. These products were applied to research greens with moderate 

nematode populations in a randomized complete block design. Nematode populations were 

determined prior to application and after one, two, and four weeks following treatment. None of 

the products tested significantly reduced nematode populations over the four-week test period. In 

the future more samples should be collected from each plot, more replicates should be used, and 

the products should be applied multiple times. 

6.2 Introduction  

Nematodes can cause serious losses in many agricultural crops as well as turfgrass (Agrios 

1997; Beard 2002). Management of PPN in many agricultural crops is often accomplished with 

cultural practices such as cleaning equipment, crop rotation, fallow, heat sterilization, flooding, 

and trap/cover crops (Abawi and Widmer 2000; Barker and Koenning 1998; Kratochvil et al. 

2004; Sikora et al. 2005). Some of these options are not practical for turfgrass managers as their 

ñcropò is perennial and can only be removed at great cost to the facility. There are cultural 

techniques frequently employed in managing turfgrass that include managing shade, nutrients, 

water application, and adjusting the mowing height of the grass (Crow 2001). These practices 

can mitigate the damage caused by the PPN infestation but they do not reduce the populations 

present in the soil. Reducing nematode populations can often only be accomplished through 

applications of nematicides, replacement of the turfgrass surface following soil fumigation, or a 

reconstruction of the infested area with clean soil (McCarty 2001). 

Chemical management options for PPN are costly and can be dangerous to the applicator 

and the non-target organisms in the soil (McCarty 2001). Broad spectrum fumigants, such as 

methyl bromide, have been largely discontinued as they pose risks to not only the non-target 

inhabitants of the soil but also to the environment as a whole, including the ozone in the 

atmosphere (Yagi et al. 1995). The two primary pesticides used post-methyl bromide in the turf 
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industry to manage nematodes, fenamiphos and 1,3-dichloropropene, have been phased out due 

to their toxicity to the environment and non-target organisms (Crow 2005b). There are several 

other products on the market for use in other cropping systems but the adoption of these products 

in the turf industry has been slow, especially in Canada. Although research on products 

containing organophosphates and carbamates continues, the industry is looking toward options 

that are less toxic and provide adequate management of PPN. 

The nematicides and bionematicides selected for this study were: VydateÊ (oxamyl), 

AvidÊ (abamectin), MustgroÊ (Brassica juncea seed meal), DazitolÊ (allyl isothiocyanate and 

capsaicinoids), and Natureôs CureÊ (chitosan). These products represent a variety of compounds 

that have been shown to reduce nematode feeding and/or kill nematodes and are non-phytotoxic 

making them safe to apply post-plant. VydateÊ was chosen as a positive control as it has been 

shown to effectively reduce nematode populations while the others were evaluated as safer 

alternatives to carbamate or organophosphorus pesticides. 

Oxamyl is a carbamate pesticide used for a variety of crops and purposes in agriculture. 

Oxamyl has been primarily marketed as an insecticide but has some nematicidal activity (Coats 

1982; Krieger 2010). It has the rare ability to be translocated to the lower parts of the plant when 

applied to the foliage (Coats 1982). Oxamyl, along with other carbamate pesticides, acts on 

acetylcholinesterase which mediates the hydrolysis of acetylcholine throughout the central and 

peripheral nervous system (Krieger 2010). The result is an accumulation of acetylcholine in the 

cholinergic synapse which causes an increase in the rhythmic frequency of muscle cell 

depolarization (Krieger 2010; Opperman and Chang 1990). In short, organisms that come into 

contact with this class of pesticides are paralyzed. This effect is reversible if lethal 

concentrations are not absorbed (Steele 1977; Zasada et al. 2010). Oxamyl has been tested for 

use against PPN in established turf stands and as a seed treatment with some success (Giblin-

Davis et al. 1988; Miller 1978; Walker and Melin 1981). It is an ideal candidate for replacement 

of methyl bromide and fenamiphos as it is effective and it does not bioaccumulate but it must be 

used with caution as it is toxic to mammals (Krieger 2010). 

Avermectins are derived from the fermentation broth of Streptomyces avermitilis (Krieger 

2010). Avermectins act as chloride channel blockers causing convulsions that progress to coma-

like sedation as a result of an irreversible increase in chloride ion conductance (Krieger 2010). 
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The glutamate-gated chloride channels of insect and nematode skeletal muscles mediate the 

avermectin-induced muscle paralysis which is seen as a result of exposure (Krieger 2010). The 

most biologically active of the avermectin group are the b series and have been marketed as 

insecticides, miticides, and also nematicides (Putter et al. 1981). These compounds have been 

successful at reducing populations of stunt and lance nematodes in turfgrass (Blackburn et al. 

1996). 

Plants from the genus Brassica contain compounds that have nematicidal properties. 

Glucosinolates are produced by the plant and transformed into the nematicidal compound 

isothiocyanate, by the group of enzymes known as myrosinases, in the presence of water (Brown 

and Morra 1997). Myrosinases and glucosinolates are separated in the plant while it is intact. 

When the cell walls are broken the two compounds are mixed and produce isothiocyanate 

(Brown and Morra 1997). Isothiocyanates are also the degradation product of metam sodium, a 

widely used nematicide (Chitwood 2002; Evans et al. 1987). This compound is often volatile and 

does not move well within the soil, and it must be placed in close proximity to the nematodes in 

order to be effective (Mitarai et al. 1997). Isothiocyanates are general biocides which interact 

non-specifically and irreversibly with proteins and amino acids (Kawakishi and Kaneko 1987). 

Formulated mustard products and isothiocyanate extracted from plant material have been shown 

to have strong activity against nematodes as well as turf weeds (Earlywine et al. 2010; Rahman 

and Somers 2005). 

Chitin is a compound derived from crustacean shells and fungal mycelia (Kumar 2000). 

Chitosan is the N-deacetylated derivative of chitin and is produced through treatment of shrimp 

and crab shells with acids (Kumar 2000). Chitosan provides a slow-release source of nitrogen 

and stimulates the plant to accumulate phytoalexins, increase production of reactive oxygen 

species, and changes the composition of free sterols, among other actions (Kumar 2000; 

Vasyukova et al. 2001). This compound has more of a protective effect on the plant rather than 

the direct nematicidal activity seen with the other compounds mentioned. 

The objective of this research was to determine the efficacy of the selected nematicides in 

reducing the populations of PPN in test greens. The products tested were chosen as lower-risk 

options to some of the commonly used agricultural nematicides. 



105 

 

6.3 Materials and Methods 

 The five research greens at the Guelph Turfgrass Institute, in Guelph, Ontario were 

sampled and their base nematode populations were determined. The USGA East and West greens 

were chosen for this experiment as the nematode population was more diverse than the other 

greens and the root zones were of similar construction, (Table 6-1). The study greens were 

divided into 1 m2 plots with a 0.5 m buffer from the adjacent plots. The treatments were set up in 

a randomized complete block design with four blocks on each of the two greens.  

Table 6-1: Preliminary nematode populations per 100 cc soil from the test greens at the Guelph Turfgrass Institute 

(n=5). 

Green Ring Spiral Stunt 
Root Knot1 Cyst1 

Free-living  
F J M F J M 

USGA West 8 0 32 16 64 56 64 120 0 444 

USGA East 96 0 328 0 24 0 116 520 0 320 

California 0 0 40 0 56 88 32 48 0 1000 

Native Soil 24 4 648 0 8 0 44 164 0 1080 

Pathology 0 0 180 0 96 32 60 144 0 616 

1 Females (F), juveniles (J), and males (M) for root-knot and cyst nematodes were counted separately. 

 

 Pre-treatment samples were taken before the products were applied to establish the 

baseline nematode population levels in each 1 m2 plot. The treatments applied to the plots were: 

no treatment (negative control), oxamyl (VydateÊ, positive control), chitosan (Natureôs 

CureÊ), isothiocyanate and related compounds from Brassica junica (MustgroÊ and 

DazitolÊ), and abamectin B1 (AvidÊ). Each product was applied at the Canadian label rate 

(Table 6-2). VydateÊ, Natureôs CureÊ, AvidÊ, and DazitolÊ were in liquid form and applied 

using a custom built bicycle sprayer (Teejet 8001VS flat fan nozzles - 5 mL/second/nozzle at 20 

psi). The granular product, MustgroÊ, was weighed and applied by hand to the surface of the 

green. The products were applied from 10 am to 12 pm on August 21st, 2014; the weather at time 

of application was 22°C and sunny. All treatments, including the control, were watered in with 

10 cm of water from overhead irrigation immediately after application.  
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Table 6-2: Nematicide active ingredients, active ingredient content, and applied rate. 

Nematicide Common 

Name 
Active Ingredient 

Concentration of Active 

Ingredient in Product 
Rate Applied (kg/m2) 

Vydate Oxamyl 240 g/L 0.00625 L/m2 

Nature's Cure 
Chitosan and yucca plant 

extract 
11% 0.00023 L/m2 

Mustgro 

Isothyocyanate and related 

compounds from Brassica 

juncea seed meal 

100% 0.20 kg/m2 

Dazitol 

Allyl isothyocyanate 3.70% 

0.0058 L/m2 
Capsaicin and related 

capsaicinoids 
0.42% 

Avid Abamectin B1 19 g/L 0.001 L/m2 

 

The plots were sampled one, two, and four weeks following treatment application, Five 

soil cores were taken from each plot during each of the four time points and the variation from 

the pre-treatment counts was analyzed for each time point. Soil samples were collected and 

stored for no more than two weeks, and nematodes were extracted and identified as described in 

Chapter 4. 

6.3.1 Statistical Analysis 

The influence of the nematicides on nematode populations was determined using SAS 9.3 

and the proc mixed program with the Dunnett-Hsu adjustment to compare all means to the week 

zero mean nematode counts and produce the difference between the means. The week and 

treatment variables were fixed while the block was a random variable. The lsmeans statement 

was used to determine the mean difference in the treatments from the pre-treatment counts for 

each treatment.  

6.4 Results 

Total PPN, ring, spiral, stunt, cyst, root-knot, and free-living nematode populations in each 

week post-treatment were compared to the week zero counts. The nematode populations in each 
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of the treatment plots did not differ significantly from the starting population nematode present. 

Only PPN and free-living nematodes are shown in the graphs (Figure 6-1 and Figure 6-2) 

because none of the nematicides tested significantly influenced the nematode populations. 

 

Figure 6-1: Average PPN counts per 100 cc soil after one, two, and four weeks from treatment. Zero represents the 

mean pre-treatment count of PPN for each treatment (n=197, all sample dates). 

 

 

Figure 6-2: Average Free-living nematode counts per 100 cc soil after one, two, and four weeks from treatment. 

Zero represents the mean pre-treatment count of free-living nematodes for each treatment (n=197, all sample dates). 
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6.5 Discussion 

The products tested were not effective at reducing the nematode population present in the 

test greens. Each of these compounds has been shown to reduce nematode populations in 

independent studies but due to a number of factors they were not effective in our study. This was 

probably because of an error in the way the products were applied since the positive control also 

did not reduce nematode populations. It is possible that the greens were watered too much after 

the nematicides were applied which washed the active ingredients away. 

 The number of replicates and size of the plots in this study were also not adequate to see a 

significant reduction in the nematode population present because of the high degree of variance 

between plots. The populations of nematodes found in the greens was highly variable, and this 

might have been dealt with by including more replicates of each treatment (McSorley and 

Parrado 1982). Adding more test greens, more replicates of the treatments, increasing the size of 

the plots used, or more soil cores per sample collection could have helped to determine if a 

reduction in PPN population from these products was possible. The populations at the start of the 

study were also low, nowhere near the action thresholds (Wick 2012), which may have made it 

difficult to see a difference as a result of the nematicides, especially because the high degree of 

variability in the populations from week to week.  

The products were applied at the beginning of the experiment with no repeat application. 

When products containing carbamate pesticides are applied they must be applied at rates which 

will kill PPN as they act on acetylcholinesterase, causing paralysis (Opperman and Chang 1990). 

The paralysis can wear off if the product is not applied at a lethal dosage, allowing the 

nematodes to return to feeding. VydateÊ contains oxamyl, a carbamate pesticide in the 

acetylcholinesterase inhibitor class. In our study, as in others (Khalil and Badawy 2012), this was 

intended to be the positive control as there has been extensive research to show the efficacy of 

this compound against PPN (Giblin-Davis et al. 1988; Miller 1978; Zasada et al. 2010). 

However, VydateÊ was not effective following a single application. This may have been 

partially due to the presence of a distinct thatch layer in the test greens as the thatch layer hinders 

penetration to the root zone (Miller 1978). In the future, comparisons should be made between 

single and multiple applications of these products. 
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Many products that are used to control nematodes are contact poisons and therefore must be 

incorporated into the soil (Brodie 1971). The nematicides used in this study may have been more 

effective if they were mixed into the soil. In Canada, the product MustgroÊ is only intended for 

use pre-plant when it can be mixed into the top layer of soil during cultivation practices due to its 

potential for phytotoxicity (MPT, Saskatoon). When MustgroÊ was applied, at the Canadian 

label rate for raspberries, it burned the turfôs foliar tissues and the effects remained for the 

duration of the experiment. Many nematicides are volatile and only move upward in the soil 

profile making them ineffective when applied to the surface (Dropkin 1980). The active 

components released from the mustard meal, isothiocyanates and related compounds, are volatile 

and move quickly into the atmosphere with little lateral movement in the soil profile (Gimsing 

and Kirkegaard 2009). Avermectins also have limited soil mobility which makes moving though 

the thatch layer difficult (Gruber et al. 1990). Although incorporation into the soil may have 

benefited the efficacy of the nematicides it is not practical for turfgrass applications. Using this 

product after cultivation practices, however, may increase its efficacy and reduce the 

phytotoxicity which was observed.  

The test population also posed a problem as the majority of the PPN were root-knot and cyst 

nematodes. These two PPN are endoparasitic, meaning they feed from within the plant. 

Application of nematicides is most effective against ectoparasitic nematodes as they are in 

contact with the soil for the majority of their life cycle. Most of these compounds are contact 

toxins (Castro and Thomason 1971). Endoparasitic nematodes can only be controlled with 

systemic nematicides as they are not in contact with the soil. Oxamyl is a systemic nematicide 

(Dropkin 1980) but it was not effective at reducing the cyst and root-knot nematode populations 

in our study. Nematode eggs consist of several layers containing chitin and lipids making them 

impermeable to most chemicals (Wharton 1980). The juvenile stages of the nematodeôs life 

cycle, where the PPN are migrating through the soil, would have been the only time when the 

population was vulnerable to the nematicides applied. 

Finally, the products were applied in late August when nematode populations in Ontario are 

typically near their peak. Field studies of this nature may benefit from applying products during 

the shoulder seasons when PPN populations are at their lowest. The flaws in this experiment may 
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have concealed the effects of the nematicides on the PPN population but they may help future 

studies to account for these factors. 
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Chapter 7 Conclusions 

Nematodes are a pressing problem for many cultivated plants (Dropkin 1980). They are 

found in association with not only cultivated plants but many other organisms as well. 

Nematodes are present everywhere and as the father of United States nematology stated: they are 

associated with every living organism. 

ñIn short, if all the matter in the universe except the nematodes were swept away, our 

world would still be dimly recognizable, and if, as disembodied spirits, we could then 

investigate it, we should find its mountains, hills, vales, rivers, lakes, and oceans 

represented by a film of nematodes.ò (Cobb 1915) 

 

The goals of this project were to determine the population dynamics of PPN in golf course 

greens throughout Canada, determine which soil factors influenced their populations, determine 

the best nematode extraction technique for golf course genera, and to test several nematicides for 

use on golf course green turfgrass. We designed a survey that would focus on Ontario, 

determining the influence of region, season, sampling year, and age of the green. In 2013 

samples were collected from sites in London, Windsor, Toronto, Guelph, Niagara, Ottawa, and 

Cornwall, Ontario. The sites were visited in May, July, and September. In 2014 the same sites 

from Ontario were sampled again, in the same way. We added sites to the survey from British 

Columbia, Alberta, Quebec, Nova Scotia, and New Brunswick. The sites in Ontario and Quebec 

were sampled by our team while for the remaining sites we had the golf course superintendents 

mail their samples to the University of Guelph. The sites outside of Ontario were only sampled 

during 2014 and were not selected based on green age so the only inferences that could be made 

from those data were based on region and season. 

The data from the survey yielded some interesting results. Plant-parasitic nematodes are an 

issue in certain areas of Canada but, as expected, they do not seem to be as much of a problem as 

they are in warmer climates. Regardless, in our study there were approximately 25% of sites 

across Canada had populations of spiral, stunt, ring, and cyst nematodes that were over the 

threshold levels commonly used in Canada (Wick 2012). These sites had nematodes that were 

typically over the threshold for only one genus; however, close to threshold population levels of 
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multiple PPN were not uncommon in sites that were over the threshold for one genus. In order to 

determine how detrimental PPN are on golf course greens in Canada, it is important to develop 

thresholds for each of the regions of the country. Developing thresholds that accurately represent 

the risk of damage from PPN populations in Canada will help turfgrass managers to understand 

when they have a problem and at what point they should intervene. 

Sites in British Columbia and the Atlantic region had the highest counts of PPN. The air and 

soil temperatures remain in the hospitable range for nematode reproduction, feeding, and 

movement for a longer portion of the year in the coastal regions of Canada, as compared to the 

inland areas. Spiral nematodes were more prevalent in the coastal areas than the inland areas and 

stunt nematodes were more prevalent in Ontario than anywhere else in Canada. We saw a diverse 

population in most sites but the most abundant genera were ring, spiral, and stunt nematodes. To 

a smaller extent we also found cyst and root-knot nematodes and rarely found pin, lance, and 

lesion nematodes. Climate appeared to be a major factor in the variation in the nematode 

populations. The seasonal variation we saw in the nematode populations was not consistent 

throughout the nematode genera studied and for certain genera, such as root-knot nematode, 

there were interactions between seasonal variation and the region in which the samples were 

collected. 

Data pertaining to the age of the green were only collected for sites within Ontario. An equal 

number of greens were selected which were over 20 years of age and less than 20 years of age. 

For most nematode genera, with the exception of root-knot nematodes, age of the green was an 

important factor in the nematode population. Older greens had larger and more diverse 

populations of PPN present. There are no nematicides registered in Canada for use on golf 

courses. This can explain why there were larger populations in older greens. Nematodes are 

naturally present in soil. Golf greens are an ideal habitat, and the populations can increase in an 

unchecked manner over the years. Fungal and bacterial antagonists may be killed by the 

application of fungicides and bacteriocides, Without nematicides, nematode numbers can 

increase until they reach the carrying capacity of the soil (Rodriguez-Kabana and Curl 1980).  

Some of the nematode genera, such as free-living and root-knot nematodes, were difficult to 

model. The population fluctuations appeared to be influenced by factors that were outside the 

scope of this survey. The free-living nematodes in Ontario had a four-way interaction among 
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year, age of the green, season, and region. There was no discernible pattern and probably other 

factors caused the variation in population. Root-knot nematodes were also difficult to model as 

the influence of the age of the green, season, and year appeared to be strongly influenced by the 

region in which the samples were collected from in both the Ontario data set and the Canadian 

data set. The factors had a different effect on the population depending on where the samples 

came from. However, populations of root knot nematodes were generally below the threshold at 

all sites. 

The nematode population in Ontario increased from 2013 to 2014. This was probably caused 

by the winter weather that preceding each growing season. The winter of 2012/2013 was mild 

and the temperature often fluctuated above and below freezing. In contrast, the winter of 

2013/2014 started earlier, lasted longer, and temperatures were well below freezing for the 

duration of the season. A winter season with high temperature fluctuations and with more thaw 

and re-freeze events could lead to greater mortality and lower populations of nematodes. This 

study demonstrated that the population of PPN in golf course greens can fluctuate drastically 

from year to year.  

Soil chemical and physical properties of each participating green were measured and 

recorded and the values were compared to the nematode populations for each of the golf courses 

sampled across Canada. All of the soil samples from a golf course over a year were combined to 

produce a composite sample that was sent for analysis. This was done in 2013 for the sites in 

Ontario and during 2014 for the sites outside of Ontario. The soil analysis results along with 

information gathered about the management practices used were subjected to stepwise regression 

to determine what influence they had on the nematode populations that were determined by the 

survey. 

Physical soil properties have a significant impact on the water holding capacity of soils and 

the soil matrix structure. The physical properties of the soil were often correlated with nematode 

populations in golf greens in Canada. However, the correlation coefficients were low, only 

accounting for at most 21% of the variation in the nematode population. The same result was 

found with the chemical properties of the soil. Although there were relationships between the 

chemical properties and the nematode populations, the correlations were not very strong and the 

biological significance of these correlations remains unclear. Many of the factors were inter-
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related, making it difficult to attribute a nematode population to the factors that were measured. 

Additionally the composition and management of golf course greens is strictly controlled, 

leaving little variation between sampling locations. It is also inadvisable to change many of these 

management practices and soil properties to reduce nematode populations as they are managed 

with important goals such as plant health and drainage in mind. Designing an experiment that 

controls certain aspects of the environment will allow for clear linkages to be made between soil 

properties, management practices, and nematode populations. 

The questionnaire that was developed to gather information about management techniques 

could have been executed better. In the future the questions should be posed with multiple choice 

options to increase participation and to reduce variability in responses. Although this would have 

taken longer to develop, the answers would have been unambiguous and subjected to less 

interpretation by the participants. The delivery of the questionnaire was also flawed as many 

participants were reluctant to release their information in an unsecured word file. Using a 

protected pdf or survey platform may have alleviated some of the concerns and allowed for a 

higher rate of participation in the questionnaire. The management techniques had stronger 

correlations with the nematode populations than the soil physical or chemical properties. The 

questions we posed focused on factors that may affect the water holding capacity of the soil and 

the amount of compaction seen in the soil profile as these factors are strongly linked to nematode 

populations. 

In previous studies of PPN in golf course greens in Canada, the nematode extraction 

technique used was likely not suited to the types of nematodes most prevalent in golf course 

greens soils (Barker et al. 1969). It was important to determine the best extraction technique for 

the genera that were found in golf course greens. This was a vital aspect of the project as it will 

help to unify the community of nematologists on which extraction technique is ideal for golf 

course genera. We found that the sugar centrifugal flotation method was better at extracting PPN 

from golf course soils. The Baermann pan method extracted fewer PPN but performed the same 

as the sugar centrifugal flotation method for free-living nematodes. This was expected because of 

the combination of mobile and immobile nematodes found in golf course greens in Canada. 

Literature on the topic suggests that ring nematodes cannot be adequately quantified when the 
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Baermann pan extraction technique is used to remove them from the soil (Mai and Mullin 1996). 

This was consistent with our study. 

A nematicide trial was conducted to identify low-risk alternatives to some of the broad 

spectrum nematicides used in the past. The carbamate nematicide, VydateÊ with the active 

ingredient oxamyl, was the positive control and a selection of low-risk products were selected for 

the trial: Natureôs CureÊ, DazitolÊ, MustgroÊ, AvidÊ. None of the products tested, even the 

positive control, caused a reduction in the nematode populations. This may be due to the inherent 

variability of nematode populations within a green or perhaps too much water was applied after 

the products were applied. To avoid this some changes to commonly used research design should 

be made for future studies. Specifically, the number of replications should increase to allow for 

the variation. Additionally, as little information is known about the efficacy of many of these 

products, additional treatments that include multiple applications should be included in the trial. 

The experiment was intended to be a preliminary analysis of the nematicides to identify 

candidates for further testing. With more replicates and an area with higher populations an effect 

of the treatments may have been seen. 

Microorganisms and plant materials for management of PPN have been widely studied 

and utilized in many types of cropping systems. Modifying these practices for use in turfgrass is 

an area of research that needs attention since there are currently few management options 

available. There are a plethora of options that turfgrass managers can utilize to manage PPN in 

turf, but the unrealistic demands of the end users of the putting surfaces has limited the 

managersô ability to explore these options. 

PPN are an issue for turfgrass managers regardless of their location and climate. Raising 

awareness of this pest may help to reduce the amount of unnecessary fertilizers and pesticides 

applied to golf course greens, as managers may interpret nematode damage as nutrient deficiency 

or pathogen infestation. In Canada, PPN populations were moderate compared to those found in 

the United States, especially in the southern regions of the United States but spiral, stunt, ring, 

cyst, and root-knot nematodes were frequently found in samples. Many golf courses in Canada 

had populations over published threshold levels. Over the duration of the study the PPN 

populations were over threshold values 63 times out of 531 samples. The seasonal variations 

were not consistent from year to year but the total population of PPN appears to be increasing as 
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time passes. Populations of root-knot, cyst, and ring nematodes did not pose a significant threat 

to golf green health in Canada. The populations of stunt and spiral nematodes were higher than 

those of the other predominant genera. Spiral and stunt nematodes may pose an issue in some 

areas of Canada. Spiral nematode appears to be the most prevalent genus of PPN present in 

Canada since populations were found as high as 11,000 per 100 cc soil. Soil physical properties 

accounted for some of the variation in the nematode populations as they are linked to the 

structure and water holding capacity of the soil. Soil chemical properties were often correlated 

with nematode populations but it is difficult to discern which part of the food web they affected. 

Chemical properties that increased plant growth may have also increased certain nematode 

populations by increasing the growth of healthy roots that the nematodes could feed on. 

Management techniques linked to water retention and soil compaction were often correlated with 

nematode populations. The factors identified in Chapter 5 showed some correlation with 

nematode populations but many of them may be difficult or impractical to alter. The sugar 

centrifugal flotation nematode extraction from soil method was found to be superior to the 

Baermann pan nematode extraction method for all PPN. Both methods were deemed appropriate 

for the extraction of free-living nematodes. 

Monitoring nematode populations on a regular basis should be a test incorporated in the 

regular management of golf courses in Canada rather than a final option after attempts to adjust 

fertility and apply fungicides fails to return the turf to a healthy state. Understanding PPN 

populations is important for management which is why regular testing is essential. If golf course 

superintendents can catch a PPN issue before it gets out of hand cultural practices can mitigate 

the damage and slow the rate of population increase. Using the sugar centrifugal flotation 

method to extract nematodes from soil will provide an accurate assessment of the PPN 

population present in golf course soils and allow superintendents to determine which genera of 

PPN are most prevalent in their soils, including sedentary nematodes. The soilôs properties and 

the management practices conducted do influence the nematode populations but more focus 

should be placed on cultural practices like deep and infrequent watering, reducing shade on the 

green, and allowing the grass to grow a little longer while managing speed of the green with 

rolling. The information gathered by this study will assist turfgrass growers as it provides them 

with the invaluable tool of knowledge of an unfamiliar pest.  
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Appendix A ANOVA Tables and Regression Equations 

 

Chapter 3 

Total Plant-Parasitic Nematodes 

Source DF Sum of 

Squares 

Mean 

Square 

F Value Pr > F 

Model 7 60320615.06 8617230.72 33.59 <.0001 

Error 64 16420108.44 256564.19     

Corrected 

Total 

71 76740723.5       

 

R-Square Coeff 

Var 

Root MSE PPN Mean 

0.786031 68.70419 506.5217 737.25 

 

Source DF Type III SS Mean 

Square 

F Value Pr > F 

Extract 1 29330140.5 29330140.5 114.32 <.0001 

Site 2 14532723.22 7266361.61 28.32 <.0001 

Season 0 0 . . . 

Extract*Site 3 14147217.94 4715739.31 18.38 <.0001 

 

Ectoparasitic (Ecto) Nematodes 

Source DF Sum of 

Squares 

Mean 

Square 

F Value Pr > F 

Model 7 54390840.89 7770120.13 29.94 <.0001 

Error 64 16609099.56 259517.18     

Corrected 

Total 

71 70999940.44       

 

R-Square Coeff 

Var 

Root MSE Ecto Mean 

0.766069 75.44602 509.4283 675.2222 

 




