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Abstract 

Plant-Parasitic Nematode Population Dynamics and Alternative Management Options for 

Tomatoes in Southwestern Ontario 

  

Tyler Blauel       Advisor: 

University of Guelph, 2018     Professor K. S. Jordan 

 

Plant-parasitic nematodes (PPN) can be damaging pests on tomatoes (Solanum 

lycopersicum) but their population dynamics in southwestern Ontario are unknown. Additionally, 

growers are unable to obtain accurate population estimates, and relate estimates to published 

threshold levels, due to inconsistencies in laboratory extraction methods. Finally, few 

management options are available to reduce PPN damage. The objectives of this study were to 

examine the population dynamics of PPN in southwestern Ontario tomato fields, compare 

nematode extraction methods from soil, identify tolerant tomato cultivars, and begin to establish 

threshold levels. Pratylenchus spp. nematodes were the most common genus found in the survey, 

present in 100% of fields sampled. Modified and optimized sugar centrifugal flotation methods 

extracted all PPN genera equally as well or better than the Baermann pan method. The cultivar 

tolerance trials showed differences in cultivar root galling induced by Meloidogyne hapla; 

however, high variance prevented further conclusions from being made. 
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Chapter 1: General Introduction and Objectives 

 

1.1 General Introduction 

The tomato (Solanum lycopersicum Linnaeus) is a staple crop that consumers rely on as 

a consistent and healthy food source and it is regarded as the second most important vegetable 

in the world behind the potato (Dorais et al. 2008). The high nutritional value of the tomato has 

allowed it to become a very sought after and popular agricultural commodity (Nzanza et al. 2012).  

 There are a number of diseases and disorders that can negatively impact the production 

of tomatoes in Ontario. Diseases such as bacterial spot (Xanthomonas campestris pv. 

vesicatoria), early blight (Alternaria solani), and white mold (Sclerotinia sclerotiorum, Sclerotinia 

minor) cause lesions, stem softening, and fruit rot that reduce the quality and yield from the plant 

(OMAFRA 2009). Disorders such as blossom drop, blossom end rot, and other nutrient 

deficiencies also result in poor tomato production (OMAFRA 2009). The impact of diseases and 

disorders can be extensive and, in some cases, devastating to crop yield. For instance, in Ontario, 

bacterial diseases have accounted for up to 60% of losses of marketable yield in some tomato 

fields (OMAFRA 2009). For a pest or disease to cause a marketable loss, the pest or disease 

must first reach a threshold (OMAFRA 2009). There are thresholds that represent certain levels 

of pest presence in a specific crop system and are often categorized as economic or damage 

thresholds (OMAFRA 2009). When pest populations are found to be near or above a threshold, 

management action is usually required to prevent yield loss. There are a number of insect pests 

that can cause economic losses when populations reach threshold on tomatoes; however, 

threshold levels for many other pests or pathogens still remain to be determined (OMAFRA 2009). 

Unknown thresholds for pest can result in seemingly random disease outbreaks (OMAFRA 2009). 

Plant-parasitic nematodes (PPN) are one of these pest groups where there is limited threshold 
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information which still needs to be determined in tomatoes (OMAFRA 2016). Proper identification 

and quantification of PPN in tomato soils requires using the appropriate soil nematode extraction 

method to accurately estimate the PPN populations in the soil and determine if a threshold has 

been reached or exceeded. Published PPN population threshold levels for Ontario tomatoes have 

not been evaluated since the late 1970s (Olthof and Potter 1977; Potter and Olthof 1977). Current 

PPN thresholds for tomatoes in Ontario are 2000 nematodes/kg of soil for Pratylenchus spp. and 

0 nematodes/kg of soil for Meloidogyne spp. (OMAFRA 2016). 

Plant-parasitic nematodes can be voracious pests and cause significant damage to a 

variety of plants. Plant-parasitic nematodes (Phylum: Nematoda) are elongated, tubular, aquatic 

organisms that survive in the pore space between soil particles (Dropkin 1980). These organisms 

have a fairly simple body structure, including a digestive tract, respiratory system, and 

reproductive organs contained in a worm-like body (Dropkin 1980). Plant-parasitic nematodes 

follow two types of feeding strategies: endoparasitism and ectoparasitism (Dropkin 1980). In both 

cases, the nematode feeds by using an appendage from its mouth called a stylet to siphon or 

suck out nutrients from the plant tissue. The nutrients obtained from feeding are essential for the 

growth and reproduction of these organisms. Extensive PPN feeding can lead to wilting, stunted 

growth, and yellowing of host plants, which reduces yield and quality (Barker and Koenning 1998; 

Widmer et al. 2002). 

 Production of Ontario-grown tomatoes declined between 2009 to 2011 (LeBoeuf et al. 

2010; OMAFRA 2017b). At the moment, the exact cause for this decline is unknown and research 

is being done to identify possible contributing factors. Some tomato fields in Ontario exhibited 

symptoms of poor growth and root rot (OMAFRA 2010). These symptoms have been attributed 

to two diseases, vine decline and corky root rot (OMAFRA 2010). Vine decline is believed to be 

a disease complex associated with a number of pathogens, including Pyrenochaeta terrestris, 

Pyrenochaeta lycopersici, and Rhizopycnis vagum, working in concert resulting in poor growth 
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and wilting in some tomato fields (OMAFRA 2010). Plant-parasitic nematodes could very well be 

a part of the vine decline complex since the damage PPN cause to plant roots often allows other 

pests to infect and thrive as secondary pathogens (Dropkin 1980). Plant-parasitic nematodes 

have also been shown to be responsible for significant crop loss on their own (Shurtleff and Averre 

2000). Since PPN population dynamics are not well understood in Ontario tomato-growing 

regions, it is uncertain whether these nematodes contribute to tomato vine decline.  

1.2 Objectives and Hypotheses 

The purpose of this study was to research the prevalence and impact of PPN on tomatoes 

in southwestern Ontario. The four main objectives of this study were:  

1. To compare common extraction methods to determine which is most effective for 

estimating nematode soil population levels in tomato fields.  

2. To determine the population dynamics of nematodes found in tomato fields and the 

prominent genera present in southwestern Ontario.  

3. To identify tomato cultivars tolerant to PPN feeding. 

4. To begin developing threshold levels of PPN on common tomato cultivars. 

The first objective was met by comparing three PPN extraction methods from soil. It was 

hypothesised that the extraction methods would vary in their ability to effectively extract certain 

nematode genera from tomato soils. The study was conducted to determine which extraction 

method most accurately estimates the actual PPN populations in the soil. 

The second objective was met by surveying PPN populations in tomato fields throughout 

southwestern Ontario. It was hypothesised that populations of PPN in tomato fields would vary 

among counties, seasons, and management practices. The main goal of this study was to 

determine if PPN are an issue for tomato production in southwestern Ontario. 
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The third objective was met by evaluating the tolerance, susceptibility, and resistance of 

six common tomato cultivars to Pratylenchus penetrans (northern root-lesion) and Meloidogyne 

hapla (northern root-knot) nematodes. It was hypothesised that there would be variability between 

cultivars in terms of yield and biomass when P. penetrans and M. hapla nematodes were present. 

The goal of this study was to identify tomato cultivars tolerant to PPN feeding that could be planted 

by tomato growers to manage the impact of PPN on yield. 

The fourth objective was met by growing two common tomato cultivars in soil with various 

populations of P. penetrans and M. hapla nematodes. It was hypothesised that tomato yield and 

biomass would decrease with increasing populations of P. penetrans and M. hapla nematodes in 

the roots. The goal of this study was to begin developing threshold levels by determining soil 

population levels of P. penetrans and M. hapla nematode populations that cause significant 

damage to the different tomato cultivars. 
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Chapter 2: Literature Review 

 

2.1 Field Tomato Production in Southwestern Ontario 

Field tomatoes (Family: Solanaceae) grown in Ontario can be categorized as two main 

types: processing and fresh market tomatoes. Processing tomatoes are grown for the purpose of 

being crushed or altered from their natural shape for products such as canned tomatoes, paste, 

and ketchup (OMAFRA 2009). Fresh market tomatoes are grown for sale of the whole tomato 

fruit (Agriculture and Agri-Food Canada 2013). Ontario is the largest producer of both processing 

and fresh market field tomatoes in Canada (Statistics Canada 2012). In 2016, the Ontario field 

tomato industry produced 486,830 tonnes of tomatoes valued at $92.65 million (OMAFRA 2017b). 

The majority of tomato production occurs in southern Ontario with most of the production 

occurring in the counties of Kent, Essex, and Norfolk (OMAFRA 2017a). In 2016, Kent County 

produced the most tomatoes with 244,932 tonnes, followed by Essex County with 119,347 tonnes, 

and the Haldimand-Norfolk region with 30,928 tonnes (OMAFRA 2017a). 

Field tomato production for processing tomatoes in Ontario begins by growing tomatoes 

in plug trays in the greenhouse for six weeks prior to transplanting. Transplanting usually occurs 

around late April to early May, depending on conditions, and tomato plants are often planted 

directly into the field soil. Some growers may transplant tomatoes into raised beds. It is common 

for growers to lay drip irrigation along transplant rows or use overhead irrigation systems to ensure 

plants receive sufficient water. Tomato plants are grown for approximately five months and tomato 

plants are harvested for their fruit in a single harvesting event. During harvest, tomatoes are 

graded and later shipped to processing faculties.  
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Fresh market tomatoes follow a similar production process. Approximately six-week-old 

tomato transplants are planted into raised beds covered with black plastic mulch. Drip irrigation 

lines are placed along transplant rows, under the plastic mulch. As tomato plants grow, wooden 

stakes are placed between every three to five plants, generally, and wire is strung up along the 

stakes. Throughout the season, tomato plants are tied to the wire as they grow. When fruit 

becomes ripe, tomatoes are harvested by hand and there are multiple harvest events in one 

season. The tomatoes are transported to farmers markets or grocery stores for the sale of the 

whole tomato.  

2.2 Plant-Parasitic Nematodes 

The life cycles for the majority of species of PPN are similar with a few exceptions (Dropkin 

1980; Shurtleff and Averre 2000). Nematodes experience four molts throughout development 

from an egg to an adult (Shurtleff and Averre 2000). Once eggs hatch, plant feeding is common 

during all life stages for most species. The adult stage is where the nematode’s sexual organs 

are completely developed (Dropkin 1980; Shurtleff and Averre 2000). The entire life cycle usually 

takes 3-6 weeks during the regular crop growing season, leading to four or five reproductive cycles 

per year in southwestern Ontario (Dropkin 1980; Shurtleff and Averre 2000). Life cycle 

progression is highly influenced by environmental conditions such as soil temperature and 

moisture (Shurtleff and Averre 2000).  

Plant-parasitic nematodes survive by feeding on the contents of living plant cells as 

obligate parasites (Shurtleff and Averre 2000). They feed through a hollow stylet that acts like a 

hypodermic syringe (Shurtleff and Averre 2000). Stylet characteristics differ between genera and 

species depending on the parasitic habits they employ (Dropkin 1980). There are two main types 

of parasitic habits: endoparasitism and ectoparasitism (Bridge and Starr 2007; Dropkin 1980). 

Endoparasitic nematodes can be either sedentary or migratory and feed on plants by invading 

the internal portion of the plant root, feeding on cells within the root (Bridge and Starr 2007). 
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Sedentary endoparasitic nematodes enter the root completely, becoming immobile and 

establishing a specialized permanent feeding site (Bridge and Starr 2007). Migratory 

endoparasitic nematodes enter the plant and travel throughout the cortex, feeding on internal cells 

as they travel through the plant (Bridge and Starr 2007). Ectoparasitic nematodes can also be 

sedentary or migratory and feed by remaining in the rhizosphere or rhizoplane, with most of their 

body remaining outside the root tissue (Bridge and Starr 2007). Sedentary ectoparasites remain 

at an external feeding location for an extended period of time while migratory ectoparasites move 

throughout the soil in search of new host tissue (Bridge and Starr 2007; Shurtleff and Averre 

2000). Another parasitic habit, called semiendoparasitism, is where the nematode feeds by 

embedding only its head and anterior portion of its body into the plant tissue to feed (Shurtleff and 

Averre 2000). Most PPN feed on the succulent root tips of the plants, as this is the area of rapid 

cell division (Bridge and Starr 2007; Dropkin 1980; Shurtleff and Averre 2000). The most important 

nematodes that have an impact on the agricultural industry are migratory ectoparasites, migratory 

endoparasites, and sedentary endoparasites.  

Plant-parasitic nematodes often have a wide host range, allowing them to feed on a 

number of different crop and weed species (Widmer et al. 2002). Once PPN infect a plant they 

can cause direct physical damage to plant cells and tissue, change cell composition and 

development at specialized feeding sites and excrete or inject enzymes and toxic compounds into 

cells. All of these strategies lead to the decreased functioning of the cells and the plant as a whole 

(Shurtleff and Averre 2000). Extensive feeding inhibits, the plant’s ability to acquire nutrients and 

water is inhibited. In addition to direct damage caused by PPN feeding, the openings and galls in 

the roots created by the nematodes can facilitate infections by other pathogens. Nematodes can 

also act as vectors for some viruses (Shurtleff and Averre 2000).  

Two genera that are often of concern in plant production are Meloidogyne spp. and 

Pratylenchus spp. nematodes. Meloidogyne spp. are sedentary endoparasites that create 
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specialized feeding sites in plant roots (Dropkin 1980). Meloidogyne hapla Chitwood, known as 

the northern root-knot nematode, can cause severe symptoms and/or yield reduction in many 

plants due to its destructive feeding strategy (Dropkin 1980). After hatching, the motile second-

stage juveniles, which are sexually undifferentiated, begin to feed by puncturing through cell walls 

of the plant until they reach the plasma membrane using their stylet, and then form multiple 

feeding tubes (Abad et al. 2003). When the nematode establishes a permanent feeding site and 

sexual differentiation occurs, it injects effectors which cause the plant cells to become giant cells 

as the result of repeated nuclear divisions (Abad et al. 2003). This manipulation allows 

Meloidogyne nematodes to remain sedentary and continually feed in one location (Abad et al. 

2003). The female Meloidogyne nematode swells to become globulose and lay their eggs, often 

in the hundreds, outside of the plant root in a gelatinous matrix which protects the eggs until 

hatching (Abad et al. 2003). The swelling of the female and response by the plant leads to the 

formation of a gall in the root that impedes nutrient and water uptake, especially when these 

nematodes are present in high numbers (Abad et al. 2003). An entire life cycle, from egg to 

reproductive adult, for M. hapla can take anywhere between 3 to 5 weeks to complete, leading to 

multiple life cycles and plant infections within a single season (Abad et al. 2003; Dropkin 1980). 

Meloidogyne hapla has a wide host range that includes over 550 crop and weed hosts (Bridge 

and Starr 2007; Widmer et al. 2002).  

 Pratylenchus spp. nematodes are migratory endoparasites that feed on cells within the 

plant root (Castillo and Vovlas 2007). Much like M. hapla, the species P. penetrans [Cobb] Filipjev 

and Schuurmans Stekhoven employs an invasive feeding strategy that can lead to very damaging 

symptoms and yield reduction in its host plant. As these nematodes move and feed throughout 

the roots they create a destructive path of dead cells, reducing the plant’s ability to uptake 

nutrients and water (Castillo and Vovlas 2007). The nematode moves freely throughout the root, 

feeding and reproducing (Castillo and Vovlas 2007). The life cycle of P. penetrans can take 3-8 
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weeks to complete, depending on conditions, often resulting in multiple infection cycles in one 

growing season (Castillo and Vovlas 2007). Pratylenchus penetrans has a host range of over 150 

plants (Castillo and Vovlas 2007). Both Meloidogyne spp. and Pratylenchus spp. nematodes are 

prevalent throughout the world, including in Ontario (Castillo and Vovlas 2007; Dropkin 1980).  

2.3 Plant-Parasitic Nematode Population Dynamics and Impact in Tomatoes 

The population dynamics of PPN in agricultural fields is dependent on a number of 

factors including host availability, soil type, and environmental conditions (Barker and Koenning 

1998). Therefore, different species may be more prevalent in certain areas than others (Barker 

and Koenning 1998). Tomatoes are a common host for many PPN species (Bridge and Starr 

2007), making them highly susceptible to PPN damage and subsequent yield loss. Pratylenchus 

spp., Meloidogyne spp., Nacobbus spp. (false root-knot), and Globodera and Heterodera spp. 

(cyst) nematodes have all been shown to be pathogenic on tomato (Bridge and Starr 2007). 

Plant-parasitic nematodes are believed to be responsible for up to 20% of annual tomato yield 

losses worldwide; however, estimated yield loss varies from year to year (Barker and Koenning 

1998; Shurtleff and Averre 2000). Meloidogyne spp. nematodes can be voracious pathogens 

and surpass any other genus in the amount of damage they cause to tomatoes and other crops 

(Mai et al. 1960).  

 Plant-parasitic nematodes can cause minor to extensive damage to tomato plants 

depending on the diversity and population of the PPN (Barker et al. 1976; Olthof and Potter 1977; 

Sayre and Toyama 1963). Studies involving the root-knot nematode, M. hapla, have shown a 

decrease in tomato yield between 10 and 40% after inoculation (Olthof and Potter 1977). Other 

root-knot species like Meloidogyne incognita [Kofoid & White] Chitwood have been shown to 

decrease tomato yield by 50 to 85% in microplot trials (Barker et al. 1976). Yield is often negatively 

correlated with PPN presence and abundance (Barker et al. 1976; Rebois and Huettel 1986; 

Walters and Barker 1993), but PPN virulence can vary greatly, as evidenced in a study by Sayre 
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and Toyama (1963) where tomato yields were not significantly reduced by either Meloidogyne 

javanica [Treub] Chitwood or M. hapla at 100, 900, or 8100 juveniles per pound of soil. The 

amount of damage and the reduction in tomato yield caused by nematodes also depends on the 

cultivar that is grown, as there are some cultivars that are resistant to nematode feeding (Walters 

and Barker 1993). Even if yield quantity is not reduced, the nutritional quality of the tomato can 

be affected by stress due to PPN feeding (Atkinson et al. 2011). It is important to understand the 

population dynamics of PPN in tomatoes to determine nematode virulence, reproductive potential, 

and host ranges which are needed for the development of effective management strategies.  

Plant-parasitic nematode damage is suspected in tomatoes grown in southwestern 

Ontario. The population dynamics and distribution of nematodes throughout this region, however, 

are not well known. Previous surveys have shown that M. hapla is established in this region and 

there may be other indigenous and/or introduced species in the region as well (Mulvey et al. 1975; 

Olthof and Potter 1972; Sayre and Toyama 1963). It is believed that individuals of M. incognita 

and M. javanica may have been introduced to this region on tomato transplants (Sayre and 

Toyama 1963). Other species of root-knot nematodes such as Meloidogyne microtyla Mulvey, 

Townshend and Potter have also been found in the region (Mulvey et al. 1975). Pratylenchus spp. 

have been detected in Ontario surveys at moderate population levels (Cornelisse et al. 1970; 

Marks et al. 1971; Marks et al. 1972; Marks et al. 1973). The presence of Meloidogyne spp. and 

Pratylenchus spp., or a combination of both, was carefully monitored in the early to mid 1970’s 

due to their known destructiveness (Potter and Townshend 1973). Data from past surveys also 

suggested that populations of Paratylenchus spp. (pin), Helicotylenchus spp. (spiral), 

Tylenchorhynchus spp. (stunt), and Heterodera spp. also inhabit the fields of southwestern 

Ontario used for tomato production (Potter and Townshend 1973). These nematodes may not be 

as damaging as Meloidogyne spp. and Pratylenchus spp., but could cause damage at high soil 

populations (Dropkin 1980). 
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Recent studies conducted at Michigan State University analysed the distribution and 

populations of nematodes in Michigan vegetable fields, including the Eastern regions, and found 

populations of Pratylenchus spp., M. hapla, Paratylenchus spp., and Heterodera spp. nematodes, 

with Paratylenchus spp. nematodes being the most common genera (Grabau et al. 2016). Due to 

the short distance between eastern Michigan and southwestern Ontario, these findings suggest 

that similar genera may be present in southwestern Ontario tomato fields. 

2.4 Tolerance of Tomato Cultivars 

The ability of a tomato cultivar to tolerate a pathogen infection or nematode feeding is 

advantageous to minimize yield loss. Tolerance is the ability of a plant to recover and maintain 

consistent crop yields and quality while still being susceptible to infection and pathogen 

multiplication (Trudgill 1991). There are tomato cultivars that have been found or bred to be 

tolerant to abiotic and biotic stressors (Santos et al. 2014; Sun et al. 2011; Vitale et al. 2014).  

Many plant breeders have investigated crop tolerance to PPN. Some crops have been 

found to be tolerant to certain PPN, such as the oat cultivar ‘New Zealand Cape’, which is tolerant 

to the cereal cyst nematode Heterodera avenae (Volkmar 1991). The search for tolerant, 

resistant, and less susceptible tomato cultivars to PPN has been successful to some extent as 

well (Singh and Khurma 2007; Udo et al. 2008; Walters and Barker 1993). Tomato cultivars ‘HTA-

18’, ‘HTA-31’ and ‘Better Boy’ are moderately susceptible to M. javanica (Udo et al. 2008). The 

cultivar ‘Mini Roma’ has also been shown to be partially tolerant to M. incognita (Singh and 

Khurma 2007). Although it is crucial to understand which cultivars are tolerant and resistant to 

PPN, it is also important to know which ones are susceptible so growers can refrain from planting 

these cultivars in fields with large PPN populations. Susceptible cultivars can have decreased 

yields of up to 40% with serious symptoms of root and gall damage (Olthof and Potter 1977; Sayre 

and Toyama 1963; Singh and Khurma 2007; Udo et al. 2008). Cultivars may be considered 

susceptible when they lack resistance and/or tolerance and experience high yield loss when 
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parasitized by a pathogen (Trudgill 1991). Some tomato cultivars susceptible to PPN include 

‘Campbell 135’, ‘Roma’, ‘Marion’, ‘Moneymaker’, and ‘Veebrite’ (Olthof and Potter 1977; Sayre 

and Toyama 1963; Singh and Khurma 2007; Udo et al. 2008; Walters and Barker 1993). 

The difference between tolerance and resistance is also an important distinction to 

understand. Resistance is the ability of a plant to defend itself against a pathogen, such as certain 

species of PPN, by minimizing pathogen multiplication and its ability to parasitize (Dropkin 1980; 

Trudgill 1991). There are two main types of plant resistance which are known as horizontal and 

vertical resistance (Agrios 2005). Horizontal resistance is a type of resistance all plants have to 

protect themselves against pathogens involving the coordination of many genes to form pre-

existing defensive structures and chemical defense substances (Agrios 2005). Horizontal 

resistance tends to be non-specific when defending against single or multiple different pathogens 

(Agrios 2005). Vertical resistance involves a specific gene-for-gene interaction between the plant 

and pathogen that initiates a defense response directed specifically at the recognized pathogen 

(Agrios 2005; Trudgill 1991). Effectors released by the pathogen are recognized by the plant 

carrying a specific resistant (R) gene, prompting the plant to initiate a specific defense response, 

such as a hypersensitive response, to neutralize the pathogen (Agrios 2005). Cultivars labelled 

as resistant often imply vertical resistance for a particular pathogen. Tomato cultivars that are 

labelled as resistant to nematodes carry the Mi gene but are only resistant to Meloidogyne spp. 

nematodes (Karajeh et al. 2005). The Mi gene in tomatoes acts by recognizing the Cg-1 effector 

from the Meloidogyne nematode which initiates a localized hypersensitive response around the 

nematode, preventing the establishment of giant cells or a permanent feeding site (Bellafiore and 

Briggs 2010; Rossi et al. 1998). 

A limitation of resistant varieties is that there is potential for PPN to overcome the plant 

resistance over time (Starr et al. 2002). For example, soybean cyst nematodes (SCN) have 

overcome SCN resistance in certain soybean varieties in some areas (Matthews et al. 2013; Starr 
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et al. 2002). The impact of SCN overcoming resistance to certain soybean varieties can be 

devastating as this is the most important strategy for managing soybean cyst nematodes (Starr 

et al. 2002). Therefore, relying on plant resistance as the only management method for PPN may 

not be sustainable. Tomato cultivars resistant to PPN are available, however, over time there is 

a chance PPN may overcome the resistance in these cultivars, and the tomato plant will no longer 

able to defend against this pathogen (Dropkin 1980). The process of resistance breakdown occurs 

when a nematode population with a diverse gene pool faces a selection pressure, such as a 

resistant host, and a small portion of the nematode population is able to survive, feed, and 

reproduce on the host (Dropkin 1980). The availability of PPN tolerant tomato cultivars are, 

therefore, better suited than resistant cultivars for managing PPN in the long term (Barker and 

Koenning 1998; Dropkin 1980; Trudgill 1991). Resistance and tolerance are not mutually 

exclusive, though, as some cultivars may convey both vertical and/or horizontal resistance and 

tolerance (Schneider and Ayres 2008). In addition, there is increasing evidence that plant 

tolerance may also be genetically controlled (Pagán and García-Arenal 2018). The planting of 

tolerant tomato cultivars, which may also use horizontal resistance, may be an appropriate 

management option for growers to include in fields where PPN populations surpass threshold 

levels that would otherwise reduce tomato production.  

2.5 Threshold Levels  

 There are two main types of thresholds: damage and economic. Economic thresholds are 

often what growers are most concerned with since it affects yield and profits (Ferris 1978). 

Economic thresholds incorporate and optimize the economic yield loss with the cost of taking 

action in relation to the number of pathogens in the environment (Ferris 1978; Olthof and Potter 

1972; OMAFRA 2016). The damage threshold is the minimum number of pathogens needed to 

injure a plant or cause reduced yield (Viaene and Abawi 1996) Economic and damage thresholds 

have been developed for a number of vegetable crops in relation to PPN soil population levels 
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(Olthof and Potter 1972; OMAFRA 2016). Some plants are able to withstand higher numbers of 

PPN; therefore, thresholds differ between the type of crop and cultivar being grown and the 

nematode species of concern (Olthof and Potter 1972).  

 The majority of studies analysing thresholds have developed damage or economic 

thresholds whereby yield loss is compared to different initial PPN densities (Gharabadiyan et al. 

2013; Olabiyi 2008; Olthof and Potter 1977). Due to their high damage potential, thresholds 

relating to Meloidogyne nematodes in tomatoes dominate the literature. High initial populations of 

Meloidogyne spp., i.e. greater than 6,000 juveniles/kg soil, lead to definite reductions in tomato 

yield when compared with lower populations (Olabiyi 2008; Olthof and Potter 1977). Lower 

populations, i.e. less than 200 nematodes/kg soil, can have varying results on tomato yield, 

ranging from a significant reduction to none at all, which may be due to cultivar type, 

environmental conditions, or other factors influencing plant health (Sayre and Toyama 1963; 

Singh and Khurma 2007). Thresholds are also expressed in a number of ways, such as 

nematodes/kg, nematodes/500cm3, nematodes/100cm3, and eggs/kg of soil (Olabiyi 2008; Olthof 

and Potter 1977; Walters and Barker 1993). Standardizing the way PPN thresholds are 

expressed, such as only expressing values as nematodes/100cm3 soil, would help diagnostic 

labs, researchers, and growers to better compare and understand populations and reduce 

confusion when trying to manage these pests. 

 In Ontario, tomato thresholds for PPN have not been evaluated since the late 1970’s 

(Olthof and Potter 1977; Potter and Olthof 1977). Updated thresholds for a variety of tomato 

cultivars would be valuable to growers for determining when it is necessary to incorporate proper 

management practices.  

In addition, the extraction method used to quantify PPN can greatly underestimate 

populations of PPN in the soil. There are multiple methods available to extract nematodes from 
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the soil for quantification. A standardized extraction method would help relate populations of PPN 

in soil with associated published threshold levels. 

2.6 Extraction Methods 

Nematode extraction methods were initially developed in the early 20th century as the 

understanding of PPN in agriculture grew (Dropkin 1980). Currently, there are numerous different 

extraction methods used to obtain nematodes from plant tissue and from soil (EPPO 2013; 

Machado et al. 2010; Shurtleff and Averre 2000). Nematode extraction methods include the 

Baermann funnel, Cobb’s sieving, sugar centrifugal flotation, and mist extraction methods (EPPO 

2013; Machado et al. 2010; Shurtleff and Averre 2000). Each method has its advantages and 

limitations (EPPO 2013). Cobb’s sieving method collects active, sedentary, and dead nematodes 

quickly, but the sugar centrifugal flotation method recovers more dead nematodes (EPPO 2013; 

Shurtleff and Averre 2000). The mistifier extraction method is able to recover the majority of live 

nematodes in the soil; however, this method requires expensive specialized equipment (Shurtleff 

and Averre 2000). The Baermann pan (BP) and funnel methods are best suited for recovering 

motile nematodes from the soil (Baermann 1917; EPPO 2013; Shurtleff and Averre 2000) but, 

due to the nature of the test, are less effective at recovering sedentary or non-living specimens. 

This method, however, has been shown to be more effective than the sugar centrifugation flotation 

method for recovering small Pratylenchus nematodes, specifically (Patterson 2015). The BP and 

the sugar centrifugal flotation methods are the most common and efficient methods used today 

(Patterson 2015; Sarah and Boisseau 2008; Viglierochio and Schmitt 1986; Wallace 2016). The 

sugar centrifugal flotation method effectively extracts motile, sedentary, and dead nematodes in 

a short period of time (EPPO 2013; Jenkins 1964; Shurtleff and Averre 2000) and can extract 

more PPN from the soil when compared to the BP method, if the PPN population in the soil 

contains primarily non-motile and/or dead nematodes (Wallace 2016). Making modifications to 
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established extraction methods can mitigate any limitations and increase the efficiency for 

nematode extraction (Shurtleff and Averre 2000; Townshend 1963).  

The work outlined in this thesis was undertaken as a step towards better understanding 

the impact and potential management of PPN in the southwestern Ontario tomato industry. The 

stated objectives will be further analysed in the next chapters. It is the purpose of this thesis to 

present new findings, management options, and set industry standards for PPN affecting 

tomatoes in southwestern Ontario.  
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Chapter 3: Comparison of Nematode Extraction Methods from Tomato 

Soils 

 

3.1 Abstract 

Accurate estimations of the populations of PPN in soil are essential for their management. 

Established PPN thresholds provide growers with a reference to help them decide if they should 

take management action. However, differences in nematode extraction methods by laboratories 

lead to inconsistencies in PPN population estimates and do not allow for the accurate use of 

published threshold levels. The goal of this study was to identify an accurate method for extracting 

nematodes from soil that can be used as an industry standard and to optimize the sugar 

centrifugal flotation method to recover more PPN. Three nematode extraction techniques, BP, 

sugar centrifugal flotation with a #400 sieve (SCF 400), and sugar centrifugal flotation with a #500 

sieve (SCF 500), were compared to determine which method best estimates PPN populations in 

tomato field soils. Two subsamples of soil from ten tomato fields were compared. Two soil 

samples, one with a high population of Pratylenchus spp. and one with a high Meloidogyne spp. 

population, were used in the optimization study. Both SCF methods extracted more Heterodera 

spp., Helicotylenchus spp., and Hoplolaimus spp. nematodes and better estimated the total PPN 

compared to the BP method. The BP method extracted more free-living nematodes and more 

Pratylenchus spp. than the SCF 400 method. Alterations made to the SCF 500 method to develop 

the optimized SCF method increased the amount of PPN recovered from the soil. The optimized 

SCF method extracted more Pratylenchus spp. and Meloidogyne spp. than the SCF 500 method. 

The results from this study illustrate the effectiveness of the SCF method as an accurate method 

for extracting most PPN genera from soil. The optimized SCF method developed is more effective 

than the SCF 500 method previously developed.  
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3.2 Introduction 

Plant-parasitic nematodes can cause severe damage to tomatoes when left unmanaged 

(Bridge and Starr 2007). Since PPN are believed to be responsible for approximately 20% tomato 

yield loss worldwide, this may be of concern for the Ontario tomato industry considering the known 

PPN present in these soils (Pitblado and Olthof 1991; Shurtleff and Averre 2000). Accurate 

identification and quantification of PPN populations in tomato fields through nematode extraction 

methods are essential for determining potential issues for tomato production due to PPN.  

Nematodes are quantified and qualified in agricultural fields through extraction techniques 

from soil or plants (Coyne et al. 2007). Sampling tomato fields in the spring or fall prior to planting 

gives the grower time to incorporate management options to reduce PPN populations if needed. 

When sampling soil from a field where PPN populations are unknown, it is best to follow a zig-

zag pattern to obtain a soil sample that accurately represents the field (Neher and Campbell 1996; 

Shurtleff and Averre 2000). This sampling pattern also takes into account areas in the field with 

isolated high PPN populations as well as areas with evenly distributed PPN populations.  

There are several methods that can be used to extract nematodes from the soil; however, 

two of the more common methods used are the BP and SCF methods (EPPO 2013; Shurtleff and 

Averre 2000). However, it is important to note that both of these methods have undergone 

alterations and improvements since the protocols were originally described (Baermann 1917; 

Jenkins 1964; Shurtleff and Averre 2000; Townshend 1963).  

The BP, also called the Oostenbrink dish, method is a nematode extraction method that 

has been modified from the Baermann funnel method first described by Baermann (1917) 

(Oostenbrink 1954; Townshend 1963; Whitehead and Hemming 1965). The BP method can be 

considered an active extraction method as nematode motility is the principle mode of extraction 

(EPPO 2013). The motile nematodes themselves move out of the soil and into the water catch 
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basin below the aliquot of soil from which the nematodes are extracted for identification (EPPO 

2013). The BP method is considered optimal for extracting migratory Pratylenchus spp., 

Meloidogyne spp., Heterodera spp., and Tylenchorynchus spp. nematodes (Bridge and Starr 

2007; Coyne et al. 2007; EPPO 2013; Shurtleff and Averre 2000). Some of the benefits of using 

this method are that it requires minimal labour, uses very little water, and the equipment is 

inexpensive (EPPO 2013). Some of the limitations of this method are that it is unable to extract 

sedentary nematodes (eg. Criconemoides spp.), sedentary females (eg. Heterodera spp. and 

Meloidogyne spp.), and larger nematodes (eg. Longidorus spp.) (Bridge and Starr 2007; EPPO 

2013; Shurtleff and Averre 2000). The method also takes much longer to complete when 

compared with the SCF method (EPPO 2013) since it takes up to a week for nematodes to move 

through the soil into the collection basin. 

The sugar centrifugal flotation method is another nematode extraction method that has 

been modified over time from its original protocol described by Jenkins (1964). The SCF method 

can be considered a passive method as the nematodes are physically removed from the soil 

(EPPO 2013) rather than actively moving through it on their own. The SCF method separates the 

nematodes from the soil by exposing them to a specific gravity greater than the nematodes, about 

1.08, which allows them to float while the heavier soil particles sink (EPPO 2013). The separated 

nematodes can then be extracted from the supernatant fluid using a fine sieve (EPPO 2013). This 

is the only method that extracts both motile and immotile nematodes, including dead nematodes, 

from the soil (EPPO 2013; Shurtleff and Averre 2000). The benefits of the SCF method are that it 

is a fairly quick protocol and all types of nematodes are extracted (EPPO 2013), regardless of 

health or motility. Limitations of the SCF method include the need for a centrifuge (which is a fairly 

expensive piece of equipment), the possibility of damaging or killing the nematodes if left in the 

sugar solution for too long (EPPO 2013), and an increased potential to lose nematode individuals 

as a result of damage or through the sieves due to increased handling. 
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Using the appropriate nematode extraction method when sampling field soil is essential 

for obtaining an accurate estimate of the PPN population in that field, since no single method has 

been proven to extract all nematodes effectively. This is especially important when comparing the 

extracted PPN population estimates to published thresholds. The primary objective of this study 

was to determine which method was more effective at extracting nematodes from the soil with the 

intent of developing threshold levels in the future using the preferred extraction method. In 

addition, a secondary objective was to investigate where nematode loss may occur in the SCF 

method and optimize the protocol to extract some of the smaller genera that are known to be 

more accurately extracted by the BP method.     

3.3 Materials and Methods 

The BP and two modified SCF extraction methods were compared. Modifications were 

made to the both the BP extraction method originally outlined by Townshend (1963) and the SCF 

method outlined by Jenkins (1964) to make both processes more efficient. The modifications 

made to the BP method described by Townshend (1963) included using 15cm Petri dishes and 

plastic screening instead of cake pans and short plastic legs, respectively. Modifications made to 

Jenkins (1964) SCF method included initially using a #40 (0.425mm pore size) mesh sieve (Fisher 

Scientific Canada, Nepean, ON, Canada), decanting through a #400 (0.038mm pore size) or #500 

(0.025mm pore size) sieve once, spinning tubes in the centrifuge at 3400rpm for 6 minutes then 

2 minutes, and using a #500 sieve at the final decanting step. The two SCF methods followed the 

exact same protocol except for one step, the first pouring step, where either a #400 or #500 sieve 

was used. The extraction methods were compared based on the total PPN population and 

population levels of each genus extracted. In addition, a second method comparison, using soil 

samples that were high in Pratylenchus spp. and Meloidogyne spp. nematodes, compared the 

SCF with the #500 sieve and BP extraction methods to an optimized SCF method. The optimized 
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SCF method was compared to the two other extraction methods to determine if the improved 

method would extract these two PPN more effectively. 

3.3.1 Soil Collection 

Soil samples were collected from ten tomato fields located in Kent, Essex, and Norfolk 

counties in June and August of 2016. These fields were chosen because they had relatively high 

PPN population levels, based on preliminary nematode counts from a large-scale survey, which 

took into consideration total PPN and higher populations of PPN genera that are known to be 

damaging to tomatoes, specifically, Pratylenchus spp. and Meloidogyne spp. Sampling each field 

consisted of plotting two 90m transects in a zig-zag pattern (Neher and Campbell 1996). The 

transects were marked on a Trimble Geo XT 2008 Series GPS unit (Trimble Navigation Limited, 

Westminster, CO, USA) so that the same area would be sampled during each sampling event 

throughout the season. Within each transect, soil cores were taken approximately every 2.25m 

next to a tomato stem, equating to 40 soil cores per transect. The soil cores were sampled by 

driving a 2cm wide soil probe 17.75 - 20cm into the soil and discarding the top 2.5 - 5cm of soil. 

The remaining 15cm of soil was collected into a bucket covered with a fresh plastic garbage bag 

to prevent soil contamination between fields. The collection of 40 soil cores from each transect 

was then transferred to separate freezer bags, labelled, and temporarily stored in a cooler with 

ice packs during transportation to the University of Guelph laboratory for nematode extraction and 

examination. 

3.3.2 Soil Storage and Preparation 

Soil samples used in the BP were processed at the University of Guelph the same day 

they were sampled to maximize nematode health and motility. This is also the standard for BP 

extractions at diagnostic clinics. Soil samples used in the two SCF methods were stored in a walk-

in refrigerator at 4°C for no more than one week before being extracted. These soil samples were 
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able to remain in the refrigerator for this period of time since the SCF method does not rely on 

nematode motility for extraction. Each soil sample was homogenized before any extraction 

methods commenced. This was done by working the entire soil sample through a 6mm pore size 

sieve onto a sheet of brown kraft paper. Soil was manually homogenized by rolling it back and 

forth six times from each opposing direction on the kraft paper, ensuring thorough mixing. For 

each of the three extraction methods, 50cm3 of soil was taken from each sample using a 25cm3 

centrifuge tube by scooping a portion of soil from each side of the soil sample, tapping the tube 

twice between each scoop, and transferring the soil to the desired extraction method step. Since 

a 25cm3 centrifuge tube was used to collect the soil, this step was performed twice.  

3.3.3 Baermann Pan Nematode Extraction Method 

As stated earlier, the BP method used in this study was a modified method from the 

original described by Townshend (1963). A circular 15cm in diameter pet-proof window screen 

(2mm pore size) was placed on the bottom of a 15cm Petri dish to cover the entire surface area 

followed by six 1-ply tissues that were set in a staggered fashion on top (Figure 3-1). The 50cm3 

soil sample was placed on top of the tissues and spread evenly to cover the surface area of the 

dish. Tissue corners were then folded over the soil and the petri dish contents were soaked with 

tap water until the soil and tissues were saturated and water reached the soil line. The dishes 

were covered, labelled, and stored for 7 days at room temperature, periodically topping up each 

dish with tap water when water dropped below the soil line. After 7 days, the soil, tissue, and pet 

proof screen contents were removed together, the pet proof screening was rinsed with tap water 

into the dish, and the remaining water in the dish was transferred into two centrifuge tubes using 

a funnel. After 24 hours, the top layer of water from each tube was discarded using a pipette until 

about 5mL of water remained and combined to one tube. After settling for 24 hours, water was 

once again discarded using a pipette until 5mL of water remained. The contents of the tube were 

then transferred and rinsed with a wash bottle into a scored 6cm petri dish for nematode counting 
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and identification. All PPN were identified to genus while other nematodes lacking a stylet were 

recorded as free-living. Nematodes were counted and identified using an Olympus SZX12 

(Olympus Canada Inc., Richmond Hill, ON, Canada) and presented as nematodes per 100cm3 

soil. 
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Figure 3- 1: Baermann pan nematode extraction method: (a) pet-proof screen placed in a petri dish; (b) 
staggered tissues; (c) 50cm3 of soil was spread evenly; (d) corners were folded, water was added, and 
the lid and label were placed on top. 

  

a b 

c d 
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3.3.4 Sugar Centrifugal Flotation Nematode Extraction Methods 

Two SCF methods modified from Jenkins (1964) were also used in this comparison. Both 

methods follow all but one of the same steps as described below. The homogenized 50cm3 of soil 

was placed onto a #40 sieve sitting above a 10L bucket and thoroughly washed with medium-

pressure, fanned water until the bucket was 1/3 full (Figure 3-2). The bucket then sat for 30 

seconds after which the water steadily poured through a #400 sieve while holding the sieve at a 

30-degree angle and moving it back and forth. Since the #400 sieve was used in this step the 

method was designated SCF 400. The second SCF method followed the same procedure, except 

the water from the bucket was poured through a #500 sieve. Since the #500 sieve was used in 

this step the method was designated SCF 500. The remaining steps were the same for both 

methods. The sieve was rinsed to collect all materials in one section, drained into a centrifuge 

tube using a funnel, and balanced to within a maximum of 1g. Tubes were centrifuged at 3400 

rpm for 6 minutes in a swinging bucket Sorvall Heraeus® rotor (Thermo Scientific Sorvall Legend 

RT+ Centrifuge). The supernatant was immediately decanted into the sink. Approximately 40mL 

of a sugar solution (454g/L water) was then added, stirred to mix and break up the pellet, and the 

tubes were balanced again to within 1g of each other. The tubes were spun once more in the 

centrifuge at 3400 rpm for 2 minutes. After the spin, the supernatant was poured through a #500 

mesh sieve, taking care not to disturb the pellet. The sieve was rinsed thoroughly with low 

pressure water to rinse out all the sugar solution, for approximately 30 seconds. The materials in 

the sieve were rinsed into a scored petri dish for counting and identification using the same 

microscope mentioned earlier. Nematode numbers were represented per 100cm3 of soil.  
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Figure 3- 2: Sugar centrifugal flotation nematode extraction method: (a) 50cm3 of soil is place on a #40 
sieve on a bucket and washed through with pressurized water until the bucket is 1/3 full; (b) after settling 
for 30 seconds, the contents of the bucket are poured through a #400 or #500 sieve; (c) the contents 
trapped in the sieve are transferred to a centrifuge tube using a wash bottle; (d) centrifuge tubes are 
balanced and spun at 3400 rpm for 6 minutes; (e) supernatant is decanted, the sugar solution is added, 
and tubes are balanced; (f) tubes are spun in the centrifuge at 3400 rpm for 2 minutes; (g) supernatant is 
poured through a #500 sieve and rinsed with water; and (h) contents of the #500 sieve are transferred to 
a petri dish for counting. 
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3.3.5 Optimization of the Sugar Centrifugal Flotation Method 

Optimization of the SCF method was a three-step process. Two soil samples, one with 

high Pratylenchus spp. and one with high Meloidogyne spp. nematodes, were used for the entirety 

of the experiment. Four replicates of each soil sample were processed at each step in the 

optimization process. The first step was to determine where nematode loss is most likely to occur 

during each step in the standard SCF method where soil and water are discarded. It was 

determined that soil and/or water are discarded at six points throughout the standard SCF process 

including: Point 1 - soil remaining on the #40 sieve; Point 2 - water drained through the #400 or 

#500 sieve; Point 3 - soil remaining in the bottom of the bucket; Point 4 - supernatant discarded 

from the first decanting; Point 5 - supernatant sugar solution drained through the #500 sieve; and 

Point 6 - soil remaining in the centrifuge tube. To determine the extent of loss at each of those 

points in the procedure, all soil and water were collected. From the collected soil samples, 

nematodes were extracted using the BP method. From the collected water samples, nematodes 

were extracted by transferring the water into a beaker and letting the nematodes settle to the 

bottom for 24 hours. After 24 hours, the top layer of water was carefully removed using a pipette 

and the remaining solution was transferred into labelled counting dishes.   

The second step was to alter the procedure based on the nematodes that were lost at 

each point. This resulted in four separate alterations being made to the standard SCF method. 

The first alteration involved decreasing the bucket settling time from 30 to 15 seconds. The second 

alteration involved premixing the centrifuge tubes before the first centrifugation with a scoopula. 

The third alteration involved increasing the first centrifuge cycle from 6 to 10 minutes. The fourth 

alteration involved decanting the supernatant from the first centrifuge spin into a #635 sieve, 

transferring collections into a counting dish, and continuing to use the #635 sieve when the sugar 

solution is collected at the second decanting step. Counts were made again and the modified 

method that had the greatest impact on increasing nematode counts was chosen as the optimized 
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method. The optimized method involved decreasing the bucket settling time to 15 seconds and 

collecting the supernatant from the first decanting step in a #635 sieve and using that sieve for 

the remainder of the process. 

The final step in the optimization was to compare the modified, optimized SCF method to 

the BP method and to the SCF 500 method. All nematodes recovered at the end of each process 

were transferred into counting dishes, identified to genus, and counted using an Olympus SZX12 

microscope.  

3.3.6 Statistical Analysis 

Statistical analysis was performed using SAS® software, University Edition for Windows 

(SAS 2010). Methods comparison data from both sampling periods were pooled for analysis. An 

analysis of variance, ANOVA, was performed using the PROC GLIMMIX procedure for each 

experiment. Multiple means comparisons were done for the methods comparison using Tukey’s 

multiple comparison test with the methods as the fixed effect, fields as the random effect, and an 

alpha value of 0.05 (SAS 2010). Optimization trials underwent least square means comparisons 

with an alpha value of 0.05 (SAS 2010). A Dunnett’s test was performed on the points of nematode 

loss in the SCF protocol and compared to the final nematode counts recovered. For the areas of 

nematode loss, SCF alteration comparison, and final SCF optimization comparison analysis the 

protocol step, alteration, and method were considered fixed effects, respectively.  

3.4 Results 

 Significantly more PPN were extracted from the soil using the two SCF methods compared 

to the BP method when all genera were combined (Table 3-1). The SCF methods also extracted 

significantly more Helicotylenchus spp., Hoplolaimus spp., and Heterodera spp. nematodes. The 

SCF 500 method extracted the same number of Pratylenchus spp. nematodes as the BP and 

SCF 400 method; however, the BP extracted significantly more than the SCF 400. The BP method 
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also extracted more free-living nematodes than either of the SCF methods. The BP method did 

not extract any female Heterodera spp. nematodes while both SCF methods extracted a similar 

number of individuals (data not shown). There were no significant differences between each 

extraction method for all other PPN genera analysed. 

Table 3- 1: Mean number of plant-parasitic nematode (PPN) genera extracted using the BP, SCF 400, 
and SCF 500 method from ten high PPN tomato fields.  

 

 Extraction method counts (nematodes/100cm3 of soil) 

 BP SCF 400 SCF 500 

Pratylenchus spp. 119a ab ± 14c 87 b ± 10 88 ab ± 11 

Meloidogyne spp. 22 ns ± 17 29 ± 19 23 ± 14 

Helicotylenchus spp. 24 b ± 8 101 a ± 18 85 a ± 15 

Hoplolaimus spp. 4 b ± 1 28 a ± 6 26 a ± 5 

Heterodera spp. 70 b ± 15 263 a ± 66 249 a ± 61 

Tylenchorhynchus spp. 25 ns ± 5 34 ± 5 29 ± 5 

Free-living 1241 a ± 116 706 b ± 74 780 b ± 95 

Total PPNd 311 b ± 31 643 a ± 62 602 a ± 55 

a Means of forty (n=40) replicates for each nematode genus. 
b Mean values in the same genus with the same letter are not significantly different using Tukey-Kramer’s 
adjustment (P≤0.05). 
c Standard error of the mean. 
d Total PPN included populations of the genera listed and populations of Xiphinema, Paratylenchus, and 
Tylenchus spp. nematodes not presented individually.  
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For the optimization process, population levels of Pratylenchus spp. and Meloidogyne 

spp. nematodes that were recovered at the end of the process were compared to nematode 

population levels at each step in the SCF process. The number of Meloidogyne spp. nematodes 

were lost at Point 5 in the SCF 500 process compared to the final number recovered (Table 3-

2). All other Meloidogyne spp. and Pratylenchus spp. nematodes recovered at each step in the 

protocol were not different to the final counts. 

Table 3- 2: Mean number of Pratylenchus spp. and Meloidogyne spp. lost at points discarding water or 
soil in the SCF 500 method compared to the final number of nematodes recovered. 

SCF Protocol 
Points of Loss 

Pratylenchus spp. 
(individuals/100cm3 of soil) 

Meloidogyne spp. 
(juveniles/100cm3 of soil) 

Point 1 15a ± 3b 22 ± 9 

Point 2 1 ± 1 4 ± 2 

Point 3 0 ± 0 10 ± 3 

Point 4 16 ± 7 118 ± 22 

Point 5 10 ± 3 141* ± 44 

Point 6 12 ± 6 6 ± 2 

Final (Total 
Recovered) 

102 ± 22 222 ± 27 

a Means are representative of a 100cm3 soil sample (n=4). 
b Standard error of the mean. 
*Indicates a significant difference from the Final (Total Recovered) count using Dunnett’s test (α=0.05). 
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The alterations made to the standard SCF method had different results on Pratylenchus 

spp. and Meloidogyne spp. nematodes. A lower number of Pratylenchus spp. nematodes were 

extracted from the premixing SCF alteration compared to the other alteration methods or the 

standard method (Table 3-3). More Meloidogyne spp. nematodes were extracted from the 15 

second bucket settling time alteration and collection of decanted water with a #635 sieve alteration 

compared to the other methods.  

Table 3- 3: Mean number of Pratylenchus spp. and Meloidogyne spp. recovered from the SCF 500 
method and each altered SCF method. 

Alterations 
Pratylenchus spp. 

(individuals/100cm3 of soil) 

Meloidogyne spp. 
(juveniles/100cm3 of soil) 

15 Second Settling Time 122a ab ± 15c 147 ab ± 14 

Premixing 41 b ± 16 122 b ± 12 

10 Minute Centrifuge 123 a ± 16 120 b ± 16 

Collecting Decanted Water 
+ #635 Sieve 

120 a ± 11 180 a ± 26 

Standard 133 a ± 19 122 b ± 10 

a Means are representative of a 100cm3 soil sample (n=4). 
b Mean values in the same genus with the same letter are not significantly different (P≤0.05). 
c Standard error of the mean. 
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The optimized SCF method extracted the highest number of Pratylenchus spp. and 

Meloidogyne spp. nematodes on average (Table 3-4). The optimized SCF method and the BP 

method extracted significantly more Pratylenchus spp. nematodes than the SCF 500 method. 

The optimized SCF method also extracted significantly more Meloidogyne spp. nematodes 

compared to the SCF 500 method; however, neither method was significantly different from the 

BP method.  

Table 3- 4: Mean number of Pratylenchus spp. and Meloidogyne spp. extracted from the BP, standard 
SCF, and optimized SCF method. 

Methods 
Comparisons 

Pratylenchus spp. 
(individuals/100cm3 of soil) 

Meloidogyne spp. 
(juveniles/100cm3 of soil) 

Optimized SCF 226a ab ± 32c 162 a ± 13 

SCF 500 103 b ± 16 88 b ± 7 

BP 177 a ± 15 124 ab ± 22 

a Means are representative of a 100cm3 soil sample (n=4). 
b Mean values in the same genus with the same letter are not significantly different (P≤0.05). 
c Standard error of the mean. 
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3.5 Discussion 

 The SCF methods extracted more PPN within most of the genera observed when 

compared with the BP method. These results are comparable but different to those found by 

Rodriguez-Kabana and Pope (1981). The researchers in this experiment compared a BP type 

method to a centrifugal flotation method using molasses (Rodriguez-Kabana and Pope 1981). 

They found that the BP method extracted more Pratylenchus spp., Meloidogyne spp., and 

Heterodera spp. nematodes while the centrifugal flotation method extracted more Helicotylenchus 

spp., Hoplolaimus spp., and free-living nematodes (Rodriguez-Kabana and King 1975; 

Rodriguez-Kabana and Pope 1981). In our study, higher numbers of Helicotylenchus spp. and 

Hoplolaimus spp. nematodes were recovered from the SCF methods and the BP method 

extracted significantly more Pratylenchus spp. nematodes than the SCF 400 method. However, 

more free-living nematodes were extracted with the BP method, more Heterodera spp. 

nematodes were extracted from the SCF methods, and there were no significant differences for 

Meloidogyne juveniles recovered with either method. No Meloidogyne females were found in any 

of the extractions. Viglierchio and Schmitt (1983) also found similar results to this study whereby 

more Pratylenchus spp. nematodes were often extracted using BP type methods while there were 

no significant differences between extraction methods for Meloidogyne spp.  

The higher numbers of Heterodera spp., Helicotylenchus spp., and Hoplolaimus spp. 

nematodes that were extracted using the SCF methods identifies some additional limitations of 

the BP method. The BP method is unable to extract larger nematodes, such as Helicotylenchus 

spp. and Hoplolaimus spp., and non-motile eggs and females of Heterodera spp., which was 

confirmed from previous literature and in the present study (Rodriguez-Kabana and Pope 1981). 

More Heterodera spp. were believed to be recovered using the SCF methods as the extracted 

females, which the BP method cannot extract, may have broken apart during the extraction 

process, releasing the eggs from within. The larger Helicotylenchus spp. and Hoplolaimus spp. 
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nematodes may not have been able to migrate through the small pore space of the BP tissues, 

resulting in poor recovery using this method (Rodriguez-Kabana and Pope 1981). The significant 

increase in free-living nematodes recovered using the BP method, however, confirms that the 

SCF method is not ideal for extracting these nematodes. The significant increase in total PPN 

recovered from the SCF methods may be due to the low population levels of Heterodera spp., 

Helicotylenchus spp., and Hoplolaimus spp. nematodes recovered using the BP method.  

Interestingly, the BP method extracted significantly more Pratylenchus spp. nematodes 

compared to the SCF 400 method, but not more than the SCF 500 method. The use of the #500 

sieve in the SCF method was first proposed by Patterson (2015) in the hopes that it would collect 

nematodes that are slipping through the #400 sieve, which has a larger pore size. The finer #500 

sieve was hypothesised to catch more nematodes overall, especially very small, recently hatched 

Pratylenchus spp. nematodes (Patterson 2015). This has proven to be a successful modification 

as the SCF 500 method recovered statistically similar numbers of Pratylenchus spp. nematodes 

as the BP method. The arithmetic means of Pratylenchus spp. nematodes, though, were similar 

between both the SCF 400 and SCF 500 methods and lower compared to the BP method. 

 These results indicate that the SCF methods recover more PPN overall from tomato soils 

compared to the BP method and, therefore, should be considered to obtain an accurate estimate 

of PPN populations in the soil or when estimating sedentary and migratory nematodes in soils. In 

addition, the development of future PPN thresholds should use the SCF method since it appeared 

to extract various PPN from the soil. Currently, the PPN thresholds for tomato in Ontario are based 

on data using the BP method. Generally, the BP method would be recommended for extracting 

Pratylenchus spp. nematodes from the soil; however, the recommendation by Patterson (2015) 

to substitute the #400 sieve with a number #500 sieve in the SFC protocol increased the number 

of Pratylenchus spp. nematodes recovered. This small modification increased the effectiveness 



35 

 

of the SCF method and led to further modifications to improve the SCF method to make it the 

optimal method for extracting all types of nematodes.  

 The alterations made to the SCF protocol in this study verified the efficacy of the optimized 

method to extract more PPN compared to the BP and SCF 500 methods. The study done by 

Viglierchio and Schmitt (1983) identified areas of potential nematode loss throughout the SCF 

method which was also observed in the present study. The researchers found that the largest M. 

incognita losses also occurred from discarding water and that the SCF method they used 

extracted less than 50% of initial soil inoculum overall (Viglierchio and Schmitt 1983). The 

optimized SCF method in the present study recovered nearly twice the amount of Meloidogyne 

spp. nematodes compared to the standard SCF method, which could be accounting for most of 

the nematode loss in this study and the losses described by Viglierchio and Schmitt (1983).  

Pratylenchus spp. and Meloidogyne spp. are the most important nematode genera 

affecting tomatoes in Ontario, so it is critical to not underestimate or over estimate the actual 

populations of these specific genera of PPN in the field. The purpose of analysing where 

nematode loss occurs in the SCF protocol has provided the opportunity to make appropriate 

alterations at these steps to increase the recovery of more nematodes. The largest areas of loss 

for Meloidogyne spp. was at Point 4 and 5 in the process, where supernatant is decanted from 

the first centrifugation and where the supernatant sugar solution is drained through the #500 

sieve, respectively. Although the losses of Pratylenchus spp. nematodes throughout the SCF 

protocol were not significant, the most nematodes were lost at Point 3, 4, and 5 as well. By adding 

the step of decanting the first water solution into a #635 sieve and retaining what was collected, 

as well as decreasing the bucket settling time, the optimized method numerically reduced 

nematode loss at Point 4 and 5 of the SCF 500 method.  
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The goal of optimizing the SCF method was to make small adjustments to recover more 

nematodes while maintaining a fast, reliable, and effective method to accurately extract PPN 

populations from the soil and better estimate soil population levels. Future research should 

evaluate the optimized method outlined in the present study for extracting larger nematodes such 

as Xiphinema spp., Helicotylenchus spp. and Hoplolaimus spp. and smaller nematodes such as 

Paratylenchus spp. This method could more accurately estimate all nematode populations in the 

soil since this optimized method is similar to the standard SCF which has already been shown to 

be more effective at extracting PPN than the BP method. The greatest benefit of the optimized 

method is its ability to extract all of the genera observed and all stages of the nematodes while 

extracting genera that were previously more effectively extracted using the BP method (e.g. 

Pratylenchus spp.). In addition, the primary advantage of rapid extraction time using the SCF is 

maintained with this optimized protocol. We feel that this optimized method is able to take full 

advantage of the benefits of the SCF method without the loss of smaller nematodes, making it 

the preferred method for extraction of PPN from soils. 
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Chapter 4: Population Dynamics of Plant-Parasitic Nematodes in 

Tomato Soils Throughout Southwestern Ontario 

 

4.1 Abstract 

A survey was conducted throughout southwestern Ontario to analyse the population 

dynamics of PPN in tomato fields. Soil was sampled from 50 tomato fields throughout Essex, 

Kent, and Norfolk counties in 2016 and 2017. All 50 fields were sampled three times (preplant, 

July, and postharvest) throughout the growing season and 20 fields found to have higher 

populations of PPN were sampled an additional two times (June and August). Root samples were 

also sampled from tomato plants in August of 2016 and July and August of 2017 from the 20 high 

PPN fields. Plant-parasitic nematodes were extracted from the soil using the sugar centrifugal 

flotation method and from roots using a shaker method. The extracted nematodes were identified 

to genus, and the populations were compared among counties and over the growing season. 

Plant-parasitic nematode populations were also compared among fields with different 

management practices and soil characteristics. Pratylenchus spp. were the most prevalent PPN 

found in tomato fields. Populations of PPN genera varied over the growing season, however, total 

PPN were lowest in the summer. Significantly higher PPN populations were found in Essex and 

Kent counties compared to Norfolk County. Four percent of fields had populations of Pratylenchus 

spp. and Meloidogyne spp. nematodes that exceeded threshold values of 2000 nematodes/kg of 

soil and 1000 nematodes/kg of soil, respectively. Management practices influenced each PPN 

genus differently; however, tomato fields fumigated prior to planting had significantly lower 

populations of both Pratylenchus spp. and Meloidogyne spp. nematodes than non-fumigated 

soils. Overall, numbers of PPN were positively correlated with very fine sand, coarse sand, and 

volumetric water content and there was a negative relationship with medium sand.  
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4.2 Introduction 

Ontario produced 486,830 tonnes of field tomatoes in 2016 with a farmgate value of 

$92.65 million CAD (OMAFRA 2017b). It is estimated that PPN are responsible for 20.6% of 

tomato yield losses worldwide (Shurtleff and Averre 2000). In the Ontario tomato industry, it is 

unknown how much PPN contribute to annual tomato yield losses. Although PPN populations and 

distributions can be monitored through soil and plant root sampling of tomato fields (OMAFRA 

2016), the most recent published surveys of PPN in Ontario tomato fields were done in the early 

1970’s (Potter and Townshend 1973). The current distribution and abundance of PPN in Ontario 

tomato fields requires updating. 

Previous surveys of PPN in southwestern Ontario were extensive and investigated PPN 

populations in a variety of field crops, including tomatoes (Marks et al. 1973; Potter and 

Townshend 1973). The majority of these surveys were conducted by members of Agriculture 

Canada and the Horticultural Research Institute of Ontario (Marks et al. 1973). Ontario fields were 

sampled annually between 1964 to 1972 (Cornelisse et al. 1970; Marks et al. 1971; Marks et al. 

1972; Marks et al. 1973; Olthof et al. 1967; Olthof et al. 1969; Townshend 1965; Townshend et 

al. 1966). However, the number of tomato fields sampled was relatively low and ranged from one 

to seven fields per year. Throughout these surveys, two to five PPN genera were found in tomato 

soils with Pratylenchus spp. nematode being the most common as it was present in 50 to 100% 

of tomato fields sampled. Meloidogyne spp. populations varied and were found in 0 to 100% of 

the tomato fields sampled between 1964 to 1972 (Cornelisse et al. 1970; Marks et al. 1971; Marks 

et al. 1972; Marks et al. 1973; Olthof et al. 1967; Olthof et al. 1969; Townshend 1965; Townshend 

et al. 1966). Meloidogyne presence varied between the yearly surveys as some surveys only 

collected as many as one soil sample from tomato fields. Other unpublished surveys conducted 

between 1988 to 1991 by Agriculture Canada and the Ridgetown College of Agricultural 

Technology investigated PPN populations and their significance in Essex and Kent County tomato 
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fields (Pitblado and Olthof 1991). Although all PPN genera observed were identified and 

quantified, the focus was on populations of Meloidogyne spp. and Pratylenchus spp., specifically. 

In a 1988 survey, Pratylenchus spp. nematodes were found in all 44 fields sampled while 

Meloidogyne spp. nematodes were only found in about half of the fields. Populations of both 

Meloidogyne spp. and Pratylenchus spp. nematodes tended to increase throughout the season 

and varied from one year to another. Fields with population levels of Pratylenchus spp. nematodes 

exceeding threshold (2000 nematodes/kg soil) ranged from 11.2% in 1988 to 13.5% in 1989 when 

sampling was done in the spring while fields with Meloidogyne spp. nematode populations above 

threshold (1000 nematodes/kg soil) ranged from 2.5% in 1988 to 4.5% in 1989 (Pitblado and 

Olthof 1991).   

More recent research on the distribution of PPN populations has been done in Michigan 

(Grabau et al. 2016) and due to the close geographical relationship between Michigan and 

southwestern Ontario, similar PPN genera and populations may be found in southwestern Ontario 

tomato fields. In the 2015 Michigan survey of 32 vegetable fields, Pratylenchus spp. were the 

most common type of PPN infesting 72% of fields, followed by Meloidogyne spp. (44%), 

Paratylenchus spp. (28%), Tylenchorhynchus spp. (28%), and Heterodera spp. (19%) nematodes 

(Grabau et al. 2016).  

Sample timing is essential to understanding the change in PPN populations over the 

season. Generally, it is best to sample soils in the spring (preplant) or fall (postharvest) to allow 

time for management options to be implemented (OMAFRA 2016). The populations of PPN in the 

field have been found to be lower in the spring and higher in the fall (Pitblado and Olthof 1991). 

The population dynamics of PPN can be influenced throughout the season by environmental 

conditions such as temperature, moisture, and soil texture (Shurtleff and Averre 2000). Moderate 

soil temperature and moisture are vital to PPN survival as extremes in both temperature and 

moisture often result in nematode death (Shurtleff and Averre 2000). Plant-parasitic nematodes 
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on roots usually thrive in sandy soils with large pore spaces; however, soils with a high percentage 

of silt and clay that have increased pore spaces can also support significant PPN populations 

(Bridge and Starr 2007; Shurtleff and Averre 2000). 

It is important to understand the population dynamics of PPN in southwestern Ontario 

considering the potential impact they can have on tomato production and their historic presence 

in the area. The main objective of this study was to determine the prominent PPN genera present 

in southwestern Ontario and estimate their population and distribution.  

4.3 Materials and Methods 

Processing and fresh-market tomato fields were surveyed through soil and root sampling 

during the 2016 and 2017 growing seasons. Data on population levels of nematodes extracted 

from the soil and roots were used to compare differences in populations over the season, growing 

regions, and between crop management methods. Soil properties were measured and compared 

to determine the influence of soil characteristics on PPN populations.  

4.3.1 Sample Collection 

In 2016, 25 tomato fields in southwestern Ontario were selected to be surveyed in Kent, 

Essex, and Norfolk counties (Figure 4-1). Fifteen fields were located in Kent County, 6 in Norfolk 

County, and 4 in Essex County. All 25 fields were sampled three times throughout the growing 

season: preplant (May-June), July, and postharvest (September-October). Ten fields with high 

populations of Pratylenchus spp., Meloidogyne spp., and total PPN, based on PPN numbers 

recorded after the first sampling event, were sampled two additional times in June and August for 

a total of five times over the season. Postharvest sampling occurred on October 27 and 28, after 

all fields had been harvested. Additional samples were taken from three fields 10 days after 

harvesting in addition to the final sampling done on October 27 and 28. The purpose of taking 

additional samples was to determine if PPN populations changed significantly between 10 days 
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and approximately 30 days after harvesting. This information was used to determine the 

appropriate postharvest sampling time for the 2017 survey. Soil was sampled following the same 

protocol as outlined in Chapter 3. Tomato roots were collected from 9 of the 10 high PPN fields 

in August. One of the 10 high PPN fields was omitted due to the growers’ preference. In each 

field, the roots of 10 tomato plants were collected from each transect by digging 15cm around 

each tomato plant and carefully shaking off the excess soil. Tomato roots from each transect were 

transferred to a plastic garbage bag, labelled, and stored in a cooler with ice packs during 

transportation to the University of Guelph.  

In 2017, twenty-five new tomato fields were selected and surveyed between Kent, Essex, 

and Norfolk counties (Figure 4-1). Fourteen fields were located in Kent County, 6 in Norfolk 

County, and 5 in Essex County. The soil sampling process followed the same schedule as in 2016 

except all postharvest soil samples were taken 10±3 days after each field had been harvested to 

obtain the highest soil population of Pratylenchus spp. Root samples were taken in July and 

August, following the same method as described above. In 2 of the 10 high PPN fields, only 3 to 

5 tomato roots were taken per transect as per the growers’ request.  

For both years, soil temperature and soil volumetric water content were taken at each field 

during each sampling event. In addition, a questionnaire was sent out to growers at the end of 

each season to obtain information on management practices, field cropping history, pesticide use, 

use of cover crops, etc., which were distributed by OMAFRA (Appendix F). In cases where 

questionnaires were not returned, the growers were contacted directly to obtain information. For 

the 2017 season, no grower survey was distributed, but instead in 2017, each grower was 

contacted individually to obtain information as this was proven more successful in the previous 

year.   
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Figure 4- 1: Locations of the 2016 (yellow) and 2017 (red) tomato fields sampled in Essex, Kent, and 
Norfolk County (from east to west). Developed using Google Maps. 
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4.3.2 Sample Storage and Analysis 

Soil and root samples were stored at 4°C in a walk-in refrigerator at the University of 

Guelph. Soil was stored for no more than two weeks and all nematodes were extracted using the 

sugar centrifugal flotation (SCF) method with the #500 sieve, as outlined in Chapter 3. Root 

samples were stored for no more than one week before nematodes were extracted using a 

modified shaker root method described by Barker and Niblack (1990) (Appendix D). Roots were 

gently washed free of soil and homogenized by thoroughly mixing the roots by hand, to obtain a 

wet 5g root sample from which nematodes were extracted. Roots were later dried in a drying oven 

at 70°C for two days and weighed to determine nematode populations per gram of dry root weight. 

All PPN were identified to genus. Nematodes without a stylet were recorded as free-living. 

Nematodes were counted and identified using an Olympus SZX12 (Olympus Canada Inc., 

Richmond Hill, ON, Canada) and represented as nematodes per 100cm3 for soil and per gram for 

dry root. 

During each sampling event, soil temperature was measured using a Checktemp Pocket 

Thermometer (Hanna Instruments, Woonsocket, RI, USA) and soil volumetric water content was 

measured using a Field Scout TDR 100 Soil Moisture Meter (Spectrum Technologies, Inc., 

Aurora, IL, USA) at each field. Approximately 500g of each soil sample was evenly distributed 

on an aluminum foil pan and air dried for 7 days. After recording dry weight, the soil sample was 

sieved through a Retsch AS 200 Vibratory Sieve Shaker (Retsch, Newtown, PA, USA), using 

mesh sieves size #5, #10, #18, #35, #60, #100, #200, #270, and a collection base, to obtain the 

soil texture of each field transect.  

4.3.3 Nematode Population Conversions 

The BP method presents nematode numbers per kilogram of soil whereas the SCF 

method presents nematode numbers per 100cm3 of soil. Published PPN thresholds in Ontario 
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were developed using the BP method and are presented as nematodes/kg of soil. Due to the 

nature of the SCF extraction method leading to expression of nematode populations in nematodes 

per 100cm3 of soil, a conversion factor was developed to allow for comparison with published 

thresholds. To calculate this conversion factor, 10 100cm3 aliquots from various survey soil 

samples were dried in a drying oven at 70°C for two days and weighed. The average weight of 

the 10 dry samples was used to determine the conversion factor needed to relate nematode 

populations to a kilogram of soil. All soil from the survey was found to be a sand or loamy sand 

type soil. A 100cm3 sample of soil was found to be equivalent to approximately 1/10.3 of a 

kilogram of soil. This conversion factor was used to relate the soil nematode populations, 

estimated by the SCF method, to Ontario threshold levels as nematodes/kg of soil. 

4.3.4 Statistical Analysis 

Statistical analysis was performed using SAS® software, University Edition for Windows 

(SAS 2010). Data obtained during the 2016 and 2017 survey were pooled for analysis, except 

when root populations were compared. An ANOVA was performed using the PROC GLIMMIX 

procedure. Means were separated using Tukey’s multiple comparison test with an alpha value 

set at 0.05 (SAS 2010). Using the PROC GLIMMIX procedure allowed for appropriate analysis of 

the data and took into consideration unequal sample sizes, random factors, and repeated 

measures. The season, county, management method, previous crop, and year were considered 

random effects. The year, field, transect, season, and corresponding interactions were considered 

random effects for the appropriate statistical analyses. Means comparisons were used to compare 

PPN soil populations over the tomato growing season, among counties, among previous 

implemented crops, and between fumigated and non-fumigated fields.  

A stepwise regression was performed using the PROC REG procedure in the SAS® 

software to determine if soil texture (percent clay, silt, very fine sand, fine sand, medium sand, 

coarse sand, and gravel), volumetric water content, and temperature were factors significantly 
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influencing populations of PPN. Data and factors were rejected if they resulted in a p value greater 

than 0.15. 

4.4 Results 

 The 2016 and 2017 survey identified nine different PPN genera in the 50 fields sampled 

throughout southwestern Ontario tomato fields (Table 4-1). Plant-parasitic nematodes were found 

in all tomato fields sampled during preplant, July, and postharvest. Of the nine PPN genera 

present in these fields, Pratylenchus spp. nematodes were the most prevalent as they were found 

in 100% of fields sampled (Table 4-1). The next most common PPN was Tylenchorhynchus spp. 

(98%), followed by Helicotylenchus spp. (96%), Heterodera spp. (92%), Meloidogyne spp. (82%), 

Hoplolaimus spp. (72%), Xiphinema spp. (56%), and Paratylenchus spp. (32%) (Table 4-1). 

Tylenchus spp. nematodes were found in 100% of soil samples; however, they are only 

considered to be weak plant parasites. 

Table 4- 1: Percent of tomato field soil samples infested with PPN genera in southwestern Ontario 

Nematode Genus % of Fields Infesteda 

Pratylenchus spp. 100 

Tylenchorhynchus spp. 98 

Helicotylenchus spp. 96 

Heterodera spp. 92 

Meloidogyne spp. 82 

Hoplolaimus spp. 72 

Xiphinema spp. 56 

Paratylenchus spp. 32 

Tylenchus spp.b 100 

 

a Percentages are based on 300 soil samples (6 samples per field from 50 fields) from the preplant, July, 
and postharvest sampling periods of 2016 and 2017.  
b Tylenchus spp. nematodes are not considered to be significant plant parasites. 
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Soil populations of PPN from the current survey were assessed over the tomato growing 

season during the preplant, July, and postharvest periods for all 50 fields surveyed. Soil 

populations of Helicotylenchus spp. significantly decreased in July and increased postharvest, 

while Hoplolaimus spp. soil populations decreased over the growing season (Table 4-2). Soil 

populations of Xiphinema spp. increased over the growing season; however, this genus was 

found at low levels (data not shown). All other PPN genera populations, and total PPN, remained 

the same over the preplant, July, and postharvest sampling periods. 

Table 4- 2: Mean PPN soil populations from the preplant, July, and postharvest sampling periods from 50 
tomato fields in 2016 and 2017. 

 Season Populations (nematodes/100cm3 of soil)  

Nematode Genus Preplant July Postharvest 

Pratylenchus spp. 48a nsb ± 5c 38 ± 4 48 ± 4 

Meloidogyne spp. 9 ns ± 3 5 ± 2 35 ± 20 

Helicotylenchus spp. 68 a ± 8 47 b ± 6 84 a ± 11 

Hoplolaimus spp. 21 a ± 4 12 b ± 3 8 b ± 2 

Heterodera spp. 113 ns ± 24 96 ± 22 96 ± 17 

Tylenchorhynchus 
spp. 

20 ns ± 4 23 ± 4 29 ± 5 

Total PPN 350 ns ± 29 318 ± 27 389 ± 29 

a Means of 100 replicates for each nematode genus. 
b Mean values of the same genus with the same letter are not significantly different using Tukey’s adjustment 
(P≤0.05). 
c Standard error of the mean. 
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During the 2016 and 2017 seasons, 20 of the 50 fields found to have higher PPN soil 

populations were sampled a total five times: preplant, June, July, August, and postharvest. 

Populations of Pratylenchus spp. nematodes were significantly higher in June compared to July, 

August, and postharvest (Table 4-3). Helicotylenchus spp. nematode soil populations tended to 

vary over the season but were highest in August and lowest in July. Hoplolaimus spp. nematodes 

also tended to have higher soil populations earlier than later in the season. Soil populations of 

Xiphinema spp., although low, were highest in August and lowest in June. Soil populations of 

Tylenchorhynchus spp. were highest in August and significantly lower in the preplant sampling 

period. Total PPN soil populations varied over the growing season but were highest in the August 

sampling period and lowest in the July sampling period. Populations of all other PPN genera did 

not change significantly over the growing season. 

Table 4- 3: Mean PPN soil populations from the preplant, June, July, August, and postharvest sampling 
periods from the 20 highest PPN population tomato fields in 2016 and 2017.  

 Season Populations (nematodes/100cm3 of soil)  

Nematode Genus Preplant June July August Postharvest 

Pratylenchus spp. 84a abb ± 10c 113 a ± 13 62 b ± 8 66 b ± 8 68 b ± 8 

Meloidogyne spp. 16 ns ± 8 7 ± 2 4 ± 2 23 ± 14 15 ± 10 

Helicotylenchus spp. 102 ab ± 14 104 ab ± 16 69 b ± 11 106 a ± 21 110 ab ± 19 

Hoplolaimus spp. 31 ab ± 6 36 a ± 8 14 bc ± 4 23 abc ± 5 11 c ± 3 

Heterodera spp. 145 ns ± 46 161 ± 43 132 ± 51 174 ± 54 99 ± 27 

Tylenchorhynchus spp. 32 b ± 8 29 ab ± 8 35 ab ± 9 44 a ± 10 35 ab ± 7 

Total PPN 496 abc ± 47 561 ab ± 39 423 c ± 53 604 a ± 54 448 bc ± 39 

a Means of 40 soil samples for each nematode genus. 
b Mean values of the same genus with the same letter are not significantly different using Tukey’s 
adjustment (P≤0.05). 
c Standard error of the mean. 
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Pratylenchus spp. and Meloidogyne spp. soil populations, historically the two most 

agronomically important nematodes in tomato fields, were compared with published preplant soil 

population thresholds to determine if they were present in potentially damaging numbers. The 

preplant soil population threshold values in Ontario for Pratylenchus is 2000 nematodes/kg soil 

and for Meloidogyne is 1000 nematodes/kg soil. Based on the conversion described in the 

methods section, we found that two fields exceeded threshold levels for Pratylenchus spp. and 

two different fields exceeded the threshold for Meloidogyne spp.  
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Plant-parasitic nematode populations found in the roots of tomato plants were compared 

between August of 2016 and 2017 as well as between July and August of 2017. There were no 

significant differences in PPN populations in tomato roots between the August sampling period of 

2016 and 2017 as well as between the July and August sampling period of 2017 (Table 4-4 & 

Table 4-5). However, populations of both Pratylenchus spp., Meloidogyne spp., and total PPN 

were numerically higher in 2017 than in 2016 and also in the August sampling compared to the 

July sampling period of 2017. There are no published thresholds regarding PPN in tomato roots.  

Table 4- 4: Mean PPN tomato root populations from August of 2016 and 2017.  

 Yearly Populations (nematodes/g of dry root) 

Nematode Genus 2016a 2017b 

Meloidogyne spp. 1 nsc ± 1d 19 ± 14 

Pratylenchus spp. 154 ns ± 54 120 ± 480 

Total PPN 172 ns ± 57 1226 ± 477 

a 2016 means are representative of 18 root samples from 9 fields for each nematode genus.  
b 2017 means are representative of 20 root samples from 10 fields for each nematode genus. 
c Mean values in the same genus with the same letter are not significantly different using Tukey’s adjustment 
(P≤0.05). 
d Standard error of the mean. 
 

Table 4- 5: Mean PPN tomato root populations from July and August 2017. 

 Monthly Populations (nematodes/g of dry root) 

Nematode Genus Julya Augusta 

Meloidogyne spp. 0 nsb ± 0c 19 ± 14 

Pratylenchus spp. 525 ns ± 113 1204 ± 480 

Total PPN 533 ns ± 112 1226 ± 477 

a Means are representative of 20 root samples from 10 fields for each nematode genus. 
b Mean values in the same genus with the same letter are not significantly different using Tukey’s adjustment 
(P≤0.05). 
c Standard error of the mean. 
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Soil populations of PPN were analysed in different tomato growing regions to determine 

the distribution of PPN genera throughout tomato growing regions of southwestern Ontario. Soil 

populations of Pratylenchus spp., Helicotylenchus spp., Hoplolaimus spp., and Tylenchus spp. 

nematodes were significantly higher in Kent County compared to Norfolk and Essex counties 

(Table 4-6). Both Kent and Essex counties had higher populations of Tylenchorhynchus spp. and 

total PPN compared with Norfolk County. However, populations of Heterodera spp. nematodes 

were highest in Essex County, followed by Kent County, and lowest in Norfolk. All other nematode 

genera populations did not change between tomato growing regions in southwestern Ontario. 

Table 4- 6: Mean PPN soil populations in Kent, Norfolk, and Essex County tomato fields. 

 County Populations (nematodes/100cm3 of soil) 

Nematode Genus Kenta Norfolkb Essexc 

Pratylenchus spp. 57 ad ± 4e 34 b ± 6 20 b ± 4 

Meloidogyne spp. 3 ns ± 1 44 ± 27 22 ± 10 

Heterodera spp. 100 b ± 12 1 c ± 0 241 a ± 50 

Helicotylenchus spp. 104 a ± 7 1 b ± 0 31 b ± 7 

Tylenchorhynchus spp. 28 a ± 4 6 b ± 1 36 a ± 5 

Hoplolaimus spp. 23 a ± 3 0 b ± 0 2 b ± 1 

Xiphinema spp. 2 ns ± 0 2 ± 1 1 ± 0 

Tylenchus spp. 108 a ± 7 49 b ± 6 31 b ± 3 

Total PPN 428 a ± 17 138 b ± 27 394 a ± 51 

a Means of 174 samples (29 fields) from Kent County; 90 samples from 2016 and 84 samples from 2017. 

b Means of 72 samples (12 fields) from Norfolk County; 36 from 2016 and 2017. 
c Means of 54 samples (9 fields) from Essex County; 24 from 2016 and 30 from 2017. 
d Mean values in the same genus with the same letter are not significantly different using Tukey’s adjustment 
(P≤0.05). 
e Standard error of the mean. 
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Fields that were fumigated had significantly lower soil populations of Pratylenchus spp., 

Helicotylenchus spp., and Hoplolaimus spp. nematodes compared to fields that were not 

fumigated (Table 4-7). Conversely, fields that were not fumigated had significantly lower soil 

populations of Heterodera spp. nematodes than fumigated fields. All other PPN genera, including 

total PPN, were not different between fumigated or non-fumigated fields. All fumigated fields were 

located in Essex County. Preplant PPN soil sample results were excluded as they were taken 

prior to fumigation. 

Table 4- 7: Mean PPN soil populations from fumigated and non-fumigated tomato fields. 

 Nematode Populations 
(nematodes/100cm3 of soil) 

Nematode Genus Non-fumigateda Fumigatedb 

Pratylenchus spp. 54 ac ± 4d 2 b ± 1 

Meloidogyne spp. 6 ns ± 3 2 ± 1 

Helicotylenchus spp. 87 a ± 8 25 b ± 10 

Hoplolaimus spp. 14 a ± 2 0 b ± 0 

Heterodera spp. 86 b ± 11 336 a ± 95 

Tylenchorhynchus spp. 27 ns ± 4 44 ± 11 

Total PPN 386 ns ± 19 448 ± 98 

a Means of 144 soil samples (36 fields) from non-fumigated fields. Preplant samples were excluded as they 
were taken prior to fumigation. 
b Means of 20 soil samples (5 fields) from fumigated fields. Preplant samples were excluded as they were 
taken prior to fumigation. 
c Mean values in the same genus with the same letter are not significantly different using Tukey’s adjustment 
(P≤0.05). 
d Standard error of the mean.  
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Tomato fields that incorporated cover crops prior to the tomato growing season, along with 

fields that were confirmed to have no cover crops, were compared to assess PPN populations in 

the soil. Fields that had rye as a cover crop had significantly lower soil populations levels of 

Pratylenchus spp. compared to red clover and fields with no cover crops (Table 4-8). There were 

both Hoplolaimus spp. and Tylenchorhynchus spp. nematodes had significantly higher 

populations when wheat was used as a cover crop compared to the other cover crops listed. All 

other PPN genera, as well as total PPN soil populations, were not influenced by the type or use 

of cover crops due to large variance in soil population among fields. There were large numerical 

differences in soil populations of Meloidogyne spp. and Heterodera spp. among fields that were 

planted with rye compared to no cover crop, due to large variances between fields. 

Table 4- 8: Mean PPN soil populations from sampled tomato fields implementing red clover, rye, wheat, 
or no cover crop prior to planting tomatoes. 

 Nematode Populations (nematodes/100cm3 of soil) 

Nematode Genus Nonea Red 
Cloverb Ryec Wheatd 

Pratylenchus spp. 60 ae ± 4f 65 a ± 9 18 b ± 5 44 ab ± 12 

Meloidogyne spp. 3 ns ± 1 29 ± 17 100 ± 64 0 ± 0 

Helicotylenchus spp. 74 ns ± 9 101 ± 19 56 ± 10 102 ± 18 

Hoplolaimus spp. 11 b ± 2 18 b ± 7 5 b ± 2 57 a ± 5 

Heterodera spp. 47 ns ± 7 82 ± 26 220 ± 85 127 ± 31 

Tylenchorhynchus spp. 18 b ± 3 29 b ± 8 31 b ± 7 195 a ± 22 

Total PPN 311 ns ± 19 454 ± 41 505 ± 96 580 ± 56 

a Nematode means of 114 soil samples (19 fields) from fields that did not implement cover crops before 
tomatoes. 
b Nematode means of 30 soil samples (5 fields) from fields that used red clover as a cover crop before 
tomatoes. 
c Nematode means of 30 soil samples (5 fields) from fields that used rye as a cover crop before tomatoes. 
d Nematode means of 6 soil samples (1 field) from fields that used wheat as a cover crop before tomatoes. 
e Mean values in the same genus with the same letter are not significantly different using Tukey’s adjustment 
(P≤0.05). 
f Standard error of the mean. 
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The previous crop grown prior to tomatoes affected soil populations of Heterodera spp. in 

the tomato crop (Table 4-9). The highest soil populations of Heterodera spp. nematodes were 

found in fields with soybean and peas as the previous crop and were lowest in fields with corn as 

the previous crop (Table 4-9). All other PPN genera and total PPN soil populations were not 

affected by the previous crop.  

Table 4- 9: Mean PPN soil populations from sampled tomato fields related to the associated previously 
grown crop. 

 Nematode Populations (nematodes/100cm3 of soil) 

Nematode Genus Corna Wheatb Soybeanc Soybean+ 
peasd Cabbagee Strawberry

+ Peppersf 

Pratylenchus spp. 57 nsg ± 6h 67 ± 7 31 ± 6 3 ± 1 3 ± 1 1 ± 0 

Meloidogyne spp. 4 ns ± 1 18 ± 10 6 ± 3 1 ± 1 0 ± 0 3 ± 2 

Helicotylenchus 
spp. 

86 ns ± 14 118 ± 13 53 ± 11 70 ± 19 0 ± 0 0 ± 0 

Hoplolaimus spp. 19 ns ± 3 21 ± 5 17 ± 4 0 ± 0 1 ± 0 0 ± 0 

Heterodera spp. 31 b ± 6 83 ab ± 15 325 ab ± 45 496 a ± 190 2 ab ± 1 0 ab ± 0 

Tylenchorhynchus 
spp. 

14 ns ± 3 22 ± 5 19 ± 4 35 ± 10 0 ± 0 21 ± 13 

Total PPN 320 ns ± 29 440 ± 27 520 ± 43 640 ± 196 98 ± 23 39 ± 17 

a Nematode means of 54 soil samples (9 fields) from fields with corn as the previous crop.  
b Nematode means of 54 soil samples (9 fields) from fields with wheat as the previous crop. 
c Nematode means of 36 soil samples (6 fields) from fields with soybean as the previous crop. 
d Nematode means of 12 soil samples (2 fields) from fields with soybean and peas as the previous crop. 

e Nematode means of 6 soil samples (1 field) from fields with cabbage as the previous crop. 

f Nematode means of 6 soil samples (1 field) from fields with strawberry and peppers as the previous crop. 

g Mean values in the same genus with the same letter are not significantly different using Tukey-Kramer’s 
adjustment (P≤0.05). 
h Standard error of the mean. 
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A stepwise regression analysis was conducted to determine which soil characteristics had 

a significant effect on PPN populations. Soil populations of Pratylenchus were higher in fields with 

higher percentages of clay (0.0 to 11.0%) and lower when soil temperature (4.7 to 31.6°C) 

increased or in fields with higher percentages of fine (0.4 to 64.1%) and medium (1.8 to 72.8%) 

sand (Table 4-10). Soil populations of Meloidogyne spp. nematodes were higher in fields with 

higher percentages of clay and lower when soil temperature, percent silt (0.1 to 11.5%), and 

percent coarse (5.2 to 56.4%) sand increased. Helicotylenchus spp. soil populations were lower 

when soil temperature, percent clay, percent fine sand, and percent medium sand in the field 

increased. Hoplolaimus spp. soil populations were higher in fields with higher percentages of very 

fine (0.2 to 53.4%) sand and coarse sand. For Heterodera spp. nematodes, soil populations were 

higher when fields had a higher volumized water content (4.9 to 44.2%) and decreased when high 

percentages of gravel (0.2 to 72.3%) were found in the field. Soil populations of Tylenchorhynchus 

spp. nematodes were higher when percent silt and fine sand increased in the field, while 

populations decreased with increasing soil volumized water content, percent clay, and percent 

medium sand in the field. Total PPN soil populations were higher with increasing volumized water 

content, percent very fine sand, and percent coarse sand in the field and were lower in fields with 

higher percentages of medium sand. 
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Table 4- 10: Summary of the relationship between plant-parasitic nematode (PPN) populations and soil 
characteristics from southwestern Ontario tomato field soil during 2016 and 2017 using stepwise 
regression analysis. 

Nematode Genus Variable Step Partial R2 Regression 
Coefficient 

Pr>Fa 

Pratylenchus spp. Medium Sand (%) 1 0.0741 -0.3120 <0.0001 

 Fine Sand (%) 2 0.0400 -0.2969 0.0003 

 Clay (%) 3 0.0279 2.4702 0.0021 

 Temperature (°C) 4 0.0113 -0.3889 0.0484 

      

Meloidogyne spp. Coarse Sand (%) 1 0.0247 -0.6233 0.0063 

 Temperature (°C) 2 0.0124 -0.9870 0.0512 

 Clay (%) 3 0.0089 8.6002 0.0971 

 Silt (%) 4 0.0132 -5.1692 0.0430 

      

Helicotylenchus spp. Medium Sand (%) 1 0.1748 -1.0945 <0.0001 

 Fine Sand (%) 2 0.0613 -0.8852 <0.0001 

 Clay (%) 3 0.0499 -6.3854 <0.0001 

 Temperature (°C) 4 0.0160 -0.8461 0.0098 

      

Hoplolaimus spp. Very Fine Sand (%) 1 0.0830 0.4736 <0.0001 

 Coarse Sand (%) 2 0.0359 0.2231 0.0006 

      

Heterodera spp. 
Volumized Water 

Content (%) 
1 0.0293 3.0664 0.0030 

 Gravel (%) 2 0.0171 -0.8784 0.0218 

      

Tylenchorhynchus spp. Fine Sand (%) 1 0.1056 0.4786 <0.0001 

 Medium Sand (%) 2 0.0418 -0.2614 0.0002 

 
Volumized Water 

Content (%) 
3 0.0216 -0.4690 0.0059 

 Clay (%) 5 0.0109 -4.4683 0.0465 

 Silt (%) 6 0.0293 3.9850 0.0010 

      

Total PPN Medium Sand (%) 1 0.0929 -1.2447 <0.0001 

 Very Fine Sand (%) 2 0.0206 2.8373 0.0091 

 
Volumized Water 

Content (%) 
3 0.0150 2.3253 0.0247 

 Coarse Sand (%) 4 0.0062 1.0511 0.1455 

a Factors were rejected if they resulted in a p value greater than 0.15. 
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4.5 Discussion 

 The multi-year survey of PPN helped determined the abundance, diversity, and 

distribution of PPN in southwestern Ontario tomato fields. Plant-parasitic nematode populations 

are dependant on the presence of host plants and environmental conditions which can differ 

among fields, growing regions, and seasons. Previous surveys on PPN populations in 

southwestern Ontario tomato fields lack seasonal, regional, and environmental information. This 

survey supported the hypothesis that PPN populations vary by region, time of year that samples 

were collected, and management methods.   

 Nine different genera of PPN were identified in the soils of the 50 tomato fields surveyed 

throughout southwestern Ontario in 2016 and 2017. These same genera were found in past PPN 

surveys throughout southwestern Ontario (Cornelisse et al. 1970; Marks et al. 1971; Marks et al. 

1972; Marks et al. 1973; Olthof et al. 1967; Olthof et al. 1969; Pitblado and Olthof 1991; 

Townshend 1965; Townshend et al. 1966). Tylenchus spp. nematodes were found in 99% of soil 

samples in this survey; however, these weak parasitic nematodes are not considered to be 

significant pests in tomatoes (Shurtleff and Averre 2000). Tylenchus spp. and Pratylenchus spp. 

nematodes were the most predominant PPN in tomato fields, found in 100% of the fields sampled. 

Pratylenchus spp. nematodes were determined to be the most common PPN genera in previous 

surveys throughout southwestern Ontario as well (Pitblado and Olthof 1991; Potter and 

Townshend 1973), although the soil populations of Pratylenchus spp. nematodes found in this 

survey were often lower than populations found in the past, which were reported to be up to 6,500 

Pratylenchus spp. per kg of soil (Cornelisse et al. 1970; Marks et al. 1971; Marks et al. 1972; 

Marks et al. 1973; Olthof et al. 1967; Olthof et al. 1969; Pitblado and Olthof 1991; Potter and 

Townshend 1973; Townshend 1965; Townshend et al. 1966). All of the previous surveys from 

Ontario were conducted more than 20 years prior to the current survey, but in a more recent 

survey of vegetable soils in Michigan, Pratylenchus was the most common genus and the 
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populations were similar to those in the current survey (Grabau et al. 2016). Using the converted 

threshold related to 2000 nematodes/kg of soil of Pratylenchus spp. established by Pitblado and 

Olthof (1991), this study found 4% of fields surpassed the threshold at some point in the season. 

Pitblado and Olthof (1991) found 13.5% of tomato fields were above threshold in 1989. The 

decrease in the number of Ontario tomato fields over the Pratylenchus spp. threshold compared 

to 28 years ago could be due to a more frequent implementation of effective management 

practices, such as fumigation, cover crops, and crop rotation, used by growers. Crop rotation is 

common in southwestern Ontario, and the practice has been shown to decrease PPN populations 

when longer rotations are used in conjunction with planting non-host crops (Perry and Moens 

2006). Crop rotation may not always result in lower PPN populations overall as certain 

nematodes, such as Pratylenchus spp. and Meloidogyne spp., have wide host ranges (Perry and 

Moens 2006). Fumigation may also have decreased the populations of Pratylenchus nematodes; 

however, fumigation is becoming less common in Ontario tomato production due to increased 

costs, environmental concerns, and skepticism of its efficacy.  

 Meloidogyne spp. juveniles were the fifth most common PPN, found in 82% of tomato 

fields. Previous surveys also found Meloidogyne spp. nematodes to have infested some, but not 

all, of the fields surveyed (Cornelisse et al. 1970; Marks et al. 1971; Marks et al. 1972; Marks et 

al. 1973; Olthof et al. 1967; Olthof et al. 1969; Pitblado and Olthof 1991; Potter and Townshend 

1973; Townshend 1965; Townshend et al. 1966). There were similar findings from surveys of 

vegetable fields in Michigan, with Meloidogyne spp. juveniles infesting 44% of fields (Grabau et 

al. 2016). The populations of Meloidogyne spp. nematodes reported in past surveys were usually 

quite low, except for a few fields where numbers were extremely high, with a maximum of 4.5% 

of fields above threshold in 1989 (Pitblado and Olthof 1991). The present survey found two fields, 

4% of fields surveyed, had populations of Meloidogyne that exceeded the published preplant 

threshold of 1000 nematodes/kg of soil for tomatoes. Thus, the proportion of fields with 
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populations of Meloidogyne spp. over threshold were essentially the same as in the last surveys. 

Although crop rotation is regularly used as a management practice in Ontario tomato production, 

Meloidogyne spp. nematodes, specifically M. hapla which is known to be widespread in Ontario, 

has a wide host range (Shurtleff and Averre 2000). However, they do not appear to be a problem 

in tomato fields. Both the past Pitblado and Olthof (1991) and current survey of Meloidogyne spp. 

represent a small sample size compared to the total number of tomato fields in Ontario, which 

could have unknowingly omitted other fields with high Meloidogyne spp. populations and may 

have also presented a similar proportion of fields above preplant threshold by chance.  

Heterodera spp. juveniles were the fourth most commonly observed nematode, as they 

were present in 92% of fields. These findings are vastly different from past surveys where only a 

few fields were found to have Heterodera spp. nematodes in tomato fields (Cornelisse et al. 1970; 

Marks et al. 1971; Marks et al. 1972; Marks et al. 1973; Pitblado and Olthof 1991). However, 

Heterodera spp. were present in other crops grown in the same area as tomatoes (Cornelisse et 

al. 1970; Marks et al. 1971; Marks et al. 1972; Marks et al. 1973). In Michigan vegetable soils, 

Heterodera spp. nematodes were found in 19% of fields and were not very prevalent (Grabau et 

al. 2016). Populations of Heterodera spp. nematodes were found to be higher in fields where 

soybeans were planted the year prior in this survey. Also, Heterodera spp. females were often 

found in fields where juveniles were present. The increase in Heterodera spp. nematodes found 

in the present survey, especially in fields where soybeans are planted in rotation, compared to 

past surveys, is likely an indication of the population growth and increased distribution of 

Heterodera glycines Ichinohe, the soybean cyst nematode, which was first established in 

southwestern Ontario around the 1990s (Tylka and Marett 2014).  

 Other PPN found in southwestern Ontario tomato fields included Tylenchorhynchus spp. 

(98%), Helicotylenchus spp. (96%), Hoplolaimus spp. (72%), Xiphinema spp. (56%), and 

Paratylenchus spp. (32%). Helicotylenchus spp. nematodes were present in past Ontario surveys 
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and were found in populations similar to this survey; however, the nematode was very scarce in 

Michigan (Cornelisse et al. 1970; Grabau et al. 2016; Marks et al. 1971; Marks et al. 1972; Marks 

et al. 1973; Pitblado and Olthof 1991). Tylenchorhynchus spp. nematodes were not common in 

the 1964 to 1972 surveys, but when found had very low populations (Cornelisse et al. 1970; Marks 

et al. 1971; Marks et al. 1972; Marks et al. 1973). However, Tylenchorhynchus spp. were regularly 

identified in the 1988 to 1991 surveys and the populations were much higher than what is found 

in this survey (Pitblado and Olthof 1991). Hoplolaimus spp. nematodes were not found in any 

previous tomato field survey, though the nematode was recorded in surveys of other crop fields 

throughout southwestern Ontario (Cornelisse et al. 1970; Marks et al. 1971; Marks et al. 1972; 

Marks et al. 1973; Pitblado and Olthof 1991). Xiphinema spp. nematodes were seldom found in 

previous surveys of tomato fields but were found in other crops grown in the same area 

(Cornelisse et al. 1970; Marks et al. 1971; Marks et al. 1972; Marks et al. 1973; Pitblado and 

Olthof 1991). Paratylenchus spp. populations were found to be very low in this survey as 

compared to previous tomato surveys in Ontario where the nematode was much more common 

and at very high populations (Cornelisse et al. 1970; Marks et al. 1971; Marks et al. 1972; Marks 

et al. 1973; Pitblado and Olthof 1991). Differences in nematode identification and abundance from 

this survey and others done in the past could be due to a change in the nematode extraction 

technique. The 1964 to 1972 and 1988 to 1991 surveys used a BP method while this survey and 

the Michigan survey used a sugar centrifugal flotation technique (Cornelisse et al. 1970; Grabau 

et al. 2016; Marks et al. 1971; Marks et al. 1972; Marks et al. 1973; Pitblado and Olthof 1991). 

The BP method is ineffective at extracting large, slow moving nematodes from the soil, such as 

Hoplolaimus spp. and Xiphinema spp., which could have reduced the abundance and occurrence 

of these nematodes found in the past. Conversely, the BP method is excellent for extracting small, 

motile nematodes from the soil, such as Paratylenchus spp., which may indicate a potential 

limitation of the SCF method used in the current survey to extract these small nematodes. 
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 The three tomato growing regions in southwestern Ontario differed in the abundance of 

nematode genera present in tomato soils. The majority of tomato fields in the current survey were 

located in Kent County. All the tomato fields surveyed in Essex and Kent County were processing 

tomato fields while all fields surveyed in Norfolk County were fresh market tomato fields. Overall, 

PPN populations were highest in Kent and Essex counties; although, the highest populations of 

Pratylenchus spp. were found in Kent County. To date, no survey has investigated the differences 

in PPN diversity between the three main field tomato growing regions in southwestern Ontario. 

The most recent PPN survey completed in southwestern Ontario focused primarily on commercial 

tomato fields in Kent and Essex counties (Pitblado and Olthof 1991). That survey found 

Pratylenchus spp. to be common and abundant while Meloidogyne spp. were not as common, 

even though soil populations were high in some fields. A study by Johnson (1977) investigated 

PPN soil populations in Kent and Essex soybean fields and found Helicotylenchus spp. 

nematodes to be the most common (61% of samples), Pratylenchus spp. nematodes to be the 

second most common (59% of samples), and Heterodera spp. present in only 3% of samples. 

The low proportion of Heterodera spp. nematodes found in soybean fields in the 1975 survey is 

likely due to the fact that H. glycines was not yet established in the region until approximately 

1990 (Johnson 1977; Tylka and Marett 2014). Other PPN surveys conducted between 1965 to 

1973 in southwestern Ontario focused on PPN in a variety of crops in the Kent, Essex, and Norfolk 

counties (Cornelisse et al. 1970; Marks et al. 1971; Marks et al. 1972; Marks et al. 1973; Olthof 

et al. 1967; Olthof et al. 1969; Pitblado and Olthof 1991; Potter and Townshend 1973; Townshend 

1965; Townshend et al. 1966). The researchers found Pratylenchus spp., Paratylenchus spp., 

Xiphinema spp., Meloidogyne spp., and Helicotylenchus spp. nematodes to be common and, in 

some fields, in high populations. The results from previous surveys generally reflect what was 

found in Kent and Essex County in this survey since Pratylenchus spp. nematodes were the most 

common PPN genus, found in 100% of fields sampled and, in some fields, at high population 

levels. From past surveys, many tobacco fields that were sampled in the Norfolk area during the 
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late 1960’s and early 1970’s found Pratylenchus spp. nematodes to be very prevalent but, 

generally, in low numbers, while Meloidogyne spp. nematodes were both rare and found at low 

population levels (Cornelisse et al. 1970; Marks et al. 1971; Marks et al. 1972; Marks et al. 1973; 

Olthof et al. 1967; Olthof et al. 1969; Pitblado and Olthof 1991; Potter and Townshend 1973; 

Townshend 1965; Townshend et al. 1966). Many of these tobacco fields are likely now being 

used for fresh market tomatoes and other crops. Other PPN surveys in Norfolk County 

investigated Pratylenchus spp. nematodes in prairie fields and found populations to be low in 

most of the areas sampled (McKeown et al. 1994). The present survey found Pratylenchus spp. 

nematodes to be common in Norfolk County tomato fields as was found in previous surveys. 

Meloidogyne spp. nematodes were rarely found in Norfolk in the current survey, similar to results 

of past surveys in tobacco; however, a couple fields had high Meloidogyne spp. populations, 

resulting in the highest numerical average compared to Kent and Essex counties. In addition, 

differences in management practices between fresh market tomato production in Norfolk County 

and processing tomato production in Kent and Essex counties may also influence PPN 

populations. The use of plastic mulches in Norfolk tomato production may not have as significant 

of an impact on Meloidogyne spp. nematodes compared to other genera. Plastic mulches are 

known to decrease PPN populations by increasing soil temperature beyond that of nematode 

survival; however, Meloidogyne spp. may be less susceptible to this practice than other genera, 

resulting in lower populations of other PPN genera in Norfolk (Perry and Moens 2006).  

 Changes in PPN populations over the 2016 and 2017 tomato growing seasons were 

variable for each genus. Some significant population differences were noted between the three 

sampling periods from all fifty fields. Populations of Helicotylenchus spp. were lowest in the July 

sampling period while populations of Hoplolaimus spp. decreased over the season. No significant 

seasonal differences were found for Pratylenchus spp., Meloidogyne spp., or total PPN soil 

populations. The most recent previous PPN survey of tomato fields in southwestern Ontario, 
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conducted by Pitblado and Olthof (1991), assessed the population change of Pratylenchus spp. 

and Meloidogyne spp. nematodes over the spring, mid-summer, and fall in 1988 and 1989. In 

general, the researchers found that populations of Pratylenchus spp. and Meloidogyne spp. 

increased over the season and were highest in the fall (Pitblado and Olthof 1991). The populations 

of Pratylenchus spp. nematodes found in the Pitblado and Olthof survey were generally much 

higher than what was found in the current survey; however, the populations of Meloidogyne spp. 

nematodes found in the current survey were higher. Twenty of the 50 fields from 2016 and 2017 

were sampled more frequently, five times over the growing season. The populations of 

Meloidogyne spp. nematodes did not vary significantly over the growing season and Pratylenchus 

spp. nematodes were significantly higher in June compared to the other sampling periods. These 

findings are important when determining the best time for growers to sample soils for PPN. 

Usually, the spring and fall are regarded as the most appropriate times to test the soil for PPN 

(OMAFRA 2016). By understanding the population change in PPN over the season, sampling in 

the fall or early spring can help a grower determine if management options need to be 

implemented to control PPN populations found in the soil or if tomatoes should be grown in a 

particular field when PPN populations exceed thresholds.  

Root analysis is another way to quantify populations of PPN, endoparasitic nematodes in 

particular, in tomato fields. This study did not find any significant changes in Pratylenchus spp., 

Meloidogyne spp., or total PPN in tomato roots either between years or between July and August 

sampling periods, however, large numerical differences were recorded. There are currently no 

established thresholds for PPN in tomato roots for Ontario. Continued research comparing tomato 

root populations to spring soil populations and, ultimately, tomato yield would help determine root 

population thresholds for tomato cultivars grown in the area. Additionally, establishing tomato root 

thresholds for PPN would give growers another tool for assessing potential PPN damage in a 

field, especially if fall or spring soil samples were unable to be analysed. These thresholds would 



63 

 

be useful to determine if yield loss is expected. Growers may want to know this information before 

investing any more time and money into a field or affected area, since there are no products 

available to mitigate the damage already done by PPN. 

Managing PPN populations can be done successfully in a variety of ways, including the 

use of cover crops (Barker and Koenning 1998; Perry and Moens 2006). In most cropping 

systems, cover crops offer many benefits and usually contribute to soil conservation (Perry and 

Moens 2006). Cover crops can also be incorporated into soil and act as a green manure, at times 

releasing toxins that act as nematicides, such as glucosinolates (Collange et al. 2011). Of the 50 

fields sampled in the current survey, cover crop information was collected from 30 fields. Eleven 

fields used cover crops prior to planting tomatoes. Of those 11, 5 fields had red clover, 5 had rye, 

and 1 field was planted with wheat. Red clover is a good host for many PPN, including 

Pratylenchus spp., Meloidogyne spp., Helicotylenchus spp., and Tylenchorhynchus spp. 

nematodes (Ferris 2018). Rye is not a good host for Pratylenchus spp. and Meloidogyne spp. 

nematodes but is susceptible to Helicotylenchus spp. and Tylenchorhynchus spp. nematodes 

(Ferris 2018). Wheat is not susceptible to parasitism from many PPN genera but is believed to be 

a host for Tylenchorhynchus spp. nematodes (Ferris 2018). Soil populations of each PPN genus 

varied between the different fields and were sometimes higher when cover crops were used. This 

could potentially be due to regional, biological, and soil characteristic differences since PPN 

populations prior to incorporating the cover crops are unknown. The use of non-host cover crops 

is suggested as an effective way of reducing or managing high levels of PPN (Barker and 

Koenning 1998; Collange et al. 2011; Perry and Moens 2006).  

 Crop rotation is another management method shown to have success in managing 

populations of PPN (Perry and Moens 2006; Widmer et al. 2002). Crop rotation is common in the 

tomato growing counties of southwestern Ontario. Since tomatoes are a susceptible host for most 

PPN, rotating non-host or resistant crops, especially the season before tomatoes are planted, can 
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be critical for reducing PPN soil populations and limiting the negative impact on tomato production 

(Perry and Moens 2006; Widmer et al. 2002). Each of the previous crops found in this survey are 

a host for Pratylenchus spp. and Meloidogyne spp. nematodes to some extent (Bridge and Starr 

2007; Castillo and Vovlas 2007). Populations of Heterodera spp. juveniles were much higher in 

fields where the previous crop was soybean, probably these were soybean cyst nematode, H. 

glycines. The success of crop rotation can have varying results, as PPN often have different host 

preferences (Perry and Moens 2006). The southwestern Ontario growing region should focus on 

rotating crops which are non or less susceptible hosts to Pratylenchus spp. and Meloidogyne spp. 

nematodes, as these are the two most damaging nematodes for many crops in the region. Data 

collected in the current survey only recorded the previous crop grown prior to tomatoes and the 

corresponding PPN populations inhabiting the soil. A successful crop rotation is usually longer 

than one year and, generally, longer rotations and greater diversity of crops incorporated into the 

system assists in reducing PPN populations and increases the health of the overall 

agroecosystem (Barker and Koenning 1998; Perry and Moens 2006). Overall, Ontario tomato 

growers are incorporating good crop rotation practices. Since this study only examined PPN 

populations after a previous crop and did not take into consideration rotation duration and crops 

planted over time, the results may not capture the actual impact of crop rotation in southwestern 

Ontario. The differences in PPN soil populations estimated in tomato fields following one of the 

six types of previous crops could also be influenced by soil fumigation practices. 

 Soil fumigation is a proven method for reducing soil populations of PPN (Barker and 

Koenning 1998; Dropkin 1980; Duncan 1991; Perry and Moens 2006). Fumigants are an effective 

method for eliminating a variety of soil-borne pests, however, the high cost and associated 

environmental risks often limits the widespread use of these chemicals (Dropkin 1980; Perry and 

Moens 2006). In this study, fumigant use was confirmed for five fields. The products were applied 

in the spring prior to transplanting. Tomato fields that were sampled had lower populations of 
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Pratylenchus spp. and Meloidogyne spp. nematodes. Thus, fumigants are still an effective 

management option when applied in the proper situation for the management of PPN soil 

populations. It is also important to note that the number of fields that were fumigated represents 

a very small sample size and were all located in Essex County. Heterodera spp. nematode 

populations were significantly higher in fumigated fields, which could indicate that fumigation may 

not be the best method for managing Heterodera spp. nematodes and that the cyst itself may 

protect its internal eggs from fumigant toxicity. In addition, populations of Heterodera spp. 

nematodes were higher and more common in Essex, where fumigation is more common, which 

could have also influenced the results.  

 Soil properties can have a significant influence on the abundance of various PPN genera 

and the ability of PPN to survive in different soil environments (Coyne et al. 2001; Kandji et al. 

2001; Mateille et al. 2014; Noe and Barker 1985; Prot and Van Gundy 1981; Wallace et al. 1993). 

Soil temperature affects pathogenesis, reproduction, and overall survival of PPN populations 

(Palomares-Rius et al. 2015; Santo and O’Bannon 1981). Populations of Pratylenchus spp., 

Meloidogyne spp., and Helicotylenchus spp. nematodes were negatively related to soil 

temperature (range: 4.7 to 31.6°C). Santo and O’Bannon (1981) found Meloidogyne spp. 

nematodes affected potato root growth most between 15-25°C and reproduced best between 15-

30°C. Pathogenesis and reproduction at these higher temperatures indicate that endoparasitic 

and ectoparasitic nematodes are likely existing in or close to the roots of the plant and not in the 

soil during periods of the season when it is warmer (Bridge and Starr 2007). Soil samples taken 

in the summer, when soil temperature was the highest, was the only sampling period where 

tomato plants were present in the field as no plants were present in the preplant (spring) and 

postharvest (fall) periods. Additionally, only one soil temperature reading was taken for each field 

during each sampling period. Soil temperature readings were not uniform as they were taken 
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throughout the day, from cooler mornings until warmer evenings, which could have influenced 

how these results were interpreted.  

Soil moisture, measured as volumetric water content, can significantly influence 

populations of PPN as nematodes are aquatic organisms that thrive in the pore space films in soil 

(Coyne et al. 2001; Dropkin 1980). Soil moisture (range: 4.9 to 44.2%) had a positive relationship 

with Heterodera spp. numbers and total PPN and had a negative relationship with 

Tylenchorhynchus spp. nematodes. Only one average soil moisture reading was taken per field 

during each sampling period which could influence readings, based on the time of day and time 

since irrigation or precipitation, and could ultimately affect the relationship found between PPN 

and soil moisture. A study conducted by Wallace et al. (1993) analysed the impact of various soil 

properties on PPN genera and also found soil moisture to have a positive relationship with 

Heterodera spp. and a negative relationship with Tylenchorhynchus spp. nematodes. 

Endoparasitic and ectoparasitic nematode populations can be influenced differently by soil 

moisture content (Coyne et al. 2001). Generally, ectoparasitic nematodes increased with 

increasing soil moisture as these nematodes feed and thrive outside the plant root, whereas 

endoparasites may not be as strongly correlated to soil moisture as they reside inside the root 

and do not rely on the same environmental conditions in the soil (Coyne et al. 2001).  

Plant-parasitic nematode reproduction, survival, and success can be limited by soil type 

(Dropkin 1980; Wesemael and Moens 2008). Generally, large populations of PPN thrive best in 

light soils (Dropkin 1980). All the soil from the 50 fields surveyed were found to be sand or loamy 

sand soil. The correlations between PPN soil populations and percent sand in the soil varied 

between nematode genus and classification of the sand particles. Plant-parasitic nematodes, 

overall, had a positive relationship with the percent of very fine sand and coarse sand in the soil 

and a negative relationship with the percent of medium sand in soil. The nematode genera 

Pratylenchus, Meloidogyne, and Helicotylenchus were found to have a negative relationship with 
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the percent of different sand particle size, while Hoplolaimus spp. had a positive relationship. 

Studies investigating the relationship between soil characteristics and PPN also found 

Pratylenchus spp., Meloidogyne spp., and Helicotylenchus spp. to have a negative relationship 

with sand in agricultural fields and European coastal dunes (Mateille et al. 2014; Noe and Barker 

1985). The results from the current study and literature go against the general rule that PPN thrive 

best in lighter sandier soils and may not survive well in heavier soils. This is the case for 

Pratylenchus spp., Meloidogyne spp., Helicotylenchus spp. nematodes in particular. Due to the 

large size and slow motility of Hoplolaimus spp. nematodes, the smaller pore spaces in heavy 

soils may not be suitable for survival compared to the larger pore spaces in sandy soils (Shurtleff 

and Averre 2000). However, Mateille et al. (2014) found populations of Pratylenchus spp. to have 

a positive relationship with sand. Tylenchorhynchus spp. nematodes were found to have a 

negative relationship with medium sand in this survey which supports the results from Wallace et 

al. (1993) who also found Tylenchorhynchus spp. populations were lower with a higher proportion 

of medium sand in a reed canarygrass field.  

Percent silt and clay in the soil can have positive and negative effects on the growth of 

PPN populations in the soil (Dropkin 1980; Wesemael and Moens 2008). Soils that are higher in 

silt and clay content have lower thermal conductivity and aeration than sandy soils resulting in a 

longer time period for these soils to warm up (Dropkin 1980; Palomares-Rius et al. 2015).  This 

can limit the growth of PPN in situations where adequate sunlight or temperature are lacking 

(Dropkin 1980; Palomares-Rius et al. 2015). Some research has found that soils with high silt and 

clay content may impede the movement of Meloidogyne spp. nematodes in the soil (Wesemael 

and Moens 2008). In the present survey, Tylenchorhynchus spp. nematodes were found to have 

a positive relationship with percent silt in the soil. Researchers also found Tylenchorhynchus spp. 

nematodes to have a positive relationship with silt in reed canarygrass fields (Wallace et al. 1993). 

This present survey also found Pratylenchus spp. and Meloidogyne spp. nematodes to have a 
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positive relationship with clay while a negative relationship was observed with Helicotylenchus 

spp. and Tylenchorhynchus spp. nematodes. A study conducted by Kandji et al. (2001) 

investigated the relationships of PPN with soil physio-chemical characteristics on different 

cropping systems in western Kenya and found Meloidogyne spp. and Helicotylenchus spp. 

nematodes to have a positive relationship with clay while Pratylenchus spp. nematodes had a 

negative relationship. Other studies exploring PPN soil relationships in agricultural fields and 

European coastal dunes found Meloidogyne, Pratylenchus, and Tylenchorhynchus populations 

to be negatively related to percent clay in the soil (Mateille et al. 2014; Noe and Barker 1985). 

Fine soil particles, such as silt, have larger surface areas allowing for more water and nutrient 

storage which is beneficial for plant growth and, therefore, can positively influence nematode 

populations (Wallace et al. 1993).  
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Chapter 5: Threshold Development and Tolerance Assessment of 

Pratylenchus penetrans and Meloidogyne hapla on Southwestern 

Ontario Tomato Cultivars 

 

5.1 Abstract 

The two PPN genera that cause the most damage in tomato production are Pratylenchus 

and Meloidogyne. Preplant threshold levels for both these genera of nematodes provide 

benchmarks for when management action may be required, but the thresholds available for PPN 

in tomatoes require updating, since the most recent published thresholds are almost 30 years old. 

In addition, the identification of susceptible, tolerant, or resistant tomato cultivars for southwestern 

Ontario tomato production would provide growers with additional tools when trying to manage 

these pests. In the present study, two tomato cultivars, ‘H9478’ and the Meloidogyne spp. 

resistant cultivar ‘Mountain Fresh Plus’, were inoculated with different populations of M. hapla and 

P. penetrans to identify preplant thresholds for these two species. Both cultivars were inoculated 

with 0, 500, 1000, or 2000 P. penetrans individuals or 0, 200, 1000, 5000 M. hapla eggs in a 

randomized complete block design experiment in the greenhouse. A second experiment 

compared the susceptibility of the tomato cultivars ‘CC337’, ‘H5108’, ‘H9478’, ‘Mountain Fresh 

Plus’, ‘Mountain Majesty’, and ‘Pony Express’ to parasitism from P. penetrans or M. hapla. Each 

cultivar was inoculated with either 2000 P. penetrans individuals or 5000 M. hapla eggs and 

arranged in a randomized complete block design in the greenhouse. For both experiments, dry 

above ground biomass, dry below ground biomass, yield of tomato plants, and soil and root 

nematode populations were recorded after 120 days of growth. Gall ratings significantly increased 

with increased inoculation levels of M. hapla. The highest gall ratings were found on ‘H5108’ and 

‘Mountain Majesty’ while ‘Mountain Fresh Plus’ had the lowest. Populations of M. hapla in soil 
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were lowest for ‘CC337’ and ‘H9478’. These results suggest that ‘H5108’ and ‘Mountain Majesty’ 

are more susceptible cultivars to M. hapla parasitism. The lack of significant results in the present 

study may be due to the low sample size of the experiments (n=6). Future research should 

continue on threshold development, using an increased number of replicates, and tomato cultivar 

susceptibility to better manage potential PPN problems in southwestern Ontario.  
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5.2 Introduction 

There is a lack of knowledge and available information regarding PPN thresholds and 

cultivar susceptibility related to the southwestern Ontario tomato industry. In particular, 

Pratylenchus spp. and Meloidogyne spp. nematodes are known to be parasitic on tomatoes and 

have been confirmed in Ontario tomato fields (Olthof and Potter 1977; Pitblado and Olthof 1991; 

Potter and Olthof 1977) and in a more recent survey (Blauel, Chapter 4). This is especially 

concerning considering that current thresholds are outdated (OMAFRA 2016). There are many 

new tomato cultivars that may differ in susceptibility, tolerance, or resistance to PPN. Estimation 

of PPN soil populations in tomato fields can be done through extraction methods from soil and 

roots (OMAFRA 2016). Current preplant soil population threshold values for Pratylenchus spp., 

Meloidogyne spp., and other PPN may be outdated and are based on the BP nematode extraction 

method for a variety of crops (OMAFRA 2016). The threshold values for tomato nematodes need 

to be updated to reflect the new cultivars and the use of the sugar centrifugal flotation (SCF) 

method.  

Established preplant soil population thresholds for PPN are a vital tool for the management 

of pests for crop production. The two types of thresholds often used in agriculture are economic 

and damage thresholds (Ferris 1978). Economic thresholds are the most common as they take 

into consideration the value of yield loss and the cost of taking action to mitigate damage (Ferris 

1978; Olthof and Potter 1972). Damage thresholds represent the minimum quantity of a pathogen 

needed to cause plant injury or yield loss (Viaene and Abawi 1996) The lack of accurate 

thresholds developed for PPN in tomatoes could result in yield loss. Research has been 

conducted on thresholds of Pratylenchus spp. and Meloidogyne spp. nematodes on tomatoes in 

Ontario (Olthof and Potter 1972; Olthof and Potter 1977; Pitblado and Olthof 1991; Potter and 

Olthof 1977). These are the two most damaging nematodes on tomatoes. A study on the 

distribution of Pratylenchus spp. and Meloidogyne spp. nematodes in tomatoes throughout 
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southwestern Ontario, conducted by Pitblado and Olthof (1991), suggests an economic preplant 

threshold of 2000 Pratylenchus nematodes/kg of soil and 1000 Meloidogyne nematodes/kg of 

soil. In microplot trials with ‘Veebrite’ tomatoes, researchers found that a population of 2000 or 

more P. penetrans nematodes per kilogram of soil was the threshold where fumigation was 

warranted (Potter and Olthof 1977) and a similar threshold was appropriate for M. hapla. Olthof 

and Potter (1972) state that the economic loss threshold is a 5% marketable yield loss, which 

would equal the cost of fumigation, for many vegetable crops infested with Meloidogyne halpa. 

The Ontario Ministry of Agriculture, Food, and Rural Affairs (2016) has published economic 

thresholds of 2000 Pratylenchus spp. nematodes per kilogram of soil and 0 Meloidogyne spp. 

nematodes per kilogram of soil for tomato.  

The current preplant soil population thresholds for Pratylenchus spp. and Meloidogyne 

spp. nematodes in tomato soils were developed using the BP method. This nematode extraction 

method usually presents thresholds, and nematode counts in general, in terms of mass: numbers 

per kilogram of soil. Conversely, the SCF method is becoming a more popular method for 

extracting nematodes from soil and nematode numbers are presented as a volume, per 100cm3 

of soil. Converting nematode numbers from 100cm3 of soil to kilograms of soil to compare to the 

nematode population thresholds may cause some inconsistencies among different field soils. In 

addition, the BP and SCF methods extract PPN genera from the soil differently and, therefore, 

cannot be interchanged when determining a threshold. Current preplant soil population thresholds 

in Ontario are based on the use of the BP method, however, the ability of the SCF method to 

extract most PPN from the soil provides reason to use this method when developing thresholds 

in the future. Root population thresholds do not exist for most PPN and it is unclear which 

extraction methods were used for the thresholds that are available. There are no published root 

thresholds for Pratylenchus spp. and Meloidogyne spp. in Ontario tomatoes.  
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Preplant soil population threshold values for nematode parasitism are based on cultivar 

susceptibility. Plant-parasitic nematodes can reduce tomato yield when the host tomato cultivar 

is susceptible to nematode parasitism (Olthof and Potter 1977; Sayre and Toyama 1963; Singh 

and Khurma 2007; Udo et al. 2008; Walters and Barker 1993). Tomato cultivars vary in 

susceptibility to nematode feeding and can range from susceptible to tolerant or resistant (Olthof 

and Potter 1977; Sayre and Toyama 1963; Singh and Khurma 2007; Udo et al. 2008; Walters and 

Barker 1993). Susceptible tomato cultivars lack resistance and/or tolerance to a pathogen and 

experience high yield losses when parasitized (Trudgill 1991). Resistant tomato cultivars carry 

the Mi gene, resistant against Meloidogyne spp. nematodes, and minimizes pathogen 

multiplication and parasitism through a hypersensitive defense response (Dropkin 1980; Trudgill 

1991). Tolerant tomato cultivars are able to recover from PPN parasitism and maintain consistent 

crop yields and quality while still being susceptible to PPN infection and multiplication (Trudgill 

1991). Many tomato cultivars, such as ‘Campbell 135’, ‘Roma’, ‘Marion’, ‘Moneymaker’, and 

‘Veebrite’, are known to be susceptible to PPN parasitism and studies have reported yield losses 

of up to 40% in areas with high PPN density (Olthof and Potter 1977; Sayre and Toyama 1963; 

Singh and Khurma 2007; Udo et al. 2008; Walters and Barker 1993). Some tomato cultivars have 

been specifically bred for resistance to Meloidogyne spp. (Erion et al. 1992; Jacquet et al. 2005; 

Regaieg and Horrigue-Raouani 2012). These resistant tomato cultivars carry the dominant Mi 

gene that exhibits specific vertical resistance towards M. incognita, and M. javanica and prevents 

tomato damage and yield loss when parasitized with these nematodes (Erion et al. 1992; Jacquet 

et al. 2005; Regaieg and Horrigue-Raouani 2012). Some tomato cultivars that carry the Mi gene 

and are considered resistant include ‘Better Boy’, ‘Nemador’, ‘PNR-7’, and ‘Mountain Fresh Plus’, 

although there are many others (Karajeh et al. 2005; Kaur 2013; Regaieg and Horrigue-Raouani 

2012). Tolerant tomato cultivars are different from resistant cultivars in that they do not have the 

Mi gene, so PPN are able to feed and reproduce on or in them (Williamson 1998). However, the 

plants are still able to produce an economical crop while parasitized by PPN (Agrios 2005; 
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Williamson 1998). Tomato cultivars found to be tolerant to PPN include ‘HTA-18’, ‘HTA-31’, and 

‘Mini Roma’, to list a few (Singh and Khurma 2007; Udo et al. 2008). The objectives of this study 

were to develop damage thresholds and to determine cultivar tolerance or resistance of commonly 

cultivated tomato cultivars in Ontario to P. penetrans and M. hapla nematodes.  

5.3 Materials and Methods 

5.3.1 Threshold Trial Experimental Design 

Two soil threshold trials were set up in the Bovey Greenhouse at the University of Guelph 

between August 3 and December 18, 2017. Tomato cultivars ‘H9478’ and ‘Mountain Fresh Plus’ 

were inoculated with varying levels of P. penetrans and M. hapla nematodes. These are common 

cultivars used in southwestern Ontario. The cultivar ‘Mountain Fresh Plus’ is considered resistant 

to Meloidogyne nematode parasitism while the susceptibility of ‘H9478’ to nematode parasitism 

is unknown (HeinzSeed 2016; Stokes 2017). 

The trial was set up in a randomized complete block design (RCBD) with three replications 

per treatment. Tomato seeds were planted in 288 plug trays and grown in Sun Gro® Professional 

Growing Mix soil for six weeks prior to transplanting, as this is the industry standard. Plants were 

watered daily with tap water. Individual seedlings were randomly chosen from the trays and 

transplanted into 20cm by 15cm pots filled with approximately one kilogram of Hutcheson Sand 

& Mixes sterile non-calcareous sand and Sun Gro® Professional Growing Mix soil in a 70:30 ratio, 

respectively. The pots were arranged in a RCBD on a bench in the greenhouse. Tomato plants 

were inoculated with either P. penetrans or M. hapla nematodes the same day they were 

transplanted. One plant from each cultivar was inoculated with 0 (control), 500, 1000, or 2000 P. 

penetrans individuals, juveniles to adults, per plant or 0 (control), 200, 1000, or 5000 M. hapla 

eggs per plant for each replicate. Nematode suspensions were stored in centrifuge tubes with 

25mL of water prior to transplanting. To inoculate each plant, two holes were made 3cm away 
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from the tomato stem approximately 5cm deep on either side of the stem, using a bamboo stick. 

The pre-determined nematode concentrations in each tube were transferred to the two holes 

using a pipette. Soil was gently filled in to cover the holes. Control pots underwent the same 

protocol but with tap water only. Large plastic trays or heavy-duty poly film covered the 

greenhouse benches to prevent contamination of M. hapla and P. penetrans nematodes in the 

greenhouse. Tomato plants were inoculated at day 42 during transplanting and were grown for a 

total of 120±3 days, which included the six weeks prior to transplanting. The experiment was 

repeated twice. The first trial was conducted between 3 August and 27 November and the second 

trial between 24 August and 18 December 2017.  

5.3.2 Cultivar Tolerance Trial Experimental Design 

Two trials were conducted in the Bovey Greenhouse at the University of Guelph between 

17 August 2017 to 8 January 2018. Six tomato cultivars, ‘H9478’, ‘H5108’, ‘CC337’, ‘Mountain 

Fresh Plus’, ‘Mountain Majesty’, and ‘Pony Express’, were assessed for tolerance or resistance 

to parasitism by P. penetrans or M. hapla nematodes. The susceptibility of the cultivars ‘H9478’, 

‘H5108’, and ‘CC337’ to PPN are unknown (HeinzSeed 2016; Stokes 2017). Cultivars ‘Mountain 

Fresh Plus’, ‘Mountain Majesty’, and ‘Pony Express’ carry the Mi gene which is resistant to 

Meloidogyne spp. nematodes (HeinzSeed 2016; Panthee and Gardner 2011; Stokes 2017). 

These cultivars were chosen as they are regularly grown in commercial production. 

These trials were also in an RCBD with three blocks. Tomato seedling growth, 

transplanting, and nematode inoculation protocols were the same as the threshold trial above. 

One plant from each cultivar was either inoculated with 0 (non-inoculated), 2000 P. penetrans 

individuals per plant or 5000 M. hapla eggs per plant. Tomato plants were inoculated at day 42 

during transplanting and were grown for a total of 120±3 days. The first trial was conducted 

between 17 August and 11 December 2017 and the second trial was conducted between 7 

September 2017 and 8 January 2018.  
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5.3.3 Pratylenchus penetrans and Meloidogyne hapla Inoculum Preparation 

Healthy cultures of P. penetrans and M. hapla nematodes were used in the trials. The 

identification of P. penetrans was confirmed by sequencing the D3 expansion region of nematode 

samples at the University of Guelph Agriculture and Food Laboratory, Guelph, Ontario, and 

comparing the sequence to BLAST® sequence results. Meloidogyne hapla nematodes were 

originally collected from tomato soil and roots from an established M. hapla culture at the 

University of Guelph Muck Crops Research Station, Holland Marsh, Ontario. Pratylenchus 

penetrans nematodes, originally collected from the tomato survey soil and roots, were cultured 

using a carrot disc method described by Coyne et al. (2014). Following this method, individual P. 

penetrans juveniles were transferred from a counting dish to 3mL centrifuge tubes using a 

nematode pick and with the aid of an Olympus SZX12 microscope (Olympus Canada Inc., 

Richmond Hill, ON, Canada). Nematodes were sterilized with streptomycin sulphate to prevent 

contamination and inoculated using a pipette onto sterilized carrot disc pieces (Coyne et al. 2014). 

Approximately fifty carrot discs were inoculated to ensure a sufficient number of nematodes would 

be available in case of contamination. Carrot discs were stored in an incubator at 26.2°C. Carrot 

discs were regularly monitored for contamination and nematode reproduction. Pratylenchus 

penetrans nematodes were rinsed from the carrot discs in a sterile environment on a biweekly 

basis when successful reproduction was observed and stored in the refrigerator at 4°C in counting 

dishes. It took approximately four months for high populations of P. penetrans nematodes to be 

cultured from the carrot discs.  

Meloidogyne hapla nematodes were cultured on potted tomato and lettuce plants in the 

greenhouse. Originally, ‘Rutgers’ tomato and ‘Bibb’ lettuce were seeded directly into soils that 

contained root fragments gathered from the established colony at the Muck Crops Research 

Station that were known to contain M. hapla. Tomato and lettuce plants were grown for four 

months and destructively harvested to extract M. hapla eggs from the roots. Meloidogyne eggs 
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were extracted using an egg extraction method described by Hussey and Barker (1973) 

(Appendix E). Tomato and lettuce seeds were replanted in infested soil and inoculated three 

weeks after seeding by pipetting a high concentration of M. hapla eggs around the root system. 

Tomato and lettuce plants were irrigated daily with tap water and fertilized once a week with 20-

8-20, 250 ppm N fertilizer. The greenhouse was maintained at an average temperature of 20.6°C 

with 16 hours of natural and artificial sunlight. This culturing process was completed a total of 

three times to ensure a pure culture of M. hapla nematodes.  

Inoculum collected from both culturing methods was stored in counting dishes in the 

refrigerator at 4°C. Nematodes were counted in each dish and the approximate concentration of 

nematodes for each inoculation treatment was transferred into 50mL centrifuge tubes using a 

pipette. Pratylenchus penetrans and M. hapla eggs were stored for no longer than three weeks 

before being used as inoculum.  

5.3.4 Trial Maintenance and Assessment 

All trials were conducted in the same Bovey Greenhouse room and maintained at an 

average temperature of 20.6°C (±8.5°C) with 16 hours of sunlight. All pots were irrigated with tap 

water daily, ensuring a sufficient supply of water without flushing out nematodes. Pots were 

fertilized with 30mL of C-I-L® 6-12-12 tomato fertilizer thirty days after transplanting. Benches 

were shaken on a daily basis to mimic wind dispersal and promote pollination. After 120±3 days 

all plants from each trial were destructively sampled and harvested. Weight of tomato fruit and 

number of tomato fruits recovered were recorded for each plant. The above ground portion of the 

tomato plant, without tomato fruits, was cut at the base and weighed for fresh biomass. Roots 

were carefully removed from the soil, gently washed, patted dry, and weighed. Roots of plants 

inoculated with M. hapla were rated for gall severity using a gall rating scheme developed by Zeck 

(1971). Tomato roots were rated from 0-10; 0 = no galls, 1 = few small galls, 2 = numerous small 

galls, 3 = many small galls, some coalesce, 4 = many small galls and some large galls, 5 = 
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numerous large galls, 6 = 25% of the root severely galled, 7 = 50% of the root severely galled, 8 

= 75% of the root severely galled, 9 = roots dead but plant is still green, and 10 = roots and plant 

are dead. All soil from pots were transferred to labelled freezer bags and stored in the refrigerator 

for no longer than one week. Nematodes were extracted from root samples within two days using 

the shaker method for P. penetrans and the egg extraction method for M. hapla nematodes. 

Above and below ground plant tissue were dried in a drying room at 60°C for seven days and 

weighed. Nematodes were extracted from the soil using the SCF method with a #500 sieve. All 

nematodes and eggs extracted from roots and soil were collected into petri dishes and counted 

using an Olympus SZX12 microscope. Soil from these trials were also used to convert 100 cm3 

of soil to a kilogram of soil following the same method described in Chapter 4. For these trials, 

100cm3 of soil were found to be equivalent in weight to 1/9.3 of a kilogram of soil. This conversion 

factor was used to relate the nematode populations extracted from the soil using the SCF method 

to preplant threshold levels.  

Tomato plants from the third block of the first threshold trial were affected by fusarium wilt. 

Due to the short timeframe until harvest and the uncertain consequence of some fungicides on 

nematodes, the disease was not treated. Tomato plants were still intact and bearing fruit at the 

time of harvest at the end of the experiment. All other tomato plants from other trials remained 

fairly healthy throughout the experiment. 

5.3.5 Statistical Analysis 

Statistical analysis was performed using SAS® software, University Edition for Windows 

(SAS 2010). An analysis of variance (ANOVA) was performed using the PROC GLIMMIX 

procedure. Means were separated using Tukey’s multiple comparison test with an alpha value 

set at 0.05 (SAS 2010). Means comparisons were used to compare plant weights and nematode 

counts among P. penetrans and M. hapla tolerance and threshold treatments for each cultivar. 

Gall ratings for both the threshold and tolerance trials were analysed using an ordinal multinomial 
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analysis with a multinomial distribution and a cumulative logit link. For both trials, the treatment 

by cultivar was considered the fixed effect and the block, trial, and treatment by trial were 

considered random effects. 

5.4 Results 

5.4.1 Threshold Trial Results 

 Different initial populations of either P. penetrans and M. hapla did not impact the 

development of tomato plants. Pratylenchus penetrans did not significantly affect above and 

below ground dry biomass or yield (Table 5-1). The number of P. penetrans individuals recovered 

from the soil and roots was significantly higher in the 2000 nematode per plant treatment 

compared to the control for the tomato cultivar ‘H9478’. For the cultivar ‘Mountain Fresh Plus’, 

extracted soil populations were not significantly different among inoculum levels. Numbers of P. 

penetrans extracted from tomato roots were not significantly different between treatment levels 

for either cultivar. 
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Table 5- 1: Dry weight of above-ground and below-ground biomass, fresh yield of tomato plants, and the number of nematodes recovered from 

soil and roots in relation to P. penetrans inoculum levels for the tomato cultivars ‘H9478’ and ‘Mountain Fresh Plus’. 

Cultivar Initial Population 
Dry weight of above 
ground biomass (g) 

Dry weight of below 
ground biomass (g) 

Yield (g) 
Nematodes per 
100cm3 of soil 

Nematodes per 
g of dry root 

H9478 

Non-inoculated 17.9a nsb ± 1.1c  4.8 ns ± 0.4 27.3 ns ± 10.1 0 ns ± 0 0 ns ± 0 

500 19.2 ± 1.9 4.0 ± 0.4 21.3 ± 8.8 15 ± 6 65 ± 20 

1000 17.4 ± 2.4 3.9 ± 0.4 36.8 ± 12.0 26 ± 4 186 ± 76 

2000 16.2 ± 1.7 3.3 ± 0.5 23.7 ± 10.6 29 ± 7 389 ± 147 

Mountain 
Fresh Plus 

Non-inoculated 18.3 ns ± 2.0 4.7 ns ± 1.1 61.3 ns ± 24.6 0 ns ± 0 0 ns ± 0 

500 16.9 ± 2.2 3.3 ± 0.6 44.6 ± 17.0 14 ± 5 253 ± 81 

1000 17.7 ± 1.4 3.2 ± 0.3 65.1 ± 14.1 27 ± 10 147 ± 47 

2000 15.9 ± 1.9 3.3 ± 0.5 55.8 ± 10.0 27 ± 8 325 ± 108 

a Means of six replicates (n=6). 
b Mean values in the same column with the same letter are not significantly different using Tukey-Kramer’s adjustment (P≤0.05). 
c Standard error of the mean. 
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Similar trends were found when tomato plants were inoculated with varying populations of 

M. hapla nematodes. No significant differences in dry weight of above and below-ground biomass 

were found among the inoculum levels (Table 5-2). For the cultivar ‘Mountain Fresh Plus’, tomato 

yield was significantly higher in plants that were inoculated with 200 M. hapla nematodes 

compared to the control. No yield differences were observed for ‘H9478’ between inoculation 

treatments. Gall ratings were not significantly different among treatments. Gall ratings from the 

same level for both cultivars were not significantly different from one another. Meloidogyne hapla 

juveniles and eggs extracted from the soil and roots, respectively, did not significantly change 

when tomato plants were grown in soil with different initial numbers of M. hapla eggs for either 

cultivar.  
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Table 5- 2: Gall rating, dry weight of above and below-ground biomass, tomato fruit yield, and the number of nematodes recovered from soil and 
roots inoculated with different initial populations of M. hapla eggs on tomato cultivars ‘H9478’ and ‘Mountain Fresh Plus’. 

Cultivar Initial Population 
Dry weight of 
above ground 
biomass (g)a 

Dry weight of 
below ground 
biomass (g) 

Yield (g) 
Nematodes per 
100cm3 of soil Gall ratingbc 

Nematodes per 
g of dry root 

H9478 

Non-inoculated 17.1 nsd ± 2.0e 4.7 ns ± 0.5 16.0 ns ± 6.8 0 ns ± 0 0.0 ns ± 0.0 0 ns ± 0 

200 14.4 ± 1.3 3.8 ± 0.2 36.3 ± 12.0 45 ± 16 1.8 ± 0.2 14721 ± 5161 

1000 16.8 ± 1.2 4.5 ± 0.7 9.1 ± 4.9 110 ± 30 3.0 ± 0.4 89702 ± 30452 

5000 16.0 ± 1.4 4.8 ± 0.4 22.4 ± 8.9 581 ± 226 5.0 ± 0.3 171302 ± 56191 

Mountain 
Fresh Plus 

Non-inoculated 20.4 ns ± 2.6 3.9 ns ± 0.4 23.4 b ± 11.4 0 ns ± 0 0.0 ns ± 0.0 0 ns ± 0 

200 19.1 ± 1.7 4.0 ± 0.4 64.3 a ± 17.4 28 ± 9 1.7 ± 0.3 16629 ± 6285 

1000 16.9 ± 1.7 3.4 ± 0.4 62.8 ab ± 13.4 117 ± 25 3.5 ± 0.2 91552 ± 32801 

5000 18.8 ± 2.9 4.2 ± 0.3 27.7 ab ± 12.5 441 ± 151 4.7 ± 0.2 178134 ± 37886 

a Means of six replicates (n=6). 
b Gall ratings representative of a 0-10 gall rating scheme developed by Zeck (1971). 
c Gall ratings were analysed using an ordinal multinomial analysis. Cultivars with the same letter are not significantly different. 
b Mean values in the same column with the same letter are not significantly different using Tukey-Kramer’s adjustment (P≤0.05). 
e Standard error of the mean.
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Nematode populations recovered from 100cm3 of soil were converted to nematodes per 

kilogram of soil using a multiplication factor of 9.3, as described above. The initial populations of 

1000 and 5000 M. hapla added to pots were estimated to have soil populations that exceeded 

the preplant threshold of 1000 nematodes per kilogram of soil (Table 5-3).  

Table 5- 3: Pratylenchus penetrans and M. hapla soil counts from each inoculum treatment represented 
as individuals per 100cm3 of soil and per kilogram of soil. 

 P. penetrans M. hapla 

Cultivar Treatment 
100cm3 
of soil 

Kilogram 
of soila Treatment 

100cm3 
of soil 

Kilogram 
of soila 

H9478 

Non-inoculated 0 0 Non-inoculated 0 0 

500 15 140 200 45 415 

1000 26 239 1000 110 1020 

2000 29 270 5000 581 5400 

Mountain 
Fresh 
Plus 

Non-inoculated 0 0 Non-inoculated 0 0 

500 14 130 200 28 257 

1000 27 248 1000 117 1088 

2000 27 248 5000 441 4098 

a Means are transformed from 100cm3 to a kg of soil using a conversion factor of 9.3. 
b Means of six replicates (n=6). 

Bolded values are considered above threshold (Pratylenchus > 2000/kg soil; Meloidogyne > 1000/kg soil). 
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5.4.2 Cultivar Tolerance Trial Results 

Treating soil with different initial populations of P. penetrans and M. hapla nematodes did 

not significantly impact the dry weight of above-ground biomass, below-ground biomass, or the 

fresh weight of tomato fruit harvested (Table 5-4).  

Table 5- 4: Dry weight of above-ground and below-ground biomass, fresh weight of tomato fruit, and the 
number of nematodes recovered from soil and roots from six tomato cultivars grown in soil that was non-
inoculated or inoculated with 2000 P. penetrans nematodes per plant.  

 
Dry weight of above ground 

biomass (g) 

Dry weight of below 
ground biomass (g) 

Fresh weight of tomato fruit 
(g) 

Cultivar Inoculated 
Non-

inoculated 
Inoculated 

Non-
inoculated 

Inoculated 
Non-

inoculated 

CC337 17.0a nsb ± 2.5c 20.8 ± 3.4 4.6 ns ± 0.9 5.3 ± 0.8 67.7 ns ± 20.1 48.2 ± 17.3 

H5108 13.7 ns ± 1.3 14.4 ± 2.8 2.6 ns ± 0.3 3.4 ± 0.7 68.7 ns ± 15.8 64.1 ± 18.9 

H9478 24.5 ns ± 2.6 18.1 ± 1.7 5.0 ns ± 0.6 4.7 ± 0.6 12.3 ns ± 8.2 12.7 ± 8.9 

Mountain 
Fresh 
Plus 

21.0 ns ± 2.3 19.6 ± 2.5 3.5 ns ± 0.5 2.3 ± 0.3 30.6 ns ± 14.7 33.9 ± 16.4 

Mountain 
Majesty 

20.6 ns ± 2.0 28.3 ± 5.1 4.7 ns ± 1.2 4.8 ± 0.5 27.5 ns ± 13.7 35.0 ± 16.8 

Pony 
Express 

18.5 ns ± 3.6 17.9 ± 3.2 3.8 ns ± 0.5 4.0 ± 0.6 77.0 ns ± 30.1 55.1 ± 19.5 

a Means of six replicates (n=6). 

b Mean inoculated and non-inoculated weights from the same cultivar and with the same letter are not 
significantly different using Tukey-Kramer’s adjustment (P≤0.05). 
c Standard error of the mean. 
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Inoculation with M. hapla eggs also did not impact the dry weight of above-ground 

biomass, dry weight of below-ground biomass, or fresh weight of fruit of the six tomato cultivars 

tested (Table 5-5).  

Table 5- 5: Gall rating, dry weight of above and below ground biomass (tissue), fresh weight of fruit 
harvested, and the number of nematodes recovered from soil and roots from six cultivars of tomatoes 
grown in soil that was non-inoculated or inoculated with 5000 M. hapla eggs per plant. 

 
Dry weight of above ground 

biomass (g) 

Dry weight of below 
ground biomass (g) 

Fresh weight of harvested 
fruit (g) 

Cultivar Inoculated 
Non-

inoculated 
Inoculated 

Non-
inoculated 

Inoculated 
Non-

inoculated 

CC337 17.3a nsb ± 3.7c 17.9 ± 3.2 5.0 ns ± 1.1 5.1 ± 0.9 51.8 ns ± 19.1 52.3 ± 17.5 

H5108 11.7 ns ± 1.8 15.5 ± 3.9 3.0 ns ± 0.6 3.0 ± 0.2 59.5 ns ± 15.5 69.9 ± 19.3 

H9478 19.7 ns ± 4.5 19.0 ± 2.0 6.3 ns ± 1.2 5.0 ± 0.6 17.3 ns ± 10.3 43.7 ± 12.0 

Mountain 
Fresh 
Plus 

24.2 ns ± 5.8 24.2 ± 4.9 5.1 ns ± 0.9 4.4 ± 0.6 31.6 ns ± 16.4 39.7 ± 19.4 

Mountain 
Majesty 

22.3 ns ± 5.0 24.9 ± 6.4 5.4 ns ± 1.1 4.2 ± 1.0 55.0 ns ± 25.2 61.4 ± 24.5 

Pony 
Express 

20.1 ns ± 4.1 14.6 ± 2.3 4.3 ns ± 0.6 2.9 ± 0.3 49.3 ns ± 28.2 81.0 ± 26.6 

a Means of six replicates (n=6). 
b Mean inoculated and non-inoculated weights from the same cultivar and with the same letter are not 
significantly different using Tukey-Kramer’s adjustment (P≤0.05). 
c Standard error of the mean. 
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Soil populations of P. penetrans were not significantly different among the cultivars (Table 

5-6). No P. penetrans and M. hapla nematodes were found in the soil or roots of non-inoculated 

treatments. The number of P. penetrans populations in roots did not differ significantly among 

cultivars. All M. hapla populations extracted from the soil of each cultivar exceeded the stated 

threshold for tomatoes. No P. penetrans soil populations surpassed tomato thresholds. The 

tomato cultivars ‘H5108’ and ‘Mountain Majesty’ had significantly higher gall ratings compared to 

‘Mountain Fresh Plus’. No galls were found on non-inoculated plant roots. In addition, a 

significantly higher population of M. hapla juveniles were extracted from the soil with the cultivar 

‘Mountain Majesty’ growing compared to the cultivars ‘CC337’ and ‘H9478’. No significant 

differences were found between egg extractions from each of the six cultivars. 
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Table 5- 6: Pratylenchus penetrans and M. hapla root and soil counts, as well as M. hapla gall ratings, from six inoculated cultivars. Soil counts 
represented as individuals per 100cm3 of soil and per kilogram of soil. 

 P. penetrans  M. hapla 

Cultivar 
Nematodes 
per g of dry 

root 

Nematodes 
per 100cm3 

of soil 

Approximate # 
of Nematodes 
per kilogram 

of soila 

 Gall ratingb Eggs per g of dry 
root 

Nematodes 
per 100cm3 of 

soil 

Approximate # 
of Nematodes 
per kilogram 

of soila 

CC337 512c nsd ± 243 45 nsd ± 17 422  3.7 abe ± 0.4 48516 nsd ± 21062 235 bd ± 80 2189 

H5108 433 ± 121 31 ± 13 288  4.2 a ± 0.5 113657 ± 32542 524 ab ± 189 4873 

H9478 268 ± 101 21 ± 2 198  3.8 ab ± 0.4 55173 ± 16815 257 b ± 110 2390 

Mountain 
Fresh Plus 

297 ± 137 27 ± 6 248 
 

2.7 b ± 0.5 61075 ± 32703 853 ab ± 570 7936 

Mountain 
Majesty 

280 ± 96 28 ± 8 264 
 

4.2 a ± 0.4 85315 ± 29787 661 a ± 268 6144 

Pony 
Express 

553 ± 168 31 ± 8 285 
 

3.3 ab ± 0.4 65222 ± 18217 381 ab ± 166 3540 

a Means are transformed from 100cm3 to a kg of soil using a conversion factor of 9.3. 
b Gall ratings representative of a 0-10 gall rating scheme developed by Zeck (1971). 
c Means of six replicates (n=6). 
d Mean values in the same column with the same letter are not significantly different using Tukey-Kramer’s adjustment (P≤0.05). 
e Gall ratings were analysed using an ordinal multinomial analysis. Cultivars with the same letter are not significantly different. 
Bolded values are considered above threshold (Pratylenchus > 2000/kg soil; Meloidogyne > 1000/kg soil).
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5.5 Discussion 

These two studies investigated the impact of P. penetrans and M. hapla nematodes on 

tomato cultivars grown in a sand/soilless mix medium with different initial nematode populations. 

The results from the trials with varying inoculum levels did not support the hypothesis that 

increasing inoculum levels of P. penetrans and M. hapla nematode would decrease tomato plant 

biomass and yield. In addition, the hypothesis that yield and biomass would vary among tomato 

cultivars inoculated with P. penetrans and M. hapla was also not confirmed in this study. Many 

studies have investigated tomato thresholds and cultivar susceptibility to PPN, especially 

Meloidogyne spp. nematodes, and found that varying levels of these nematodes caused negative 

impacts on tomato growth (Barker et al. 1976; Ferris 1978; Gharabadiyan et al. 2013; Giné and 

Sorribas 2017; Griffin and Waite 1982; Jacquet et al. 2005; Kamran et al. 2012; Kamran et al. 

2013; Maleite et al. 2011; Oladiyi 2008; Karajeh et al. 2005; Olthof and Potter 1977; Potter and 

Olthof 1977; Regaieg and Horrigue-Raouani 2012; Santo and O’Bannon 1982; Sayre and 

Toyama 1964; Udo et al. 2008).   

 Accurate preplant thresholds for tomatoes can be a useful tool to determine if PPN 

management is necessary in tomato production (Ferris 1978). Previous research has explored 

various preplant threshold populations of Meloidogyne spp. and Pratylenchus spp. nematodes on 

tomatoes (Barker et al. 1976; Gharabadiyan et al. 2013; Giné and Sorribas 2017; Kamran et al. 

2013; Olthof and Potter 1977; Potter and Olthof 1977; Sayre and Toyama 1964). The majority of 

research, however, has been focused on Meloidogyne species and the influence they have on 

tomato production around the world. A study conducted by Kamran et al. (2013) investigated M. 

incognita densities on the susceptible tomato cultivar ‘Round-41’. The researchers observed a 

consistent decrease in shoot and root length and shoot weight as well as an increase in root 

weight with increased populations of nematode eggs in soil (Kamran et al. 2013). Giné and 

Sorribas (2017) also studied the impact of M. incognita at different densities on tomato yield for 
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the resistant cultivar ‘Monika’ and susceptible cultivar ‘Durinta’ and found the susceptible cultivar 

to have a damage threshold which reduced yield when grown in soil with nematode populations 

around 1-2 nematodes per 100cm3 of soil, or 7-15 nematodes per kg, while yield from the resistant 

cultivar did not change. Research done by Gharabadiyan et al. (2013) confirmed preplant 

threshold levels in different cultivars when inoculated with different densities of M. javanica 

inoculum. The researchers found that M. javanica nematodes reduced yield by 10% when 

populations were around 500 per kg soil for the cultivar ‘Rutgers’, 3000 per kg soil for ‘Efialto’ and 

‘Falat 111’, and 3400 per kg soil for ‘Gina VF’ (Gharabadiyan et al. 2013). The research also 

suggested that a soil population of 5000 M. javanica nematodes per kg of soil or more would 

overcome the resistance of tomato cultivars such as ‘Gina VF’ (Gharabadiyan et al. 2013). In a 

study conducted by Barker et al. (1976), ‘Manapal’ tomato plants grown in soil with different 

population densities of M. incognita resulted in higher yield losses at lower population densities 

than the same populations of M. hapla; indicating that M. incognita is a more destructive 

Meloidogyne species on tomato. The research also suggested that the overall threshold for this 

cultivar was between 100-200 nematodes per 100cm3 soil, which is equivalent to roughly 930-

1860 per kg soil (Barker et al. 1976). Sayre and Toyama (1964) inoculated the tomato variety 

‘Campbell 135’ with different population densities of M. hapla and M. javanica ranging from 0 to 

8100 juveniles per pound of soil and found that yield was not significantly affected, similar to the 

results in the present study. A study conducted in southwestern Ontario using the cultivar 

‘Veebrite’ found significant decreases in plant weights with populations of 27,950 M. hapla 

juveniles per kg of soil and decreases in yield when initial soil populations were greater than 2000 

per kg soil (Olthof and Potter 1977). As a result, the researchers determined that fields with initial 

populations of 2000 M. hapla juveniles per kg of soil or more may require control when tomatoes 

are to be grown (Olthof and Potter 1977). However, this species has been shown to be less 

destructive than other Meloidogyne species that parasitize tomatoes, which may influence the 

current preplant thresholds for Ontario if they were based on more aggressive Meloidogyne 
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nematodes. Many of these studies also recorded gall indices and found root gall ratings increased 

as soil population levels of Meloidogyne spp. increased, as was found in the present study (Giné 

and Sorribas 2017; Kamran et al. 2013; Sayre and Toyama 1964). Interestingly, Olthof and Potter 

(1977) also found tomato yield to be stimulated when plants were inoculated with lower 

populations of M. hapla, which is consistent with the results for ‘Mountain Fresh Plus’ in this study. 

Although plants were inoculated at and above the recommended preplant nematode population 

threshold, the low sample size and high degree of variability resulted in few differences among 

other plant measurements.  

 Fewer studies investigating preplant thresholds developed for Pratylenchus spp. 

nematodes on tomatoes are available compared to studies on Meloidogyne spp. A study done by 

Potter and Olthof (1977) using the tomato cultivar ‘Veebrite’ found that populations of P. penetrans 

greater than 2000 nematodes per kg of soil significantly decreased above and below ground 

biomass as well as tomato yield. The researchers suggested that fumigation would be necessary 

with a preplant threshold soil population at or above 2000 P. penetrans individuals per kg of soil, 

although this threshold may range between 500-2000 nematodes/kg soil depending on 

environmental, economic, and biological conditions (Potter and Olthof 1977). No significant 

differences were seen in plant biomass when tomato plants were grown in soil infested with 

different populations of P. penetrans in the present study, including 2000 nematodes/kg of soil. 

Low populations of P. penetrans found in the soil and roots suggest that nematode reproduction 

and parasitism was not very successful.  

Knowledge of the susceptibility, tolerance, or resistance of a tomato cultivar to PPN 

species can be very important in tomato production. Many susceptible cultivars have been 

identified in the literature as vulnerable or susceptible to Meloidogyne spp. and Pratylenchus spp. 

nematodes. The cultivars ‘Veebrite’, ‘Round-41’, ‘Durinta’, ‘Rutgers’, ‘Manapal’, ‘Pusa Ruby’, ‘Rio 

Grande’, ‘Scoresby’, ‘Roza’, ‘Columbia’, ‘Saladmaster’, ‘Yellow Pear’, and ‘Roma VF’ have all 
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been identified as susceptible to Meloidogyne and Pratylenchus spp. as they experience high 

yield loss when infected with the pathogen (Barker et al. 1976; Cooper and Grandison 1986; 

Gharabadiyan et al. 2013; Giné and Sorribas 2017; Kamran et al. 2013; Karajeh et al. 2005; Kaur 

et al. 2013; Olthof and Potter 1977; Potter and Olthof 1977; Regaieg and Horrigue-Raouani 2012; 

Santo and O’Bannon 1982; Udo et al. 2008). The majority of these cultivars have been tested 

using Meloidogyne spp. nematodes but are considered to be susceptible to PPN in general. 

Minimal research has been published testing tomato cultivars for tolerance to Meloidogyne and 

Pratylenchus spp. nematodes. Tomato cultivars identified as potentially tolerant to PPN include 

‘HTA-18’, and ‘HT-Ravid 244’ (Kaur et al. 2013). Tolerant cultivars would still endure parasitism 

and damage from PPN; however, the cultivars are able to recover and tomato yields are not 

affected (Trudgill 1991). Due to the lack of significant differences in yield between the cultivars 

tested in the present experiment and high variability within treatments, it is undetermined whether 

any of the cultivars can be considered tolerant or not. However, there is some evidence to suggest 

that ‘CC337’ may be tolerant to M. hapla parasitism to some degree as there were minimal 

numerical differences in yield between the inoculated and non-inoculated treatments. In addition, 

the cultivars ‘H9478’ and ‘Pony Express’ expressed signs of susceptibility to M. hapla parasitism 

as there were numerical decreases in yield when these cultivars were inoculated compared to the 

non-inoculated treatments. Much of the research on cultivar susceptibility to PPN has focused on 

genetic resistance, as this is a common management option (Williamson 1998). Much less 

research has focused on cultivar tolerance so it is difficult to compare the results of the present 

study to past work. Additionally, more is known about the mechanisms of resistance to PPN. For 

example, many resistant cultivars that have reduced Meloidogyne reproduction and feeding carry 

the Mi gene which is specific for resistance towards Meloidogyne spp. nematodes (Williamson 

1998). There are a number of resistant cultivars carrying the Mi gene which include ‘Mountain 

Fresh Plus’, ‘Pony Express’, ‘Monika’, ‘PNR-7’, ‘Gina VF’, ‘Nemador’, and ‘Betterboy’ 

(Gharabadiyan et al. 2013; Giné and Sorribas 2017; Karajeh et al. 2005; Regaieg and Horrigue-
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Raouani 2012). In some cases, resistant cultivars carrying the Mi gene may only be resistant to 

certain species of Meloidogyne or are able to reduce infection only at certain PPN densities. 

Karajeh et al. (2005) found M. javanica to be virulent on the resistant tomato cultivar ‘Betterboy’, 

decreasing plant growth and increasing root galls compared to avirulent populations of M. 

incognita and M. arenaria. In addition, when populations of Meloidogyne nematodes are high 

enough there is potential for cultivar resistance to break down and there can be decreases in 

tomato growth and yield, as shown with populations of 5000 M. javanica eggs per kg of soil or 

more on the resistant cultivar ‘Gina VF’ (Gharabadiyan et al. 2013). In the present study, gall 

ratings were lowest for the resistant cultivar ‘Mountain Fresh Plus’ which carries the Mi gene, 

expressing vertical resistance. The significantly higher gall ratings and numerically higher number 

of eggs extracted from ‘H5108’ and ‘Mountain Majesty’ suggest that these two cultivars may be 

more susceptible to M. hapla parasitism. The high root galling found on the cultivar ‘Mountain 

Majesty’ and the numerical decrease in yield for inoculated ‘Pony Express’ plants may suggest 

that although these cultivars carry the Mi gene they may not exhibit resistance to the species M. 

hapla. The cultivar ‘Mountain Majesty’ has been bred to include the Mi gene (Panthee and 

Gardner 2011); however, it is not labelled as nematode resistant commercially (Stokes 2017). 

Tomato cultivars labelled as carriers of the Mi gene do not state specific resistance to the species 

M. hapla (Stokes 2017). 

The studies conducted by Gharabadiyan et al. (2013) and Giné and Sorribas (2017) 

provide evidence on how threshold levels may change based on the Meloidogyne species present 

and the susceptibility of the tomato cultivar. Currently, the recommended preplant soil population 

threshold levels for Ontario are not specific to nematode species or cultivar type. Susceptible 

cultivars show greater reduction at lower nematode levels, and a lower threshold would be 

appropriate for these. Tolerant and resistant tomato cultivars would require a larger soil population 

of PPN to have a significant impact on plant development. Resistant tomato cultivars are 
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commonly used due to their success at preventing yield loss or decreased plant biomass when 

parasitized by PPN (Williamson 1998). The only resistant tomato cultivars currently available carry 

the Mi gene confining resistance to Meloidogyne spp. nematodes. This gene prevents parasitism 

by several Meloidogyne species through vertical resistance (Williamson 1998). The 

disadvantages of this resistant gene are that it is ineffective at high soil temperatures, over 28°C, 

and it is not effective against some Meloidogyne spp. isolates (Williamson 1998). In addition, 

resistance can break down over time, and no longer be effective in protecting the plants from the 

negative effects of nematode attack (Karajeh et al. 2005). Resistant cultivars can be a successful 

tool to manage PPN in the short term but continuous planting of resistant cultivars should not be 

relied on due to the risk of selecting more virulent populations. The traits in tolerant tomato 

cultivars do not break down as they do in resistant cultivars and, therefore, may be a better option 

for growers to include as part of their management strategy to manage PPN.  
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Chapter 6: General Discussion 

 

 Nematodes are considered to be the most abundant multicellular organism on the planet 

and can be found almost anywhere (Shurtleff and Averre 2000). Plant-parasitic nematodes (PPN) 

make up about 10% of the phylum Nematoda and can infect all parts of a plant (Shurtleff and 

Averre 2000). Although often overlooked, PPN are responsible for roughly 11-14% of yield losses 

worldwide for crops consumed by people (Shurtleff and Averre 2000). Crop damage caused by 

PPN can often be mistaken for abiotic factors, so the nematodes are not controlled, resulting in a 

buildup of PPN populations in the soil (Bridge and Starr 2007). The PPN H. glycines, M. incognita, 

and Ditylenchus dipsaci (Kühn) Filipjev are considered responsible for significant yield losses 

worldwide in soybean, cassava, and onion, respectively (Bridge and Starr 2007). The tomato, in 

particular, is a susceptible host for many PPN genera, including Meloidogyne spp., Pratylenchus 

spp., Helicotylenchus spp., Nacobbus spp., Heterodera spp., and Hoplolaimus spp. nematodes, 

to list a few (Shurtleff and Averre 2000). Plant-parasitic nematodes are believed to be responsible 

for over 20% of tomato yield losses worldwide (Shurtleff and Averre 2000). In Ontario, 

Pratylenchus spp., Meloidogyne spp., Heterodera spp., Paratylenchus spp., Xiphinema spp., 

Helicotylenchus spp., and Tylenchorhynchus spp. nematodes are known to be present in tomato 

soils based on surveys conducted in the early 1990s (Pitblado and Olthof 1991). There is no 

recent information on PPN population levels for southwestern Ontario and considering the 

potential damage that these pests can cause, this is concerning as this region is responsible for 

82.5% of tomato production in Canada (Statistics Canada 2012; OMAFRA 2017b). Understanding 

population dynamics of PPN in Ontario tomato production and providing management information 

to growers, can prevent unnecessary yield losses and reduce populations before they surpass 

economic threshold levels.   
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The overall aim of the present study was to understand the population distribution of PPN 

throughout southwestern Ontario field tomatoes and assess multiple methods for population 

assessment. The related aim was to correlate PPN levels with damage to tomato plants to update 

preplant soil population threshold levels. Specific objectives of the project were to compare 

methods for extracting nematodes from soil, conduct a PPN survey of tomato fields, refine 

preplant nematode population thresholds, and identify cultivar tolerance. Information gathered 

from the entirety of this study will assist tomato growers in southwestern Ontario to better 

understand these pests and properly manage PPN when necessary.  

The PPN survey was conducted throughout the main tomato-growing regions in Ontario 

and revealed the current diversity of PPN genera present in these soils. Of the 50 fields surveyed, 

nine PPN genera were identified in tomato soils; Pratylenchus spp. were the most common. 

These results are similar to the findings of tomato field surveys conducted in the early 1990s 

(Pitblado and Olthof 1991). Generally, populations of PPN were numerically higher in the spring 

and fall compared to the summer. In addition, total PPN populations were higher in Kent and 

Essex counties compared to Norfolk County. These populations were rarely over threshold and 

were similar to populations recorded in previous surveys. 

The three methods for extracting nematodes from soil, the BP, SCF 400, and SCF 500, 

were consistent in the extraction of different PPN populations. It is important to identify an 

extraction method that can estimate PPN populations in soil both precisely and as accurately as 

possible as management methods for PPN relay on having a realistic estimate of population 

levels. The two common types of methods for extracting nematodes from soil used in Ontario are 

the BP and SCF method. Previous research has shown that the BP method lacks the ability to 

effectively extract most PPN from the soil (Wallace 2016). The present study has shown that the 

SCF method is better at extracting Helicotylenchus spp., Hoplolaimus spp., and Heterodera spp. 

nematodes from soil than the BP method, resulting in higher total PPN extracted. The BP and 
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SCF 500 methods were both equally effective at extracting Pratylenchus spp. and Meloidogyne 

spp. nematodes from soil, the two most important PPN in Ontario tomato production. The SCF 

method, however, can be completed in a much shorter period of time (approximately 20 minutes) 

compared to the BP method (7 days). Due to the efficiency of the SCF method and the fact that 

the SCF 500 method is able to extract nematodes as well as or better than the BP method, it 

should be recognized as a more appropriate nematode extraction method to use when analyzing 

PPN from tomato soils. Also, to properly assess nematode population dynamics in Ontario, it is 

important to use the most effective extraction method available to obtain an accurate 

representation of what PPN genera are present. As such, the SCF method should be used as the 

primary extraction method when developing thresholds in the future for all crops and soils, since 

thresholds are dependent on results from the extraction method used. 

In addition, the initial alteration made to the SCF method, using the #500 sieve instead of 

the #400 sieve, which allowed it to extract PPN more effectively, illustrates how a small protocol 

alteration can have a significant impact on the overall protocol performance. The results from the 

comparison of the SCF 500 and BP methods drove the idea of making additional alterations to 

the SCF to significantly improve the effectiveness of the method at extracting each type of 

nematode genus, in particular Pratylenchus spp. and Meloidogyne spp. nematodes. The final 

optimized SCF method did not remove any steps from the original protocol but made small 

changes and additions to improve the extraction capabilities. The optimized method developed in 

this study extracted more Pratylenchus spp. and Meloidogyne spp. nematodes than the BP and 

SCF 500 method. Future research should explore the ability of this optimized SCF method to 

extract other PPN genera, large and small nematodes in particular, from different soil types 

around the world. This improved method has many advantages and should become the industry 

standard.  
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One criticism of changing from the BP method to the SCF method as the standard method 

for extracting nematodes from soil is that it reports nematode populations per volume of soil 

(100cm3) while most nematode thresholds in Ontario present nematode numbers per weight of 

soil (usually per kilogram). Personnel in the nematology field may be concerned with the issue of 

taking a volumetric measurement and relating it to a weight using average bulk density units, as 

the conversion may result in inaccurate results for threshold comparisons. The issue with 

volumetric nematode counts is that different textured soils do not have the same weight per 

volume. Also, each person performing the SCF protocol may not collect the same weight of soil 

at a specific volume for a particular soil sample. This issue could be fixed by adding a step to the 

SCF process that is also done in the BP protocol. Most BP protocols require a certain weight of 

soil dedicated for extraction while another sample of the same soil and weight is dried and 

weighed. The same step could be added to the SCF protocol by taking a second 50cm3 soil 

sample and drying it for a simple conversion to one kilogram of oven dry soil. This additional step 

will provide consistency and allow the SCF method to be a more accurate nematode extraction 

method when assessing PPN populations and thresholds from soil.  

In the present survey, 4% of fields sampled had populations of Pratylenchus spp. and 

Meloidogyne spp. that exceeded the preplant nematode population thresholds of 2000/kg of soil 

and 1000/kg of soil, respectively. The most recent field tomato survey, conducted by Pitblado and 

Olthof (1991), found 13.5% of fields surveyed were above the preplant nematode population 

threshold for Pratylenchus spp. and 4.5% above the preplant nematode population threshold for 

Meloidogyne spp. Therefore, over the past 27 years, there has been a decrease in the populations 

of Pratylenchus spp. in field soils and Meloidogyne spp. populations have remained relatively the 

same. This comparison may be somewhat arbitrary since the same fields were not sampled 

between surveys; however, it provides a good comparison for the general soil population 

distribution of these two nematodes throughout southwestern Ontario. Decreases in Pratylenchus 
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spp. and Meloidogyne spp. populations could be due to multiple factors, such as effective crop 

rotation and fumigation practices. Fumigation is becoming a less common practice throughout 

southwestern Ontario and only five fields in were fumigated during the time of this survey. 

Skeptical growers performed their own yield trials by comparing fumigated and nonfumigated 

strips.  

Crop rotation is common throughout southwestern Ontario, with tomato rotations ranging 

from three to seven years. Crops between tomato rotation vary in each county, however, the 

patterns currently used seems to be assisting in the prevention of PPN populations from building 

up. The decrease in the number of PPN populations over preplant nematode soil population 

thresholds and the continued application of effective management practices suggests that these 

pests are properly managed and not a significant problem at this time. It is also important to 

recognize that in 2015, 4,428 hectares of tomatoes were harvested in Kent, Essex, and Norfolk 

County combined, while this survey only sampled approximately 50 hectares of tomato fields over 

2016 and 2017 (OMAFRA 2017a). Although this study found a decrease in PPN soil populations 

as compared to the early 1990’s, there are thousands of hectares of tomato and other vegetable 

crops that have not been surveyed. Future research should consider surveying and monitoring 

Ontario tomato fields for PPN densities surpassing thresholds that may have previously gone 

unnoticed.  

Plant-parasitic nematode thresholds are vital for the successful production of tomatoes. 

They provide growers with a benchmark for when action needs to be taken. Fortunately, 

agricultural practices have been shifting to high sustainability methods by incorporating practices 

such as crop rotation, cover crops, selection of appropriate cultivars, and conservation tillage 

which generally increases the overall health of the agricultural system. In doing so, PPN 

populations can be reduced and maintained at manageable levels (Barker and Koenning 1998). 

Low soil populations of PPN usually do not require intensive management as crop production is 
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maintained without any yield loss (Shurtleff and Averre 2000). When populations are high and 

found to be above preplant soil population threshold, preventative actions such as fumigation are 

often warranted. Fumigation, however, is very toxic and, due to environmental concerns, should 

only be used in appropriate situations (Perry and Moens 2006). Other options could include 

choosing to plant tolerant or resistant tomato cultivars. Since tolerant and resistant cultivars can 

withstand more PPN parasitism, the damage and economic thresholds for these types of cultivars 

are higher than that of susceptible cultivars (Gharabadiyan et al. 2013). The results from this study 

found minimal significant differences in yield or plant biomass among the six tomato cultivars 

evaluated. There were, however, differences in gall ratings between cultivars, suggesting that M. 

hapla can reproduce better on some cultivars more than others. It may be suitable to begin 

developing thresholds for tomatoes specific for susceptible, moderately susceptible/tolerant, and 

resistant cultivars to provide growers with more information regarding PPN. Future research 

should continue assessing PPN preplant population thresholds on various cultivars commonly 

grown in southwestern Ontario through microplot and field trials.  

The study of PPN in the field can often be difficult as the damage they cause can go 

unnoticed or be mistaken for other biotic or abiotic factors. The research conducted in this study 

demonstrated an effective approach to assess PPN in tomato fields, or fields in general, 

throughout southwestern Ontario. It has shown that soil population surveys of PPN are most 

beneficial if the proper methods for extracting nematodes from soil is used to gain an accurate 

estimation of the PPN populations present in the soil. In addition, the SCF method was 

demonstrated to be an accurate and efficient extraction method that should be used as a standard 

method for extracting nematodes from the soil and developing thresholds in Ontario. This method 

could be a useful standard extraction method throughout the world.  Lastly, some of the common 

tomato cultivars grown in Ontario have varying degrees of susceptibility to PPN and may be 

damaged if planted into soil with high PPN populations. Future research should focus on 
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determining economic thresholds, assessing cultivar tolerance in the field and assessing other 

management options that would be appropriate for reducing PPN populations and increase yields 

for tomatoes and other crops in Ontario.  
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Appendix A: Sugar Centrifugal Flotation Nematode Extraction 

Protocol 

 

Nematode extraction method modified from Jenkins (1964). 

Jenkins, W. 1964. A rapid centrifugal-flotation technique for separating nematodes from soil. Plant 

disease reporter 48(9):692. 

Soil Preparation 

1. Cut a large sheet of construction paper and lay on top of counter or trolley. 

 

2. Place the wire sieve on top of the sheet and sieve the soil sample through in increments 

until the entire soil sample is sieved. 

 

3. Mix the soil by picking up opposite sides and corners of the sheet. Complete two cycles 

to ensure the sample is thoroughly mixed. 

 

4. Using the 25cm3 tube, collect small quantities of soil from various areas of the soil sample, 

tapping the tube each time, until the tube is full. Complete twice for 50cm3 of soil. 

 

Sugar Centrifugal Flotation 

 

5. Place a #40 sieve on top of a 10L bucket. Dump the 50cm3 of soil in the #40 sieve. 

 

6. Creating a fan with the tap hose, rinse the 50cm3 of soil until 3L (approximately 1/3 of the 

bucket) fills the bucket.  

 

7. Wait 30 seconds, being sure not to disturb the bucket, and then steadily pour the contents 

of the bucket into a #500 sieve. Move the sieve back and forth as the water is being poured 

through. 

 

8. Collect the contents captured in the sieve and transfer into a centrifuge tube using a funnel 

and wash bottle.  

 

9. Repeat steps 5-8 for additional soil samples. 

 

10. Weigh centrifuge tubes and balance to within ~1g of each other with water. 

 

11. Balance the centrifuge with centrifuge tubes and run at 3600rpm for 6 minutes. 

 

12. Discard supernatant into the sink, being sure not to disturb the pellet. 
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13. Add sugar solution (454g sucrose/L of water) to the tubes and stir with a scoopula. Balance 

tubes within ~1g of each other. 

 

14. Balance the centrifuge with centrifuge tubes and run at 3600rpm for 2 minutes. 

 

15. Pour supernatant into a #500 sieve and rinse with low pressure water for 30 seconds.  

 

16. Rinse contents in the sieve into a counting dish with a wash bottle. 
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Appendix B: Baermann Pan Nematode Extraction Protocol 

 

Nematode extraction method modified from Baermann (1917). 

Baermann, G. 1917. Eine einfache methode zur auffindung von ankylostomum (Nematoden) 

larven in erdproben. Geneesk, Tijdschr, Ned-Indie 57:131-137. 

Soil Preparation 

1. Cut a large sheet of Kraft paper and lay on top of counter or trolley. 

 

2. Place the square mesh sieve on top of the Kraft paper. Pour ~1/3 of the soil onto the sieve. 

Press the soil through the sieve, set rocks and large soil bits (too hard to press through) 

aside.  

 

3. Mix the soil by picking up opposite sides and corners of the sheet. Complete two cycles 

to ensure the sample is thoroughly mixed. 

 

4. Using the 25cm3 centrifuge tube, collect small quantities of soil from various areas of the 

soil sample, tapping the tube each time, until the tube is full. Complete twice for 50cm3 of 

soil. 

 

Baermann Pan Setup 

1. Place the mesh screen on the bottom of the petri dish.  

 

2. Lay the 3 2-ply tissue sheets on top of the mesh staggered from one another. 

 

3. Place soil (standard: 50cm3) or roots (standard: 10g) onto the tissues and spread evenly, 

covering the circular surface area of the petri dish.  

 

4. Fold tissues inward, coving the soil or roots, while maximizing the tissue contents 

surface area with the petri dish. 

 

5. Add tap water, taking care not to disturb the tissue, just until the water level completely 

submerges the soil or roots. Cover  

 

6. Clearly label the petri dish, using labeling tape, including the date the extraction began, 

what the nematodes are being extracted from, and the name of the individual preforming 

the extraction. 

 

7. Wait ~7 days, replenishing with water throughout so it does not get too low.  
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8. Lift tissues and mesh from the dish and rinse the underside into the dish with a wash 

bottle.  

 

9. Pour contents from the petri dish into 50ml centrifuge tubes (often requires 2 tubes) and 

rinse the dish into the tubes with a wash bottle as well.  

 

10. Wait 24 hours and carefully decant the water to the 5ml mark, making sure to not disturb 

the nematodes in the bottom of the tube.  

 

11. Shake the remaining contents in the tube and pour into a smaller, counting petri dish. Be 

sure to rinse the tube into the counting dish as well.  

 

12. When counting, add the results from both counting dishes.  
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Appendix C: Optimized Sugar Centrifugal Flotation Nematode 

Extraction Protocol 

 

Soil Preparation 

1. Cut a large sheet of construction paper and lay on top of counter or trolley. 

 

2. Place the wire sieve on top of the sheet and sieve the soil sample through in increments 

until the entire soil sample is sieved. 

 

3. Mix the soil by picking up opposite sides and corners of the sheet. Complete two cycles 

to ensure the sample is thoroughly mixed. 

 

4. Using the 25cm3 tube, collect small quantities of soil from various areas of the soil sample, 

tapping the tube each time, until the tube is full. Complete twice for 50cm3 of soil. 

 

Sugar Centrifugal Flotation 

 

5. Place a #40 sieve on top of a 10L bucket. Dump the 50cm3 of soil in the #40 sieve. 

 

6. Creating a fan with the tap hose, rinse the 50cm3 of soil until 3L (approximately 1/3 of the 

bucket) fills the bucket.  

 

7. Wait 15 seconds, being sure not to disturb the bucket, and then steadily pour the contents 

of the bucket into a #500 sieve. Move the sieve back and forth as the water is being poured 

through. 

 

8. Collect the contents captured in the sieve and transfer into a centrifuge tube using a funnel 

and wash bottle.  

 

9. Repeat steps 5-8 for additional soil samples. 

 

10. Weigh centrifuge tubes and balance to within ~1g of each other with water. 

 

11. Balance the centrifuge with centrifuge tubes and run at 3600rpm for 6 minutes. 

 

12. Decant supernatant into a #635 sieve, being sure not to disturb the pellet, and transfer 

contents from the sieve into a labelled counting dish using a wash bottle. 

 

13. Add sugar solution (454g sucrose/L of water) to the tubes and stir with a scoopula. Balance 

tubes within ~1g of each other. 
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14. Balance the centrifuge with centrifuge tubes and run at 3600rpm for 2 minutes. 

 

15. Pour supernatant into a #635 sieve and rinse with low pressure water for 30 seconds.  

 

16. Rinse contents in the sieve into the associated counting dish with a wash bottle. 
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Appendix D: Shaker Root Nematode Extraction Protocol 

 

Nematode extraction modified from Barker and Niblack (1990).  
 
Barker, K.R. and Niblack, T.L. 1990. Soil sampling methods and procedures for field diagnosis. 

Pp. 10–19 in B.M. Zuckermann, W.F.Mai, and L.R. Krusberg, eds. Plant nematology laboratory 

manual. Amherst, MA: University of Massachusetts Agricultural Experiment Station. 

 
1. Cut roots from taproot and cut into 1-2cm pieces.  

2. Mix roots and randomly select a sample (5g or 10g) and record weight.  

3. Place the root sample in a 125mL Erlenmeyer flask and add approximately 40mL of tap 
water. 

4. Place flasks in a rotary shaker slot and shake at 100rpm for two days. 

5. After two days, remove flask from the shaker and rinse roots out, using a wash bottle, 

onto a #40 sieve overtop of a #500 sieve. Fan spray tap water over the roots on the #40 

sieve for 15 seconds.  

6. Rinse contents from the #500 sieve into a counting dish with a wash bottle. 

7. Take roots from the #40 sieve and place them in an envelope to dry in a drying oven for 
48 hours and weigh. 
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Appendix E: Meloidogyne Egg Extraction Protocol from Roots 

 

Extraction modified from Hussey and Barker (1973).  
 
Hussey, R.S. and Barker, K.R. 1973. A comparison of methods of collecting inocula of 

Meloidogyne spp., including a new technique. Plant Disease Reporter. 57:1025-1028. 

 
1. Gently wash roots until majority of soil is removed and cut roots into 1-2cm pieces. 

2. Mix roots and randomly select a 5g sample and record weight.  

3. Place root samples into a 2L mason jar.  

4. Fill the 2L mason jar with 1.6L of a prepared 0.5% NaOCl solution.  

5. Shake manually, or place mason jar horizontally on a rotary shaker, for 4 minutes.  

6. Dump water into a #200 sieve on top of a #500 sieve while keeping roots in the jar.  

7. Rinse the roots in the sieve with tap water for 15 seconds.  

8. Fill jar with 1.6L of tap water and shake for 3 minutes. Dump water, retaining roots in the 
jar, into the sieves. Repeat this step a total of 3 times.  

9. After the third rinse, dump water and roots on top of the #200 and #500 sieve stack and 
rinse with fanned tap water for 15 seconds.  

 
10. Place roots in an envelope to dry in a drying oven for 48 hours and weigh. 

 

11. Rinse contents from the #500 sieve into a counting dish with a wash bottle. 
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Appendix F: Survey Sent to Tomato Growers 

 
  
1. What type of tomatoes did you grow in your 2015 sampled field(s) (please include the 
cultivar)? 

□Fresh  □Processing 

□Cultivar: 

 
2. What were the last 4 crops grown in your 2015 tomato field(s) in order from 2010-2014?  
 
2014: 
2013: 
2012: 
2011: 
2010: 
 
3. Have you suspected previous nematode damage in this/these field(s)? 

□Yes  □No 

 
4a. Which of the following management methods have you practiced in the last 2 years on the 
sampled field(s)? 

□Cover crops  □Nematicides  □Fumigation  □Biological control 

□Irrigation  □Soil sampling  

□Other cultural practices (eg. crop rotation, cleaning equipment, conservation tillage, etc.) 

□Other: 

 
4b. If you answered yes to any of the above, please provide more detail about the management 
practice(s) you employed (eg. Type of cover crops, nematicide or fumigant product, soil 
sampling frequency, etc.). 
 
4c. If you answered yes to any of the practices listed above, were any of these done specifically 
for plant-parasitic nematode control? If so, please indicate which ones.  
 
5a. What was your tomato yield (tons/acre) for the 2015 sampled field(s)? 
 
5b. If applicable, please provide any additional information as to why you may have had a lower 
than expected yield (eg. disease (please specify), flooding, drought, insect or nematode feeding, 
etc.). 
 
6. What were the average percent soluble solids in your tomatoes for the 2015 sampled field(s)?  
 
7. Additional information you would like to include pertaining to the 2015 sampled fields:  
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Appendix G: ANOVA and Regression Tables 

 

Chapter 3 

Nematode Extraction Methods from Soil Comparison 

Paratylenchus spp.  

Cov Parm Estimate Standard Error 

Field 0 . 

Residual 0.1207 0.01578 

 

Effect Num DF Den DF F Value Pr > F 

Method 2 108 0.83 0.4395 

 

Method Estimate Standard Error DF t Value Pr > |t| 

BP 0.1250 0.05494 108 2.28 0.0249 

SCF 400 0.02500 0.05494 108 0.46 0.6500 

SCF 500 0.07500 0.05494 108 1.37 0.1750 

 

Helicotylenchus spp. 

Cov Parm Estimate Standard Error 

Field 834.80 444.51 

Residual 1291.66 175.77 

 

Effect Num DF Den DF F Value Pr > F 

Method 2 108 12.90 <.0001 

 

Method Estimate Standard Error DF t Value Pr > |t| 

BP 11.8250 10.7597 108 1.10 0.2742 

SCF 400 50.4000 10.7597 108 4.68 <.0001 

SCF 500 42.6750 10.7597 108 3.97 0.0001 
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Tylenchorhynchus spp. 

Cov Parm Estimate Standard Error 

Field 104.60 55.1669 

Residual 148.43 20.1993 

 

Effect Num DF Den DF F Value Pr > F 

Method 2 108 1.41 0.2496 

 

Method Estimate Standard Error DF t Value Pr > |t| 

BP 12.4250 3.7645 108 3.30 0.0013 

SCF 400 16.9750 3.7645 108 4.51 <.0001 

SCF 500 14.3500 3.7645 108 3.81 0.0002 

 

Pratylenchus spp. 

Cov Parm Estimate Standard Error 

Field 621.91 327.10 

Residual 859.90 117.02 

 

Effect Num DF Den DF F Value Pr > F 

Method 2 108 3.88 0.0236 

 

Method Estimate Standard Error DF t Value Pr > |t| 

BP 59.7000 9.1482 108 6.53 <.0001 

SCF 400 43.5750 9.1482 108 4.76 <.0001 

SCF 500 44.2000 9.1482 108 4.83 <.0001 

 

Tylenchus spp. 

Cov Parm Estimate Standard Error 

Field 699.97 354.54 

Residual 623.68 84.8725 
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Effect Num DF Den DF F Value Pr > F 

Method 2 108 12.16 <.0001 

 

Method Estimate Standard Error DF t Value Pr > |t| 

BP 23.1500 9.2514 108 2.50 0.0138 

SCF 400 47.0000 9.2514 108 5.08 <.0001 

SCF 500 47.0000 9.2514 108 5.08 <.0001 

 

Hoplolaimus spp. 

Cov Parm Estimate Standard Error 

Field 91.1145 47.4765 

Residual 114.73 15.6123 

 

Effect Num DF Den DF F Value Pr > F 

Method 2 108 15.63 <.0001 

 

Method Estimate Standard Error DF t Value Pr > |t| 

BP 2.0250 3.4612 108 0.59 0.5597 

SCF 400 14.0000 3.4612 108 4.04 <.0001 

SCF 500 13.2000 3.4612 108 3.81 0.0002 

 

Heterodera spp. (Female) 

Cov Parm Estimate Standard Error 

Field 1.5852 0.8753 

Residual 3.2406 0.4410 

 

Effect Num DF Den DF F Value Pr > F 

Method 2 108 18.21 <.0001 

 

Method Estimate Standard Error DF t Value Pr > |t| 

BP 4E-15 0.4894 108 0.00 1.0000 

SCF 400 1.8750 0.4894 108 3.83 0.0002 

SCF 500 2.2750 0.4894 108 4.65 <.0001 
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Heterodera spp. (Juvenile) 

Cov Parm Estimate Standard Error 

Field 14575 7435.20 

Residual 14329 1949.93 

 

Effect Num DF Den DF F Value Pr > F 

Method 2 108 8.08 0.0005 

 

Method Estimate Standard Error DF t Value Pr > |t| 

BP 35.1500 42.6108 108 0.82 0.4112 

SCF 400 131.65 42.6108 108 3.09 0.0025 

SCF 500 124.60 42.6108 108 2.92 0.0042 

 

Meloidogyne spp. (Juvenile) 

Cov Parm Estimate Standard Error 

Field 1109.83 592.33 

Residual 1751.88 238.40 

 

Effect Num DF Den DF F Value Pr > F 

Method 2 108 0.08 0.9235 

 

Method Estimate Standard Error DF t Value Pr > |t| 

BP 11.0000 12.4411 108 0.88 0.3786 

SCF 400 14.4750 12.4411 108 1.16 0.2472 

SCF 500 11.5500 12.4411 108 0.93 0.3553 

 

Xiphinema spp. 

Cov Parm Estimate Standard Error 

Field 1.6492 1.0592 

Residual 7.0952 0.9655 
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Effect Num DF Den DF F Value Pr > F 

Method 2 108 3.22 0.0438 

 

Method Estimate Standard Error DF t Value Pr > |t| 

BP 0.1250 0.5851 108 0.21 0.8312 

SCF 400 1.5500 0.5851 108 2.65 0.0093 

SCF 500 1.2750 0.5851 108 2.18 0.0315 

 

Free-living 

Cov Parm Estimate Standard Error 

Field 53975 27148 

Residual 43254 5886.18 

 

Effect Num DF Den DF F Value Pr > F 

Method 2 108 19.46 <.0001 

 

Method Estimate Standard Error DF t Value Pr > |t| 

BP 620.70 80.4911 108 7.71 <.0001 

SCF 400 352.85 80.4911 108 4.38 <.0001 

SCF 500 390.22 80.4911 108 4.85 <.0001 

 

Total Plant-Parasitic Nematodes 

Cov Parm Estimate Standard Error 

Field 7887.43 4460.71 

Residual 18773 2554.64 

 

Effect Num DF Den DF F Value Pr > F 

Method 2 108 17.50 <.0001 

 

Method Estimate Standard Error DF t Value Pr > |t| 

BP 155.40 35.4691 108 4.38 <.0001 

SCF 400 321.52 35.4691 108 9.06 <.0001 

SCF 500 301.20 35.4691 108 8.49 <.0001 
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Sugar Centrifugal Flotation Method Areas of PPN Loss 

 

Pratylenchus spp. 

Effect Num DF Den DF F Value Pr > F 

Point 6 21 0.10 0.9960 

 

Point Estimate Standard Error DF t Value Pr > |t| 

A 51.2500 11.5038 21 4.46 0.0002 

B 51.0000 11.5038 21 4.43 0.0002 

C 59.0000 11.5038 21 5.13 <.0001 

D 55.7500 11.5038 21 4.85 <.0001 

E 57.0000 11.5038 21 4.95 <.0001 

F 58.2500 11.5038 21 5.06 <.0001 

Final 51.0000 11.5038 21 4.43 0.0002 

 

Meloidogyne spp. (Juvenile) 

Effect Num DF Den DF F Value Pr > F 

Point 6 21 2.91 0.0316 

 

Point Estimate Standard Error DF t Value Pr > |t| 

A 112.50 17.5043 21 6.43 <.0001 

B 115.75 17.5043 21 6.61 <.0001 

C 169.50 17.5043 21 9.68 <.0001 

D 181.00 17.5043 21 10.34 <.0001 

E 113.50 17.5043 21 6.48 <.0001 

F 121.50 17.5043 21 6.94 <.0001 

Final 110.75 17.5043 21 6.33 <.0001 

 

Altered Sugar Centrifugal Flotation Methods 

Pratylenchus spp. 

Effect Num DF Den DF F Value Pr > F 

Alteration 4 15 5.92 0.0046 
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Alteration Estimate Standard Error DF t Value Pr > |t| 

635 60.0000 7.7492 15 7.74 <.0001 

Bucket 60.7500 7.7492 15 7.84 <.0001 

Premix 20.2500 7.7492 15 2.61 0.0196 

Spin 61.2500 7.7492 15 7.90 <.0001 

Standard 66.2500 7.7492 15 8.55 <.0001 

 

Meloidogyne spp. (Juvenile) 

Effect Num DF Den DF F Value Pr > F 

Alteration 4 15 2.36 0.1001 

 

Alteration Estimate Standard Error DF t Value Pr > |t| 

635 89.7500 8.3850 15 10.70 <.0001 

Bucket 73.5000 8.3850 15 8.77 <.0001 

Premix 61.0000 8.3850 15 7.27 <.0001 

Spin 60.0000 8.3850 15 7.16 <.0001 

Standard 60.7500 8.3850 15 7.25 <.0001 

 

Optimized Sugar Centrifugal Flotation Methods Comparison 

Pratylenchus spp. 

Effect Num DF Den DF F Value Pr > F 

Method 2 9 7.57 0.0118 

 

Method Estimate Standard Error DF t Value Pr > |t| 

BP 88.2500 11.2083 9 7.87 <.0001 

Optimization 112.75 11.2083 9 10.06 <.0001 

Standard 51.5000 11.2083 9 4.59 0.0013 

 

Meloidogyne spp. (Juvenile) 

Effect Num DF Den DF F Value Pr > F 

Method 2 9 5.79 0.0242 
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Method Estimate Standard Error DF t Value Pr > |t| 

BP 61.7500 7.6367 9 8.09 <.0001 

Optimization 80.7500 7.6367 9 10.57 <.0001 

Standard 44.0000 7.6367 9 5.76 0.0003 

 

Chapter 4 

All 50 Fields Seasonal PPN Population 

Paratylenchus spp.  

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.02751 0.05441 

Residual  0.2958 0.02429 

 

Effect Num DF Den DF F Value Pr > F 

Season 2 102 2.31 0.1049 

 

Season Estimate Standard Error DF t Value Pr > |t| 

Postharvest 0.07914 0.05438 102 1.46 0.1487 

Preplant 0.2200 0.05439 102 4.04 0.0001 

July 0.07942 0.05438 102 1.46 0.1473 

 

Helicotylenchus spp. 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.6037 0.04885 

Residual  1911.93 214.96 

 

Effect Num DF Den DF F Value Pr > F 

Season 2 102 9.54 0.0002 

 

Season Estimate Standard Error DF t Value Pr > |t| 

Postharvest 42.3484 4.6325 102 9.14 <.0001 

Preplant 34.4863 4.7394 102 7.28 <.0001 

July 24.6048 4.6325 102 5.31 <.0001 
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Tylenchorhynchus spp. 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.5933 0.05102 

Residual  485.02 54.7043 

 

Effect Num DF Den DF F Value Pr > F 

Season 2 102 2.05 0.1345 

 

Season Estimate Standard Error DF t Value Pr > |t| 

Postharvest 13.9979 2.3248 102 6.02 <.0001 

Preplant 10.4495 2.3780 102 4.39 <.0001 

July 12.9629 2.3248 102 5.58 <.0001 

 

Pratylenchus spp. 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.4329 0.05271 

Residual  555.99 52.4345 

 

Effect Num DF Den DF F Value Pr > F 

Season 2 102 1.86 0.1602 

 

Season Estimate Standard Error DF t Value Pr > |t| 

Postharvest 23.5922 2.3934 102 9.86 <.0001 

Preplant 23.8505 2.4341 102 9.80 <.0001 

July 19.4839 2.3934 102 8.14 <.0001 

 

Tylenchus spp. 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.2464 0.06194 

Residual  1561.52 134.84 
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Effect Num DF Den DF F Value Pr > F 

Season 2 102 5.09 0.0078 

 

Season Estimate Standard Error DF t Value Pr > |t| 

Postharvest 40.9356 3.9497 102 10.36 <.0001 

Preplant 30.9735 3.9768 102 7.79 <.0001 

July 45.7273 3.9497 102 11.58 <.0001 

 

Hoplolaimus spp. 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.4028 0.04943 

Residual  200.58 18.2530 

 

Effect Num DF Den DF F Value Pr > F 

Season 2 102 10.51 <.0001 

 

Season Estimate Standard Error DF t Value Pr > |t| 

Postharvest 4.2528 1.4314 102 2.97 0.0037 

Preplant 10.4260 1.4535 102 7.17 <.0001 

July 5.1751 1.4314 102 3.62 0.0005 

 

Heterodera spp. (Female) 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.4052 0.05225 

Residual  15.5582 1.4338 

 

Effect Num DF Den DF F Value Pr > F 

Season 2 102 13.80 <.0001 
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Season Estimate Standard Error DF t Value Pr > |t| 

Postharvest 1.0747 0.3988 102 2.69 0.0082 

Preplant 3.1408 0.4050 102 7.76 <.0001 

July 1.6525 0.3988 102 4.14 <.0001 

 

Heterodera spp. (Juvenile) 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.6519 0.03797 

Residual  9979.24 1084.90 

 

Effect Num DF Den DF F Value Pr > F 

Season 2 102 0.98 0.3784 

 

Season Estimate Standard Error DF t Value Pr > |t| 

Postharvest 45.6505 10.7845 102 4.23 <.0001 

Preplant 55.2427 11.0364 102 5.01 <.0001 

July 47.0166 10.7845 102 4.36 <.0001 

 

Meloidogyne spp. (Juvenile) 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.3450 0.1087 

Residual  3687.42 398.75 

 

Effect Num DF Den DF F Value Pr > F 

Season 2 102 1.95 0.1481 

 

Season Estimate Standard Error DF t Value Pr > |t| 

Postharvest 16.9535 6.1002 102 2.78 0.0065 

Preplant 5.0762 6.1747 102 0.82 0.4129 

July 4.5259 6.1002 102 0.74 0.4598 
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Xiphinema spp. 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.1124 0.09868 

Residual  8.7598 0.7370 

 

Effect Num DF Den DF F Value Pr > F 

Season 2 102 4.18 0.0180 

 

Season Estimate Standard Error DF t Value Pr > |t| 

Postharvest 1.4669 0.2957 102 4.96 <.0001 

Preplant 0.4060 0.2962 102 1.37 0.1734 

July 0.5470 0.2957 102 1.85 0.0672 

 

Free-living 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.4474 0.06460 

Residual  75063 7622.80 

 

Effect Num DF Den DF F Value Pr > F 

Season 2 102 1.12 0.3304 

 

Season Estimate Standard Error DF t Value Pr > |t| 

Postharvest 396.41 27.8754 102 14.22 <.0001 

Preplant 355.66 28.3704 102 12.54 <.0001 

July 365.40 27.8754 102 13.11 <.0001 

 

Total Plant-Parasitic Nematodes 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.5262 0.05042 

Residual  20197 2062.24 
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Effect Num DF Den DF F Value Pr > F 

Season 2 102 1.87 0.1587 

 

Season Estimate Standard Error DF t Value Pr > |t| 

Postharvest 189.75 14.7039 102 12.90 <.0001 

Preplant 173.96 15.0147 102 11.59 <.0001 

July 161.74 14.7039 102 11.00 <.0001 

 

20 High PPN Fields Seasonal Populations 

Paratylenchus spp.  

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.01367 0.1025 

Residual  0.2613 0.02647 

 

Effect Num DF Den DF F Value Pr > F 

Season 4 140 2.08 0.0860 

 

Season Estimate Standard Error DF t Value Pr > |t| 

August 0.04942 0.08082 140 0.61 0.5419 

July 0.04999 0.08082 140 0.62 0.5372 

June 0.10000 0.08082 140 1.24 0.2181 

Postharvest 0.07500 0.08082 140 0.93 0.3550 

Preplant 0.3251 0.08082 140 4.02 <.0001 

 

Helicotylenchus spp. 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.6974 0.05173 

Residual  2846.65 436.61 

 

Effect Num DF Den DF F Value Pr > F 

Season 4 140 3.44 0.0103 
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Season Estimate Standard Error DF t Value Pr > |t| 

August 57.0078 8.3341 140 6.84 <.0001 

July 37.2732 8.4810 140 4.39 <.0001 

June 53.3828 8.5220 140 6.26 <.0001 

Postharvest 55.8003 8.4810 140 6.58 <.0001 

Preplant 51.1912 8.3341 140 6.14 <.0001 

 

Tylenchorhynchus spp. 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.6716 0.05092 

Residual  730.78 105.12 

 

Effect Num DF Den DF F Value Pr > F 

Season 4 140 2.54 0.0425 

 

Season Estimate Standard Error DF t Value Pr > |t| 

August 25.3613 4.2201 140 6.01 <.0001 

July 18.8211 4.2916 140 4.39 <.0001 

June 13.8348 4.3109 140 3.21 0.0017 

Postharvest 14.8248 4.2916 140 3.45 0.0007 

Preplant 11.1974 4.2201 140 2.65 0.0089 

 

Pratylenchus spp. 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.4452 0.06782 

Residual  865.45 102.64 

 

Effect Num DF Den DF F Value Pr > F 

Season 4 140 10.04 <.0001 
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Season Estimate Standard Error DF t Value Pr > |t| 

August 33.0706 4.6113 140 7.17 <.0001 

July 30.8778 4.6510 140 6.64 <.0001 

June 56.5389 4.6573 140 12.14 <.0001 

Postharvest 34.0845 4.6510 140 7.33 <.0001 

Preplant 41.9521 4.6113 140 9.10 <.0001 

 

Tylenchus spp. 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.6055 0.06012 

Residual  2979.55 412.17 

 

Effect Num DF Den DF F Value Pr > F 

Season 4 140 6.10 0.0001 

 

Season Estimate Standard Error DF t Value Pr > |t| 

August 82.3446 8.5204 140 9.66 <.0001 

July 52.0510 8.6459 140 6.02 <.0001 

June 51.9819 8.6763 140 5.99 <.0001 

Postharvest 53.5801 8.6459 140 6.20 <.0001 

Preplant 39.4439 8.5204 140 4.63 <.0001 

 

Hoplolaimus spp. 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.3865 0.07163 

Residual  315.52 36.1152 

 

Effect Num DF Den DF F Value Pr > F 

Season 4 140 7.67 <.0001 
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Season Estimate Standard Error DF t Value Pr > |t| 

August 12.4139 2.7897 140 4.45 <.0001 

July 7.1825 2.8080 140 2.56 0.0116 

June 18.1764 2.8104 140 6.47 <.0001 

Postharvest 5.1458 2.8080 140 1.83 0.0690 

Preplant 14.9165 2.7897 140 5.35 <.0001 

 

Heterodera spp. (Female) 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.2806 0.06601 

Residual  23.6860 2.5225 

 

Effect Num DF Den DF F Value Pr > F 

Season 4 140 3.26 0.0137 

 

Season Estimate Standard Error DF t Value Pr > |t| 

August 1.7687 0.7667 140 2.31 0.0225 

July 1.8126 0.7694 140 2.36 0.0199 

June 4.0047 0.7696 140 5.20 <.0001 

Postharvest 0.9056 0.7694 140 1.18 0.2412 

Preplant 1.9666 0.7667 140 2.56 0.0114 

 

Heterodera spp. (Juvenile) 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.7736 0.04363 

Residual  22604 3866.07 

 

Effect Num DF Den DF F Value Pr > F 

Season 4 140 1.97 0.1024 
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Season Estimate Standard Error DF t Value Pr > |t| 

August 91.2036 23.5934 140 3.87 0.0002 

July 69.6018 24.0312 140 2.90 0.0044 

June 83.9302 24.1635 140 3.47 0.0007 

Postharvest 52.7927 24.0312 140 2.20 0.0297 

Preplant 76.3084 23.5934 140 3.23 0.0015 

 

Meloidogyne spp. (Juvenile) 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.5040 0.07324 

Residual  782.89 101.59 

 

Effect Num DF Den DF F Value Pr > F 

Season 4 140 1.10 0.3570 

 

Season Estimate Standard Error DF t Value Pr > |t| 

August 9.0645 4.3775 140 2.07 0.0402 

July 1.1168 4.4249 140 0.25 0.8011 

June 3.3770 4.4340 140 0.76 0.4476 

Postharvest 8.1406 4.4249 140 1.84 0.0679 

Preplant 9.6809 4.3775 140 2.21 0.0286 

 

Xiphinema spp. 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.08444 0.1026 

Residual  3.9524 0.4042 

 

Effect Num DF Den DF F Value Pr > F 

Season 4 140 2.82 0.0276 
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Season Estimate Standard Error DF t Value Pr > |t| 

August 1.6039 0.3142 140 5.10 <.0001 

July 0.6503 0.3143 140 2.07 0.0404 

June 0.2001 0.3143 140 0.64 0.5255 

Postharvest 0.5756 0.3143 140 1.83 0.0692 

Preplant 0.5319 0.3142 140 1.69 0.0928 

 

Free-living 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.6515 0.04913 

Residual  43826 5972.42 

 

Effect Num DF Den DF F Value Pr > F 

Season 4 140 15.53 <.0001 

 

Season Estimate Standard Error DF t Value Pr > |t| 

August 327.43 32.6732 140 10.02 <.0001 

July 296.33 33.2068 140 8.92 <.0001 

June 472.78 33.3465 140 14.18 <.0001 

Postharvest 323.25 33.2068 140 9.73 <.0001 

Preplant 364.53 32.6732 140 11.16 <.0001 

 

Total Plant-Parasitic Nematodes 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.5688 0.06296 

Residual  22394 2986.55 

 

Effect Num DF Den DF F Value Pr > F 

Season 4 140 7.83 <.0001 
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Season Estimate Standard Error DF t Value Pr > |t| 

August 310.62 23.3724 140 13.29 <.0001 

July 216.24 23.6842 140 9.13 <.0001 

June 283.06 23.7543 140 11.92 <.0001 

Postharvest 224.55 23.6842 140 9.48 <.0001 

Preplant 247.46 23.3724 140 10.59 <.0001 

 

Yearly PPN Root Populations 

Pratylenchus spp. 

Cov Parm Estimate Standard Error 

Field 597033 671308 

County 16349 319835 

Residual 1894784 616880 

 

Effect Num DF Den DF F Value Pr > F 

Year 1 19 3.48 0.0778 

 

Year Estimate Standard Error DF t Value Pr > |t| 

2016 139.64 422.69 19 0.33 0.7447 

2017 1171.05 401.75 19 2.91 0.0089 

 

Meloidogyne spp. (Juvenile) 

Cov Parm Estimate Standard Error 

Field 1532.02 593.92 

County 517.72 807.87 

Residual 225.14 72.5023 

 

Effect Num DF Den DF F Value Pr > F 

Year 1 19 1.70 0.2084 
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Year Estimate Standard Error DF t Value Pr > |t| 

2016 6.9543 18.7982 19 0.37 0.7155 

2017 26.1762 19.6672 19 1.33 0.1990 

 

Total Plant-Parasitic Nematodes 

Cov Parm Estimate Standard Error 

Field 584188 626398 

County 0 . 

Residual 1895229 614640 

 

Effect Num DF Den DF F Value Pr > F 

Year 1 19 3.52 0.0760 

 

Year Estimate Standard Error DF t Value Pr > |t| 

2016 176.01 409.14 19 0.43 0.6719 

2017 1210.00 388.51 19 3.11 0.0057 

 

2017 PPN Root Populations 

Pratylenchus spp. 

Cov Parm Estimate Standard Error 

Field 294775 416914 

Residual 2149668 564530 

 

Effect Num DF Den DF F Value Pr > F 

Month 1 29 2.15 0.1538 

 

Month Estimate Standard Error DF t Value Pr > |t| 

August 1203.95 370.08 29 3.25 0.0029 

July 524.85 370.08 29 1.42 0.1668 

 

Meloidogyne spp. (Juvenile) 
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Cov Parm Estimate Standard Error 

Field 594.07 437.97 

Residual 1271.82 334.00 

 

Effect Num DF Den DF F Value Pr > F 

Month 1 29 2.87 0.1011 

 

Month Estimate Standard Error DF t Value Pr > |t| 

August 19.1000 11.0905 29 1.72 0.0957 

July 3.55E-15 11.0905 29 0.00 1.0000 

 

Total Plant-Parasitic Nematodes 

Cov Parm Estimate Standard Error 

Field 278036 408446 

Residual 2141780 562459 

 

Effect Num DF Den DF F Value Pr > F 

Month 1 29 2.24 0.1449 

 

Month Estimate Standard Error DF t Value Pr > |t| 

August 1226.10 367.28 29 3.34 0.0023 

July 532.70 367.28 29 1.45 0.1577 

 

County Differences in PPN Population 

Paratylenchus spp.  

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.02146 0.05484 

Residual  0.2993 0.02457 

 

Effect Num DF Den DF F Value Pr > F 

County 2 32 0.50 0.6089 
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County Estimate Standard Error DF t Value Pr > |t| 

Essex 0.1458 0.07551 32 1.93 0.0624 

Kent 0.1434 0.04212 32 3.41 0.0018 

Norfolk 0.06869 0.06547 32 1.05 0.3020 

 

Helicotylenchus spp. 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.4986 0.05587 

Residual  1428.39 147.08 

 

Effect Num DF Den DF F Value Pr > F 

County 2 32 37.17 <.0001 

 

County Estimate Standard Error DF t Value Pr > |t| 

Essex 16.1433 6.4294 32 2.51 0.0173 

Kent 51.6635 3.8817 32 13.31 <.0001 

Norfolk 2.0487 5.8644 32 0.35 0.7291 

 

Tylenchorhynchus spp. 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.5876 0.05183 

Residual  462.17 52.2416 

 

Effect Num DF Den DF F Value Pr > F 

County 2 32 8.12 0.0014 

 

County Estimate Standard Error DF t Value Pr > |t| 

Essex 21.8144 3.6836 32 5.92 <.0001 

Kent 14.1729 2.3093 32 6.14 <.0001 

Norfolk 2.6408 3.4122 32 0.77 0.4447 
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Pratylenchus spp. 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.4269 0.05439 

Residual  514.00 48.8146 

 

Effect Num DF Den DF F Value Pr > F 

County 2 32 13.30 <.0001 

 

County Estimate Standard Error DF t Value Pr > |t| 

Essex 10.1409 3.7984 32 2.67 0.0118 

Kent 28.5299 2.2427 32 12.72 <.0001 

Norfolk 15.5282 3.4265 32 4.53 <.0001 

 

Tylenchus spp. 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.1474 0.06200 

Residual  1324.25 110.81 

 

Effect Num DF Den DF F Value Pr > F 

County 2 32 27.49 <.0001 

 

County Estimate Standard Error DF t Value Pr > |t| 

Essex 14.6577 5.4189 32 2.70 0.0109 

Kent 53.7572 3.0526 32 17.61 <.0001 

Norfolk 24.6193 4.7396 32 5.19 <.0001 

 

Hoplolaimus spp. 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.3202 0.05385 

Residual  185.07 16.3413 
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Effect Num DF Den DF F Value Pr > F 

County 2 32 14.70 <.0001 

 

County Estimate Standard Error DF t Value Pr > |t| 

Essex 0.09910 2.2000 32 0.05 0.9644 

Kent 10.5141 1.2684 32 8.29 <.0001 

Norfolk 1.1287 1.9570 32 0.58 0.5682 

 

Heterodera spp. (Female) 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.3005 0.05525 

Residual  14.7049 1.2900 

 

Effect Num DF Den DF F Value Pr > F 

County 2 32 11.96 0.0001 

 

County Estimate Standard Error DF t Value Pr > |t| 

Essex 4.1145 0.6152 32 6.69 <.0001 

Kent 1.8907 0.3535 32 5.35 <.0001 

Norfolk 0.1037 0.5460 32 0.19 0.8505 

 

Heterodera spp. (Juvenile) 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.6261 0.03979 

Residual  8897.85 950.52 

 

Effect Num DF Den DF F Value Pr > F 

County 2 32 11.78 0.0001 

 

County Estimate Standard Error DF t Value Pr > |t| 

Essex 106.49 16.1375 32 6.60 <.0001 

Kent 48.4337 10.3288 32 4.69 <.0001 

Norfolk 4.4109 15.0564 32 0.29 0.7714 
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Meloidogyne spp. (Juvenile) 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.3418 0.1071 

Residual  3667.94 396.11 

 

Effect Num DF Den DF F Value Pr > F 

County 2 32 2.44 0.1034 

 

County Estimate Standard Error DF t Value Pr > |t| 

Essex 10.0468 9.8752 32 1.02 0.3166 

Kent 2.4957 5.7170 32 0.44 0.6654 

Norfolk 24.6422 8.8075 32 2.80 0.0086 

 

Xiphinema spp. 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.09141 0.09898 

Residual  8.9396 0.7483 

 

Effect Num DF Den DF F Value Pr > F 

County 2 32 0.51 0.6031 

 

County Estimate Standard Error DF t Value Pr > |t| 

Essex 0.4166 0.4311 32 0.97 0.3411 

Kent 0.8829 0.2417 32 3.65 0.0009 

Norfolk 0.9261 0.3755 32 2.47 0.0192 

 

Free-living 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.4055 0.06721 

Residual  66041 6523.79 
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Effect Num DF Den DF F Value Pr > F 

County 2 32 15.83 <.0001 

 

County Estimate Standard Error DF t Value Pr > |t| 

Essex 288.22 42.7990 32 6.73 <.0001 

Kent 323.96 25.1305 32 12.89 <.0001 

Norfolk 555.30 38.4920 32 14.43 <.0001 

 

Total Plant-Parasitic Nematodes 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.4649 0.05495 

Residual  17053 1682.39 

 

Effect Num DF Den DF F Value Pr > F 

County 2 32 18.89 <.0001 

 

County Estimate Standard Error DF t Value Pr > |t| 

Essex 182.53 22.0773 32 8.27 <.0001 

Kent 213.63 13.1803 32 16.21 <.0001 

Norfolk 76.4077 20.0298 32 3.81 0.0006 

 

Fumigation PPN Populations 

Paratylenchus spp.  

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect -0.07467 0.07898 

Residual  0.1073 0.01195 

 

Effect Num DF Den DF F Value Pr > F 

Fumigation 1 9 1.99 0.1918 
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Fumigation Estimate Standard Error DF t Value Pr > |t| 

No 0.1061 0.02599 9 4.08 0.0027 

Yes -0.00021 0.07039 9 -0.00 0.9977 

 

Helicotylenchus spp. 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.3501 0.08795 

Residual  2181.07 264.99 

 

Effect Num DF Den DF F Value Pr > F 

Fumigation 1 9 6.27 0.0337 

 

Fumigation Estimate Standard Error DF t Value Pr > |t| 

No 44.0119 4.7492 9 9.27 <.0001 

Yes 13.6226 11.6581 9 1.17 0.2726 

 

Tylenchorhynchus spp. 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.5300 0.07849 

Residual  592.82 81.2071 

 

Effect Num DF Den DF F Value Pr > F 

Fumigation 1 9 3.48 0.0952 

 

Fumigation Estimate Standard Error DF t Value Pr > |t| 

No 14.0237 2.7059 9 5.18 0.0006 

Yes 25.4030 6.0246 9 4.22 0.0023 

 

Pratylenchus spp. 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.3184 0.08265 

Residual  434.21 51.4448 

 



144 

 

Effect Num DF Den DF F Value Pr > F 

Fumigation 1 9 22.88 0.0010 

 

Fumigation Estimate Standard Error DF t Value Pr > |t| 

No 26.9244 2.0845 9 12.92 <.0001 

Yes 1.0324 5.1814 9 0.20 0.8465 

 

Tylenchus spp. 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.3458 0.08023 

Residual  1980.62 236.80 

 

Effect Num DF Den DF F Value Pr > F 

Fumigation 1 9 13.67 0.0049 

 

Fumigation Estimate Standard Error DF t Value Pr > |t| 

No 51.9119 4.5157 9 11.50 <.0001 

Yes 9.1360 11.1046 9 0.82 0.4319 

 

Hoplolaimus spp. 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.2167 0.07914 

Residual  138.45 15.7882 

 

Effect Num DF Den DF F Value Pr > F 

Fumigation 1 9 6.87 0.0278 

 

Fumigation Estimate Standard Error DF t Value Pr > |t| 

No 6.6901 1.1147 9 6.00 0.0002 

Yes -1.2192 2.8635 9 -0.43 0.6803 
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Heterodera spp. (Female) 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.1682 0.1082 

Residual  5.9830 0.6842 

 

Effect Num DF Den DF F Value Pr > F 

Fumigation 1 9 45.89 <.0001 

 

Fumigation Estimate Standard Error DF t Value Pr > |t| 

No 1.1018 0.2255 9 4.89 0.0009 

Yes 5.3043 0.5866 9 9.04 <.0001 

 

Heterodera spp. (Juvenile) 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.4605 0.06391 

Residual  8724.39 1069.93 

 

Effect Num DF Den DF F Value Pr > F 

Fumigation 1 9 22.93 0.0010 

 

Fumigation Estimate Standard Error DF t Value Pr > |t| 

No 42.2628 10.0377 9 4.21 0.0023 

Yes 157.00 23.3510 9 6.72 <.0001 

 

Meloidogyne spp. (Juvenile) 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.4609 0.09843 

Residual  307.03 42.0447 

 

Effect Num DF Den DF F Value Pr > F 

Fumigation 1 9 0.31 0.5915 
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Fumigation Estimate Standard Error DF t Value Pr > |t| 

No 3.2726 1.8834 9 1.74 0.1163 

Yes 0.7719 4.3804 9 0.18 0.8640 

 

Xiphinema spp. 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.2235 0.1181 

Residual  4.5178 0.5329 

 

Effect Num DF Den DF F Value Pr > F 

Fumigation 1 9 1.68 0.2278 

 

Fumigation Estimate Standard Error DF t Value Pr > |t| 

No 0.9413 0.2021 9 4.66 0.0012 

Yes 0.2347 0.5182 9 0.45 0.6613 

 

Free-living 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.5594 0.07351 

Residual  88752 12297 

 

Effect Num DF Den DF F Value Pr > F 

Fumigation 1 9 0.34 0.5726 

 

Fumigation Estimate Standard Error DF t Value Pr > |t| 

No 358.48 33.5739 9 10.68 <.0001 

Yes 315.36 73.1714 9 4.31 0.0020 

 

Total Plant-Parasitic Nematodes 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.3274 0.07761 

Residual  17003 2007.55 
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Effect Num DF Den DF F Value Pr > F 

Fumigation 1 9 0.34 0.5753 

 

Fumigation Estimate Standard Error DF t Value Pr > |t| 

No 191.51 13.1057 9 14.61 <.0001 

Yes 211.21 32.4641 9 6.51 0.0001 

 

Cover Crop PPN Populations 

Paratylenchus spp.  

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.05909 0.07173 

Residual  0.2818 0.03014 

 

Effect Num DF Den DF F Value Pr > F 

Type 3 7 1.03 0.4340 

 

Type Estimate Standard Error DF t Value Pr > |t| 

Clover 0.2603 0.1007 7 2.58 0.0362 

N/A 0.1043 0.05184 7 2.01 0.0842 

Rye 0.02891 0.1007 7 0.29 0.7824 

Wheat 0.005551 0.2251 7 0.02 0.9810 

 

Helicotylenchus spp. 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.7114 0.05563 

Residual  2381.51 387.97 

 

Effect Num DF Den DF F Value Pr > F 

Type 3 7 2.80 0.1185 
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Type Estimate Standard Error DF t Value Pr > |t| 

Clover 51.5371 12.3757 7 4.16 0.0042 

N/A 39.7252 6.9242 7 5.74 0.0007 

Rye 15.9634 11.4629 7 1.39 0.2064 

Wheat 84.8398 23.6879 7 3.58 0.0090 

 

Tylenchorhynchus spp. 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.5248 0.07716 

Residual  335.77 46.2427 

 

Effect Num DF Den DF F Value Pr > F 

Type 3 7 24.79 0.0004 

 

Type Estimate Standard Error DF t Value Pr > |t| 

Clover 16.0474 4.4190 7 3.63 0.0084 

N/A 10.3229 2.3764 7 4.34 0.0034 

Rye 16.6721 4.2951 7 3.88 0.0060 

Wheat 91.9519 9.2927 7 9.90 <.0001 

 

Pratylenchus spp. 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.3165 0.07840 

Residual  497.13 57.3895 

 

Effect Num DF Den DF F Value Pr > F 

Type 3 7 5.59 0.0283 

 

Type Estimate Standard Error DF t Value Pr > |t| 

Clover 33.0996 4.8998 7 6.76 0.0003 

N/A 29.8302 2.5707 7 11.60 <.0001 

Rye 9.1198 4.8664 7 1.87 0.1031 

Wheat 24.6224 10.7829 7 2.28 0.0563 
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Tylenchus spp. 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.1876 0.09959 

Residual  2070.11 230.70 

 

Effect Num DF Den DF F Value Pr > F 

Type 3 7 2.20 0.1754 

 

Type Estimate Standard Error DF t Value Pr > |t| 

Clover 64.9888 9.3277 7 6.97 0.0002 

N/A 47.0988 4.8414 7 9.73 <.0001 

Rye 34.2858 9.3099 7 3.68 0.0078 

Wheat 27.3691 20.7613 7 1.32 0.2289 

Hoplolaimus spp. 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.2314 0.07490 

Residual  121.50 13.4594 

 

Effect Num DF Den DF F Value Pr > F 

Type 3 7 8.18 0.0109 

 

Type Estimate Standard Error DF t Value Pr > |t| 

Clover 8.0378 2.3158 7 3.47 0.0104 

N/A 5.1982 1.2061 7 4.31 0.0035 

Rye 2.0886 2.3086 7 0.90 0.3957 

Wheat 29.4754 5.1398 7 5.73 0.0007 

 

Heterodera spp. (Female) 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.2074 0.07610 

Residual  4.3267 0.4762 
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Effect Num DF Den DF F Value Pr > F 

Type 3 7 3.59 0.0741 

 

Type Estimate Standard Error DF t Value Pr > |t| 

Clover 0.5773 0.4312 7 1.34 0.2225 

N/A 1.0664 0.2242 7 4.76 0.0021 

Rye 1.1265 0.4302 7 2.62 0.0345 

Wheat 3.9720 0.9587 7 4.14 0.0043 

 

Heterodera spp. (Juvenile) 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.7876 0.04474 

Residual  12733 2260.82 

 

Effect Num DF Den DF F Value Pr > F 

Type 3 7 1.02 0.4406 

 

Type Estimate Standard Error DF t Value Pr > |t| 

Clover 43.9208 28.6117 7 1.54 0.1686 

N/A 39.0368 16.5039 7 2.37 0.0499 

Rye 72.1447 25.6887 7 2.81 0.0262 

Wheat 98.2503 51.4259 7 1.91 0.0977 

 

Meloidogyne spp. (Juvenile) 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.2446 0.1291 

Residual  5652.23 678.00 

 

Effect Num DF Den DF F Value Pr > F 

Type 3 7 2.89 0.1117 
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Type Estimate Standard Error DF t Value Pr > |t| 

Clover 14.3479 15.9096 7 0.90 0.3971 

N/A 2.1008 8.2944 7 0.25 0.8073 

Rye 53.4978 15.8527 7 3.37 0.0118 

Wheat -1.1026 35.2728 7 -0.03 0.9759 

 

Xiphinema spp. 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.05568 0.1220 

Residual  13.2311 1.4228 

 

Effect Num DF Den DF F Value Pr > F 

Type 3 7 0.49 0.7007 

 

Type Estimate Standard Error DF t Value Pr > |t| 

Clover 0.7481 0.6886 7 1.09 0.3133 

N/A 1.2466 0.3544 7 3.52 0.0098 

Rye 0.5445 0.6886 7 0.79 0.4550 

Wheat 0.01497 1.5393 7 0.01 0.9925 

 

Free-living 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.5908 0.07800 

Residual  108274 16571 

 

Effect Num DF Den DF F Value Pr > F 

Type 3 7 1.34 0.3353 

 

Type Estimate Standard Error DF t Value Pr > |t| 

Clover 271.26 81.1859 7 3.34 0.0124 

N/A 449.97 44.1415 7 10.19 <.0001 

Rye 413.76 77.8976 7 5.31 0.0011 

Wheat 302.16 166.41 7 1.82 0.1123 
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Total Plant-Parasitic Nematodes 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.5102 0.07987 

Residual  21950 3007.59 

 

Effect Num DF Den DF F Value Pr > F 

Type 3 7 2.91 0.1107 

 

Type Estimate Standard Error DF t Value Pr > |t| 

Clover 237.21 35.5299 7 6.68 0.0003 

N/A 166.06 19.0659 7 8.71 <.0001 

Rye 233.99 34.6150 7 6.76 0.0003 

Wheat 339.94 75.0728 7 4.53 0.0027 

 

Previous Crop PPN Populations 

Paratylenchus spp.  

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect -0.00387 0.07429 

Residual  0.4197 0.04666 

 

Effect Num DF Den DF F Value Pr > F 

Crop 5 5 1.28 0.3976 

 

Crop Estimate Standard Error DF t Value Pr > |t| 

Cabbage -0.00043 0.2638 5 -0.00 0.9988 

Corn 0.07410 0.08792 5 0.84 0.4378 

Soybean 0.1388 0.1077 5 1.29 0.2539 

Soybean+peas -0.00014 0.1865 5 -0.00 0.9994 

Strawberry+Pepper 0 0.2638 5 0.00 1.0000 

Wheat 0.3340 0.08792 5 3.80 0.0126 
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Helicotylenchus spp. 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.7004 0.06026 

Residual  2232.16 378.96 

 

Effect Num DF Den DF F Value Pr > F 

Crop 5 5 2.40 0.1798 

 

Crop Estimate Standard Error DF t Value Pr > |t| 

Cabbage 24.6418 22.6494 5 1.09 0.3263 

Corn 47.0026 9.6903 5 4.85 0.0047 

Soybean 21.9134 10.5552 5 2.08 0.0925 

Soybean+peas 32.8859 16.1178 5 2.04 0.0968 

Strawberry+Pepper 0.2174 28.7278 5 0.01 0.9943 

Wheat 56.9960 9.3725 5 6.08 0.0017 

 

Tylenchorhynchus spp. 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.3933 0.08406 

Residual  222.96 28.5277 

 

Effect Num DF Den DF F Value Pr > F 

Crop 5 5 1.38 0.3664 

 

Crop Estimate Standard Error DF t Value Pr > |t| 

Cabbage 1.7377 7.3905 5 0.24 0.8234 

Corn 6.3297 2.6069 5 2.43 0.0595 

Soybean 10.1507 3.0907 5 3.28 0.0219 

Soybean+peas 18.7735 5.2296 5 3.59 0.0157 

Strawberry+Pepper 11.7824 7.7190 5 1.53 0.1874 

Wheat 11.6716 2.5880 5 4.51 0.0063 
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Pratylenchus spp. 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.4176 0.07724 

Residual  473.27 60.4618 

 

Effect Num DF Den DF F Value Pr > F 

Crop 5 5 5.51 0.0422 

 

Crop Estimate Standard Error DF t Value Pr > |t| 

Cabbage 0.9904 10.8308 5 0.09 0.9307 

Corn 28.1887 3.8513 5 7.32 0.0007 

Soybean 14.2130 4.5485 5 3.12 0.0261 

Soybean+peas 5.7539 7.6651 5 0.75 0.4867 

Strawberry+Pepper 0.3064 11.3974 5 0.03 0.9796 

Wheat 33.2318 3.8190 5 8.70 0.0003 

 

Tylenchus spp. 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.1560 0.1178 

Residual  1760.63 204.81 

 

Effect Num DF Den DF F Value Pr > F 

Crop 5 5 3.63 0.0915 

 

Crop Estimate Standard Error DF t Value Pr > |t| 

Cabbage 49.8112 18.8258 5 2.65 0.0457 

Corn 53.8580 6.3414 5 8.49 0.0004 

Soybean 27.5376 7.7057 5 3.57 0.0160 

Soybean+peas 15.9178 13.3126 5 1.20 0.2854 

Strawberry+Pepper 6.9614 18.9166 5 0.37 0.7279 

Wheat 54.5403 6.3360 5 8.61 0.0003 
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Hoplolaimus spp. 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.2267 0.07706 

Residual  191.43 22.1220 

 

Effect Num DF Den DF F Value Pr > F 

Crop 5 5 1.62 0.3042 

 

Crop Estimate Standard Error DF t Value Pr > |t| 

Cabbage 1.0165 6.4341 5 0.16 0.8806 

Corn 9.0925 2.1866 5 4.16 0.0088 

Soybean 7.6603 2.6429 5 2.90 0.0339 

Soybean+peas -1.5543 4.5502 5 -0.34 0.7465 

Strawberry+Pepper 1.95E-14 6.5067 5 0.00 1.0000 

Wheat 9.8215 2.1823 5 4.50 0.0064 

 

Heterodera spp. (Female) 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.1008 0.07932 

Residual  17.9673 2.0175 

 

Effect Num DF Den DF F Value Pr > F 

Crop 5 5 9.43 0.0139 

 

Crop Estimate Standard Error DF t Value Pr > |t| 

Cabbage 0.01713 1.8435 5 0.01 0.9929 

Corn 1.1244 0.6179 5 1.82 0.1285 

Soybean 6.7615 0.7534 5 8.98 0.0003 

Soybean+peas 1.5468 1.3036 5 1.19 0.2887 

Strawberry+Pepper -278E-17 1.8469 5 -0.00 1.0000 

Wheat 0.9447 0.6177 5 1.53 0.1867 
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Heterodera spp. (Juvenile) 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.5511 0.06025 

Residual  11776 1580.02 

 

Effect Num DF Den DF F Value Pr > F 

Crop 5 5 5.65 0.0401 

 

Crop Estimate Standard Error DF t Value Pr > |t| 

Cabbage 1.3839 54.6433 5 0.03 0.9808 

Corn 27.5404 20.6728 5 1.33 0.2403 

Soybean 120.26 23.7354 5 5.07 0.0039 

Soybean+peas 218.55 38.7272 5 5.64 0.0024 

Strawberry+Pepper 7.11E-15 61.0679 5 0.00 1.0000 

Wheat 43.1092 20.3194 5 2.12 0.0873 

 

Meloidogyne spp. (Juvenile) 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.8092 0.04078 

Residual  495.31 91.1145 

 

Effect Num DF Den DF F Value Pr > F 

Crop 5 5 0.67 0.6657 

 

Crop Estimate Standard Error DF t Value Pr > |t| 

Cabbage 5.9498 9.5569 5 0.62 0.5609 

Corn 0.5851 4.7574 5 0.12 0.9069 

Soybean 5.4922 4.8745 5 1.13 0.3110 

Soybean+peas -5.1915 6.8545 5 -0.76 0.4830 

Strawberry+Pepper 2.0541 14.3010 5 0.14 0.8914 

Wheat 8.3879 4.5251 5 1.85 0.1230 
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Xiphinema spp. 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.2711 0.1097 

Residual  3.7379 0.4620 

 

Effect Num DF Den DF F Value Pr > F 

Crop 5 5 1.38 0.3661 

 

Crop Estimate Standard Error DF t Value Pr > |t| 

Cabbage 0.1234 0.9172 5 0.13 0.8982 

Corn 1.3060 0.3140 5 4.16 0.0088 

Soybean 0.2552 0.3780 5 0.68 0.5294 

Soybean+peas 0.2691 0.6487 5 0.41 0.6955 

Strawberry+Pepper -666E-18 0.9330 5 -0.00 1.0000 

Wheat 0.9391 0.3131 5 3.00 0.0301 

 

Free-living 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.5443 0.08705 

Residual  78654 12095 

 

Effect Num DF Den DF F Value Pr > F 

Crop 5 5 1.91 0.2482 

 

Crop Estimate Standard Error DF t Value Pr > |t| 

Cabbage 673.94 141.28 5 4.77 0.0050 

Corn 409.84 53.2358 5 7.70 0.0006 

Soybean 267.80 61.2308 5 4.37 0.0072 

Soybean+peas 344.00 100.12 5 3.44 0.0185 

Strawberry+Pepper 406.35 157.26 5 2.58 0.0492 

Wheat 308.77 52.3551 5 5.90 0.0020 
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Total Plant-Parasitic Nematodes 

Cov Parm Subject Estimate Standard Error 

AR(1) Field*Transect 0.4780 0.07105 

Residual  18278 2402.48 

 

Effect Num DF Den DF F Value Pr > F 

Crop 5 5 3.08 0.1210 

 

Crop Estimate Standard Error DF t Value Pr > |t| 

Cabbage 83.4966 67.9789 5 1.23 0.2740 

Corn 174.60 24.7575 5 7.05 0.0009 

Soybean 221.94 28.9153 5 7.68 0.0006 

Soybean+peas 292.87 48.1337 5 6.08 0.0017 

Strawberry+Pepper 21.6706 73.1827 5 0.30 0.7790 

Wheat 222.05 24.4655 5 9.08 0.0003 

 

Soil Characteristics and PPN Population Regression 

Paratylenchus spp.  

Source DF Sum of Squares Mean Square F Value Pr > F 

Model 1 0.92239 0.92239 3.11 0.0786 

Error 298 88.26427 0.29619   

Corrected Total 299 89.18667    

 

Variable Parameter Estimate Standard Error Type II SS F Value Pr > F 

Intercept 0.20165 0.05285 4.31256 14.56 0.0002 

fine sand -0.00385 0.00218 0.92239 3.11 0.0786 

 

Helicotylenchus spp. 

Source DF Sum of Squares Mean Square F Value Pr > F 

Model 4 170791 42698 31.92 <.0001 

Error 295 394664 1337.84452   

Corrected Total 299 565455    
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Variable Parameter Estimate Standard Error Type II SS F Value Pr > F 

Intercept 97.90927 7.61262 221302 165.42 <.0001 

temperature -0.84605 0.32534 9047.23777 6.76 0.0098 

clay -6.38541 1.35615 29660 22.17 <.0001 

fine sand -0.88516 0.15281 44891 33.55 <.0001 

medium sand -1.09450 0.13939 82488 61.66 <.0001 

 

Tylenchorhynchus spp. 

Source DF Sum of Squares Mean Square F Value Pr > F 

Model 5 30639 6127.75268 16.80 <.0001 

Error 294 107221 364.69594   

Corrected Total 299 137859    

 

Variable Parameter Estimate Standard Error Type II SS F Value Pr > F 

Intercept 13.02056 5.17676 2307.14319 6.33 0.0124 

VWC -0.46902 0.16706 2874.59329 7.88 0.0053 

clay -4.46830 1.11434 5863.84023 16.08 <.0001 

silt 3.98502 0.90998 6994.00389 19.18 <.0001 

fine sand 0.47859 0.08205 12407 34.02 <.0001 

medium sand -0.26135 0.08648 3330.95011 9.13 0.0027 

 

Pratylenchus spp. 

Source DF Sum of Squares Mean Square F Value Pr > F 

Model 4 25988 6497.10268 13.35 <.0001 

Error 295 143561 486.64578   

Corrected Total 299 169549    
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Variable Parameter Estimate Standard Error Type II SS F Value Pr > F 

Intercept 36.48342 4.59132 30728 63.14 <.0001 

temperature -0.38893 0.19622 1911.87360 3.93 0.0484 

clay 2.47015 0.81792 4438.48734 9.12 0.0027 

fine sand -0.29689 0.09216 5050.08361 10.38 0.0014 

medium sand -0.31198 0.08407 6702.16343 13.77 0.0002 

 

Tylenchus spp. 

Source DF Sum of Squares Mean Square F Value Pr > F 

Model 5 95056 19011 14.70 <.0001 

Error 294 380266 1293.42126   

Corrected Total 299 475322    

 

Variable Parameter Estimate Standard Error Type II SS F Value Pr > F 

Intercept 58.64161 11.09719 36118 27.92 <.0001 

temperature 0.86838 0.32063 9487.28219 7.34 0.0072 

clay 2.28971 1.43369 3299.03258 2.55 0.1113 

fine sand -0.68681 0.19023 16860 13.03 0.0004 

medium sand -0.88227 0.17045 34653 26.79 <.0001 

gravel -0.35300 0.19216 4364.70746 3.37 0.0672 

 

Hoplolaimus spp. 

Source DF Sum of Squares Mean Square F Value Pr > F 

Model 2 7667.37830 3833.68915 20.03 <.0001 

Error 297 56848 191.40828   

Corrected Total 299 64516    

 

Variable Parameter Estimate Standard Error Type II SS F Value Pr > F 

Intercept -5.86872 2.41019 1134.86307 5.93 0.0155 

very fine sand 0.47360 0.08245 6315.70696 33.00 <.0001 

course sand 0.22309 0.06418 2313.00797 12.08 0.0006 

 

 



161 

 

Heterodera spp. (Female) 

Source DF Sum of Squares Mean Square F Value Pr > F 

Model 4 675.19251 168.79813 11.57 <.0001 

Error 295 4303.00416 14.58645   

Corrected Total 299 4978.19667    

 

Variable Parameter Estimate Standard Error Type II SS F Value Pr > F 

Intercept 3.22315 1.07349 131.49513 9.01 0.0029 

VWC 0.14823 0.03287 296.62857 20.34 <.0001 

silt -0.47253 0.12618 204.57232 14.02 0.0002 

medium sand -0.07044 0.02076 167.99488 11.52 0.0008 

gravel -0.08152 0.01746 317.92045 21.80 <.0001 

 

Heterodera spp. (Juvenile) 

Source DF Sum of Squares Mean Square F Value Pr > F 

Model 2 155350 77675 7.21 0.0009 

Error 297 3198244 10768   

Corrected Total 299 3353595    

 

Variable Parameter Estimate Standard Error Type II SS F Value Pr > F 

Intercept 9.65388 14.67160 4662.33357 0.43 0.5110 

VWC 3.06643 0.83784 144243 13.39 0.0003 

gravel -0.87842 0.38095 57256 5.32 0.0218 

 

Meloidogyne spp. (Juvenile) 

Source DF Sum of Squares Mean Square F Value Pr > F 

Model 4 60959 15240 4.65 0.0012 

Error 295 967758 3280.53560   

Corrected Total 299 1028717    
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Variable Parameter Estimate Standard Error Type II SS F Value Pr > F 

Intercept 41.00398 11.91552 38848 11.84 0.0007 

temperature -0.98695 0.50993 12289 3.75 0.0539 

clay 8.60019 3.26700 22733 6.93 0.0089 

silt -5.16920 2.54355 13549 4.13 0.0430 

course sand -0.62330 0.26616 17991 5.48 0.0199 

 

Xiphinema spp. 

Source DF Sum of Squares Mean Square F Value Pr > F 

Model 2 78.64992 39.32496 4.54 0.0114 

Error 297 2571.69674 8.65891   

Corrected Total 299 2650.34667    

 

Variable Parameter Estimate Standard Error Type II SS F Value Pr > F 

Intercept -0.18376 0.42270 1.63643 0.19 0.6641 

medium sand 0.02333 0.01306 27.65462 3.19 0.0749 

gravel 0.03653 0.01213 78.54240 9.07 0.0028 

 

Free-living 

Source DF Sum of Squares Mean Square F Value Pr > F 

Model 5 3339897 667979 10.86 <.0001 

Error 294 18087250 61521   

Corrected Total 299 21427147    

 

Variable Parameter Estimate Standard Error Type II SS F Value Pr > F 

Intercept 324.83681 75.88136 1127419 18.33 <.0001 

temperature -5.00532 2.22690 310804 5.05 0.0253 

VWC -5.18625 2.13754 362161 5.89 0.0159 

clay 15.83701 9.62988 166391 2.70 0.1011 

very fine sand 6.82860 1.67020 1028372 16.72 <.0001 

medium sand 4.10958 1.11292 838860 13.64 0.0003 
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Total Plant-Parasitic Nematodes 

Source DF Sum of Squares Mean Square F Value Pr > F 

Model 4 821478 205370 11.48 <.0001 

Error 295 5276243 17886   

Corrected Total 299 6097721    

 

Variable Parameter Estimate Standard Error Type II SS F Value Pr > F 

Intercept 94.13562 42.76392 86667 4.85 0.0285 

VWC 2.32527 1.15511 72478 4.05 0.0450 

very fine sand 2.83726 0.90092 177388 9.92 0.0018 

medium sand -1.24474 0.64938 65713 3.67 0.0562 

course sand 1.05114 0.72015 38105 2.13 0.1455 

 

Chapter 5 

Threshold Trial Above Ground Biomass 

Pratylenchus spp. 

Cov Parm Estimate Standard Error 

Block 6.3882 7.3983 

Trial -0.7884 0.6835 

Trial*Treatment 0.6510 2.7986 

Residual 16.0963 3.9039 

 

Effect Num DF Den DF F Value Pr > F 

Treatment 3 3 0.55 0.6831 

Cultivar 1 34 0.16 0.6948 

Cultivar*Treatment 3 34 0.31 0.8211 

 

Cultivar Treatment Estimate Standard Error DF t Value Pr > |t| 

H9478 0 17.8583 2.1779 34 8.20 <.0001 

H9478 500 19.2417 2.1779 34 8.83 <.0001 

H9478 1000 17.3750 2.1779 34 7.98 <.0001 

H9478 2000 16.2083 2.1779 34 7.44 <.0001 

Mnt Fresh 0 18.3417 2.1779 34 8.42 <.0001 
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Cultivar Treatment Estimate Standard Error DF t Value Pr > |t| 

Mnt Fresh 500 16.9250 2.1779 34 7.77 <.0001 

Mnt Fresh 1000 17.6583 2.1779 34 8.11 <.0001 

Mnt Fresh 2000 15.9250 2.1779 34 7.31 <.0001 

 

Meloidogyne spp. (Juvenile) 

Cov Parm Estimate Standard Error 

Block -0.1881 0.7070 

Trial 14.2041 21.2056 

Trial*Treatment 0.8325 2.6196 

Residual 13.8129 3.3501 

 

Effect Num DF Den DF F Value Pr > F 

Treatment 3 3 0.52 0.6980 

Cultivar 1 34 6.49 0.0155 

Cultivar*Treatment 3 34 0.77 0.5213 

 

Cultivar Treatment Estimate Standard Error DF t Value Pr > |t| 

H9478 0 17.0750 3.1237 34 5.47 <.0001 

H9478 200 14.4417 3.1237 34 4.62 <.0001 

H9478 1000 16.7583 3.1237 34 5.36 <.0001 

H9478 5000 15.9917 3.1237 34 5.12 <.0001 

Mnt Fresh 0 20.3583 3.1237 34 6.52 <.0001 

Mnt Fresh 200 19.0917 3.1237 34 6.11 <.0001 

Mnt Fresh 1000 16.9250 3.1237 34 5.42 <.0001 

Mnt Fresh 5000 18.8250 3.1237 34 6.03 <.0001 
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Threshold Trial Below Ground Biomass 

Pratylenchus spp. 

Cov Parm Estimate Standard Error 

Block -0.05085 0.07990 

Trial 0.2329 0.3668 

Trial*Treatment -0.2287 0.1172 

Residual 1.9967 0.4843 

 

Effect Num DF Den DF F Value Pr > F 

Treatment 3 3 7.96 0.0612 

Cultivar 1 34 0.68 0.4138 

Cultivar*Treatment 3 34 0.26 0.8535 

 

Cultivar Treatment Estimate Standard Error DF t Value Pr > |t| 

H9478 0 4.7660 0.5639 34 8.45 <.0001 

H9478 500 3.9510 0.5639 34 7.01 <.0001 

H9478 1000 3.9410 0.5639 34 6.99 <.0001 

H9478 2000 3.2560 0.5639 34 5.77 <.0001 

Mnt Fresh 0 4.7343 0.5639 34 8.40 <.0001 

Mnt Fresh 500 3.2727 0.5639 34 5.80 <.0001 

Mnt Fresh 1000 3.2277 0.5639 34 5.72 <.0001 

Mnt Fresh 2000 3.3293 0.5639 34 5.90 <.0001 

 

Meloidogyne spp. (Juvenile) 

Cov Parm Estimate Standard Error 

Block 0.01117 0.08463 

Trial 0.008750 0.02842 

Trial*Treatment -0.1494 0.05751 

Residual 1.1465 0.2781 
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Effect Num DF Den DF F Value Pr > F 

Treatment 3 3 3.98 0.1430 

Cultivar 1 34 3.51 0.0696 

Cultivar*Treatment 3 34 0.81 0.4947 

 

Cultivar Treatment Estimate Standard Error DF t Value Pr > |t| 

H9478 0 4.6500 0.3528 34 13.18 <.0001 

H9478 200 3.8000 0.3528 34 10.77 <.0001 

H9478 1000 4.4833 0.3528 34 12.71 <.0001 

H9478 5000 4.8167 0.3528 34 13.65 <.0001 

Mnt Fresh 0 3.8833 0.3528 34 11.01 <.0001 

Mnt Fresh 200 4.0000 0.3528 34 11.34 <.0001 

Mnt Fresh 1000 3.3667 0.3528 34 9.54 <.0001 

Mnt Fresh 5000 4.1833 0.3528 34 11.86 <.0001 

 

Threshold Trial Yield 

Pratylenchus spp. 

Cov Parm Estimate Standard Error 

Block -78.0683 19.7938 

Trial 41.9077 119.36 

Trial*Treatment -58.0247 138.81 

Residual 1293.11 313.63 

 

Effect Num DF Den DF F Value Pr > F 

Treatment 3 3 0.73 0.5991 

Cultivar 1 34 8.04 0.0077 

Cultivar*Treatment 3 34 0.05 0.9840 

 

Cultivar Treatment Estimate Standard Error DF t Value Pr > |t| 

H9478 0 27.2500 13.4699 34 2.02 0.0510 

H9478 500 21.2833 13.4699 34 1.58 0.1234 

H9478 1000 36.8167 13.4699 34 2.73 0.0099 

H9478 2000 23.6500 13.4699 34 1.76 0.0881 
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Cultivar Treatment Estimate Standard Error DF t Value Pr > |t| 

Mnt Fresh 0 61.3333 13.4699 34 4.55 <.0001 

Mnt Fresh 500 44.6000 13.4699 34 3.31 0.0022 

Mnt Fresh 1000 65.0500 13.4699 34 4.83 <.0001 

Mnt Fresh 2000 55.7500 13.4699 34 4.14 0.0002 

 

Meloidogyne spp. (Juvenile) 

Cov Parm Estimate Standard Error 

Block 13.0496 67.5723 

Trial 16.0406 28.0406 

Trial*Treatment -127.38 36.4856 

Residual 852.41 206.74 

 

Effect Num DF Den DF F Value Pr > F 

Treatment 3 3 24.79 0.0128 

Cultivar 1 34 7.85 0.0083 

Cultivar*Treatment 3 34 1.78 0.1691 

 

Cultivar Treatment Estimate Standard Error DF t Value Pr > |t| 

H9478 0 15.9833 9.5263 34 1.68 0.1026 

H9478 200 36.2500 9.5263 34 3.81 0.0006 

H9478 1000 9.1167 9.5263 34 0.96 0.3453 

H9478 5000 22.3667 9.5263 34 2.35 0.0248 

Mnt Fresh 0 23.4167 9.5263 34 2.46 0.0192 

Mnt Fresh 200 64.2500 9.5263 34 6.74 <.0001 

Mnt Fresh 1000 62.8000 9.5263 34 6.59 <.0001 

Mnt Fresh 5000 27.7000 9.5263 34 2.91 0.0064 
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Threshold Trial Soil Populations 

Pratylenchus spp. 

Cov Parm Estimate Standard Error 

Block 9.8934 12.0148 

Trial 17.7755 29.6005 

Trial*Treatment 6.6902 10.1500 

Residual 33.7684 8.1900 

 

Effect Num DF Den DF F Value Pr > F 

Treatment 3 3 6.72 0.0760 

Cultivar 1 34 0.03 0.8630 

Cultivar*Treatment 3 34 0.05 0.9871 

 

Cultivar Treatment Estimate Standard Error DF t Value Pr > |t| 

H9478 0 -178E-17 4.5999 34 -0.00 1.0000 

H9478 500 7.5000 4.5999 34 1.63 0.1122 

H9478 1000 12.8333 4.5999 34 2.79 0.0086 

H9478 2000 14.5000 4.5999 34 3.15 0.0034 

Mnt Fresh 0 -178E-16 4.5999 34 -0.00 1.0000 

Mnt Fresh 500 7.0000 4.5999 34 1.52 0.1373 

Mnt Fresh 1000 13.3333 4.5999 34 2.90 0.0065 

Mnt Fresh 2000 13.3333 4.5999 34 2.90 0.0065 

 

Meloidogyne spp. (Juvenile) 

Cov Parm Estimate Standard Error 

Block 1486.56 1954.49 

Trial 466.84 4688.29 

Trial*Treatment 8815.75 8215.28 

Residual 7434.77 1803.20 
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Effect Num DF Den DF F Value Pr > F 

Treatment 3 3 2.75 0.2140 

Cultivar 1 34 0.56 0.4575 

Cultivar*Treatment 3 34 0.48 0.6968 

 

Cultivar Treatment Estimate Standard Error DF t Value Pr > |t| 

H9478 0 -995E-15 79.8495 34 -0.00 1.0000 

H9478 200 22.3333 79.8495 34 0.28 0.7814 

H9478 1000 54.8333 79.8495 34 0.69 0.4969 

H9478 5000 290.33 79.8495 34 3.64 0.0009 

Mnt Fresh 0 -119E-14 79.8495 34 -0.00 1.0000 

Mnt Fresh 200 13.8333 79.8495 34 0.17 0.8635 

Mnt Fresh 1000 58.5000 79.8495 34 0.73 0.4688 

Mnt Fresh 5000 220.33 79.8495 34 2.76 0.0093 

 

Threshold Trial Root Populations 

Pratylenchus spp. 

Cov Parm Estimate Standard Error 

Block 31.2753 53.8120 

Trial -69.6690 57.0668 

Trial*Treatment 220.19 228.72 

Residual 356.24 86.4012 

 

Effect Num DF Den DF F Value Pr > F 

Treatment 3 3 1.99 0.2931 

Cultivar 1 34 0.84 0.3653 

Cultivar*Treatment 3 34 1.88 0.1515 

 

Cultivar Treatment Estimate Standard Error DF t Value Pr > |t| 

H9478 0 -142E-16 12.0441 34 -0.00 1.0000 

H9478 500 9.3333 12.0441 34 0.77 0.4437 

H9478 1000 28.0000 12.0441 34 2.32 0.0262 

H9478 2000 39.3333 12.0441 34 3.27 0.0025 



170 

 

Cultivar Treatment Estimate Standard Error DF t Value Pr > |t| 

Mnt Fresh 0 -142E-16 12.0441 34 -0.00 1.0000 

Mnt Fresh 500 35.5000 12.0441 34 2.95 0.0058 

Mnt Fresh 1000 19.1667 12.0441 34 1.59 0.1208 

Mnt Fresh 2000 42.0000 12.0441 34 3.49 0.0014 

 

Meloidogyne spp. (Juvenile) 

Cov Parm Estimate Standard Error 

Block -486975 5611079 

Trial 41900573 93132875 

Trial*Treatment 74809823 74052577 

Residual 94588303 22941033 

 

Effect Num DF Den DF F Value Pr > F 

Treatment 3 3 3.27 0.1784 

Cultivar 1 34 0.16 0.6943 

Cultivar*Treatment 3 34 0.24 0.8669 

 

Cultivar Treatment Estimate Standard Error DF t Value Pr > |t| 

H9478 0 -728E-14 8599.86 34 -0.00 1.0000 

H9478 200 2120.00 8599.86 34 0.25 0.8068 

H9478 1000 11805 8599.86 34 1.37 0.1788 

H9478 5000 29310 8599.86 34 3.41 0.0017 

Mnt Fresh 0 -728E-14 8599.86 34 -0.00 1.0000 

Mnt Fresh 200 2260.00 8599.86 34 0.26 0.7943 

Mnt Fresh 1000 12443 8599.86 34 1.45 0.1571 

Mnt Fresh 5000 24080 8599.86 34 2.80 0.0084 
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Threshold Trial Gall Rating 

Meloidogyne spp. (Juvenile) 

Ordered 

Value gall 

Total 

Frequency 

1 0 6 

2 1 3 

3 2 2 

4 3 4 

5 4 5 

6 5 4 

 

Effect gall Treatment Estimate 

Standard 

Error DF t Value Pr > |t| 

Intercept 0  -20.5123 13.4957 16 -1.52 0.1480 

Intercept 1  -14.7074 11.2652 16 -1.31 0.2102 

Intercept 2  -13.1000 11.2198 16 -1.17 0.2601 

Intercept 3  -7.2055 8.6927 16 -0.83 0.4193 

Intercept 4  -0.6913 0.8653 16 -0.80 0.4361 

Treatment  0 28.2178 23.5070 16 1.20 0.2475 

Treatment  200 14.7064 11.2701 16 1.30 0.2104 

Treatment  1000 7.2050 8.7055 16 0.83 0.4201 

Treatment  5000 0 . . . . 

 

Effect Num DF Den DF F Value Pr > F 

Treatment 3 16 0.74 0.5454 

 

Treatment _Treatment Estimate DF 95% Confidence Limits 

0 200 >999.999 16 <0.001 >999.999 

0 1000 >999.999 16 <0.001 >999.999 

0 5000 >999.999 16 <0.001 >999.999 

200 1000 >999.999 16 <0.001 >999.999 

200 5000 >999.999 16 <0.001 >999.999 
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Treatment _Treatment Estimate DF 95% Confidence Limits 

1000 5000 >999.999 16 <0.001 >999.999 

 

Tolerance Trial Above Ground Biomass 

Pratylenchus spp. 

Cov Parm Estimate Standard Error 

Block -0.3849 1.4001 

Trial 13.9162 23.3256 

Trial*Treatment 2.4759 6.8073 

Residual 41.8945 7.9173 

 

Effect Num DF Den DF F Value Pr > F 

Treatment 1 1 0.08 0.8202 

Cultivar 5 56 3.42 0.0091 

Cultivar*Treatment 5 56 1.64 0.1655 

 

Cultivar Treatment Estimate Standard Error DF t Value Pr > |t| 

CC337 0 20.7667 3.8795 56 5.35 <.0001 

CC337 2000 17.0333 3.8795 56 4.39 <.0001 

H5108 0 14.3833 3.8795 56 3.71 0.0005 

H5108 2000 13.7333 3.8795 56 3.54 0.0008 

H9478 0 18.1000 3.8795 56 4.67 <.0001 

H9478 2000 24.5000 3.8795 56 6.32 <.0001 

Mnt Fresh 0 19.6333 3.8795 56 5.06 <.0001 

Mnt Fresh 2000 20.9667 3.8795 56 5.40 <.0001 

Mnt Maj 0 28.2667 3.8795 56 7.29 <.0001 

Mnt Maj 2000 20.5667 3.8795 56 5.30 <.0001 

Pony Exp 0 17.9167 3.8795 56 4.62 <.0001 

Pony Exp 2000 18.4500 3.8795 56 4.76 <.0001 
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Meloidogyne spp. (Juvenile) 

Cov Parm Estimate Standard Error 

Block 11.3751 14.2478 

Trial 49.9046 70.6557 

Trial*Treatment -3.7037 0.7388 

Residual 68.6994 12.9830 

 

Effect Num DF Den DF F Value Pr > F 

Treatment 1 1 0.15 0.7641 

Cultivar 5 56 2.87 0.0226 

Cultivar*Treatment 5 56 0.45 0.8085 

 

Cultivar Treatment Estimate Standard Error DF t Value Pr > |t| 

CC337 0 17.8667 6.1921 56 2.89 0.0055 

CC337 5000 17.3000 6.1921 56 2.79 0.0071 

H5108 0 15.5000 6.1921 56 2.50 0.0153 

H5108 5000 11.6667 6.1921 56 1.88 0.0647 

H9478 0 18.9667 6.1921 56 3.06 0.0034 

H9478 5000 19.7500 6.1921 56 3.19 0.0023 

Mnt Fresh 0 24.2333 6.1921 56 3.91 0.0002 

Mnt Fresh 5000 24.1667 6.1921 56 3.90 0.0003 

Mnt Maj 0 24.9000 6.1921 56 4.02 0.0002 

Mnt Maj 5000 22.3333 6.1921 56 3.61 0.0007 

Pony Exp 0 14.6333 6.1921 56 2.36 0.0216 

Pony Exp 5000 20.1000 6.1921 56 3.25 0.0020 

 

Tolerance Trial Below Ground Biomass 

Pratylenchus spp. 

Cov Parm Estimate Standard Error 

Block 0.02575 0.1087 

Trial 1.2349 1.7626 

Trial*Treatment -0.08622 0.03831 

Residual 1.9630 0.3710 
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Effect Num DF Den DF F Value Pr > F 

Treatment 1 1 0.94 0.5095 

Cultivar 5 56 4.88 0.0009 

Cultivar*Treatment 5 56 0.53 0.7506 

 

Cultivar Treatment Estimate Standard Error DF t Value Pr > |t| 

CC337 0 5.2930 0.9540 56 5.55 <.0001 

CC337 2000 4.6013 0.9540 56 4.82 <.0001 

H5108 0 3.4113 0.9540 56 3.58 0.0007 

H5108 2000 2.5663 0.9540 56 2.69 0.0094 

H9478 0 4.7247 0.9540 56 4.95 <.0001 

H9478 2000 5.0497 0.9540 56 5.29 <.0001 

Mnt Fresh 0 2.7930 0.9540 56 2.93 0.0049 

Mnt Fresh 2000 3.4980 0.9540 56 3.67 0.0005 

Mnt Maj 0 4.8463 0.9540 56 5.08 <.0001 

Mnt Maj 2000 4.7197 0.9540 56 4.95 <.0001 

Pony Exp 0 4.0180 0.9540 56 4.21 <.0001 

Pony Exp 2000 3.7713 0.9540 56 3.95 0.0002 

 

Meloidogyne spp. (Juvenile) 

Cov Parm Estimate Standard Error 

Block 0.6408 0.7418 

Trial 1.8119 2.5631 

Trial*Treatment -0.1334 0.02542 

Residual 2.4182 0.4570 

 

Effect Num DF Den DF F Value Pr > F 

Treatment 1 1 615.94 0.0256 

Cultivar 5 56 4.74 0.0011 

Cultivar*Treatment 5 56 0.56 0.7272 
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Cultivar Treatment Estimate Standard Error DF t Value Pr > |t| 

CC337 0 5.0533 1.2066 56 4.19 0.0001 

CC337 5000 5.0033 1.2066 56 4.15 0.0001 

H5108 0 3.0033 1.2066 56 2.49 0.0158 

H5108 5000 2.9700 1.2066 56 2.46 0.0169 

H9478 0 4.9533 1.2066 56 4.11 0.0001 

H9478 5000 6.2533 1.2066 56 5.18 <.0001 

Mnt Fresh 0 4.4033 1.2066 56 3.65 0.0006 

Mnt Fresh 5000 5.0533 1.2066 56 4.19 0.0001 

Mnt Maj 0 4.1533 1.2066 56 3.44 0.0011 

Mnt Maj 5000 5.4367 1.2066 56 4.51 <.0001 

Pony Exp 0 2.8700 1.2066 56 2.38 0.0208 

Pony Exp 5000 4.2700 1.2066 56 3.54 0.0008 

 

Tolerance Trial Yield 

Pratylenchus spp. 

Cov Parm Estimate Standard Error 

Block 297.31 324.37 

Trial 1639.91 2319.39 

Trial*Treatment -35.7396 6.8231 

Residual 648.65 122.58 

 

Effect Num DF Den DF F Value Pr > F 

Treatment 1 1 113.27 0.0596 

Cultivar 5 56 9.16 <.0001 

Cultivar*Treatment 5 56 0.69 0.6338 

 

Cultivar Treatment Estimate Standard Error DF t Value Pr > |t| 

CC337 0 48.2333 31.7694 56 1.52 0.1346 

CC337 2000 67.6833 31.7694 56 2.13 0.0375 

H5108 0 64.0667 31.7694 56 2.02 0.0485 

H5108 2000 68.6667 31.7694 56 2.16 0.0350 

H9478 0 12.6667 31.7694 56 0.40 0.6916 
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Cultivar Treatment Estimate Standard Error DF t Value Pr > |t| 

H9478 2000 12.2667 31.7694 56 0.39 0.7009 

Mnt Fresh 0 33.9000 31.7694 56 1.07 0.2905 

Mnt Fresh 2000 30.6167 31.7694 56 0.96 0.3393 

Mnt Maj 0 35.0167 31.7694 56 1.10 0.2751 

Mnt Maj 2000 27.5167 31.7694 56 0.87 0.3901 

Pony Exp 0 55.1000 31.7694 56 1.73 0.0884 

Pony Exp 2000 77.0000 31.7694 56 2.42 0.0186 

 

Meloidogyne spp. (Juvenile) 

Cov Parm Estimate Standard Error 

Block 12.0091 46.9844 

Trial 2706.83 3858.00 

Trial*Treatment -3.8130 60.3298 

Residual 828.48 156.57 

 

Effect Num DF Den DF F Value Pr > F 

Treatment 1 1 4.59 0.2779 

Cultivar 5 56 3.18 0.0135 

Cultivar*Treatment 5 56 0.55 0.7388 

 

Cultivar Treatment Estimate Standard Error DF t Value Pr > |t| 

CC337 0 52.2667 38.6470 56 1.35 0.1817 

CC337 5000 51.8333 38.6470 56 1.34 0.1853 

H5108 0 69.8500 38.6470 56 1.81 0.0761 

H5108 5000 59.4500 38.6470 56 1.54 0.1296 

H9478 0 43.6667 38.6470 56 1.13 0.2633 

H9478 5000 17.2500 38.6470 56 0.45 0.6571 

Mnt Fresh 0 39.7000 38.6470 56 1.03 0.3087 

Mnt Fresh 5000 31.5667 38.6470 56 0.82 0.4175 

Mnt Maj 0 61.4000 38.6470 56 1.59 0.1178 

Mnt Maj 5000 54.9667 38.6470 56 1.42 0.1605 

Pony Exp 0 81.0333 38.6470 56 2.10 0.0405 

Pony Exp 5000 49.3000 38.6470 56 1.28 0.2073 
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Tolerance Trial Soil Populations 

Pratylenchus spp. 

Cov Parm Estimate Standard Error 

Block 1.0381 3.1786 

Trial -711E-17 54.5957 

Trial*Treatment 51.7754 77.2118 

Residual 50.7654 9.5938 

 

Effect Num DF Den DF F Value Pr > F 

Treatment 1 1 4.28 0.2868 

Cultivar 5 56 0.96 0.4523 

Cultivar*Treatment 5 56 0.96 0.4523 

 

Cultivar Treatment Estimate Standard Error DF t Value Pr > |t| 

CC337 0 -178E-17 5.8902 56 -0.00 1.0000 

CC337 2000 22.6667 5.8902 56 3.85 0.0003 

H5108 0 0 5.8902 56 0.00 1.0000 

H5108 2000 15.5000 5.8902 56 2.63 0.0110 

H9478 0 -178E-17 5.8902 56 -0.00 1.0000 

H9478 2000 10.6667 5.8902 56 1.81 0.0755 

Mnt Fresh 0 0 5.8902 56 0.00 1.0000 

Mnt Fresh 2000 13.3333 5.8902 56 2.26 0.0275 

Mnt Maj 0 2.22E-16 5.8902 56 0.00 1.0000 

Mnt Maj 2000 14.1667 5.8902 56 2.41 0.0195 

Pony Exp 0 1.78E-15 5.8902 56 0.00 1.0000 

Pony Exp 2000 15.3333 5.8902 56 2.60 0.0118 
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Meloidogyne spp. (Juvenile) 

Cov Parm Estimate Standard Error 

Block -186.71 75.8876 

Trial -0.4944 25548 

Trial*Treatment 25230 36141 

Residual 5737.93 1095.73 

 

Effect Num DF Den DF F Value Pr > F 

Treatment 1 1 1.59 0.4267 

Cultivar 5 55 3.46 0.0086 

Cultivar*Treatment 5 55 3.46 0.0086 

 

Cultivar Treatment Estimate Standard Error DF t Value Pr > |t| 

CC337 0 1.14E-13 116.23 55 0.00 1.0000 

CC337 5000 117.67 116.23 55 1.01 0.3158 

H5108 0 0 116.23 55 0.00 1.0000 

H5108 5000 262.00 116.23 55 2.25 0.0282 

H9478 0 1.14E-13 116.23 55 0.00 1.0000 

H9478 5000 128.50 116.23 55 1.11 0.2737 

Mnt Fresh 0 1.14E-13 116.23 55 0.00 1.0000 

Mnt Fresh 5000 181.11 116.98 55 1.55 0.1273 

Mnt Maj 0 8.53E-14 116.23 55 0.00 1.0000 

Mnt Maj 5000 330.33 116.23 55 2.84 0.0063 

Pony Exp 0 1.14E-13 116.23 55 0.00 1.0000 

Pony Exp 5000 190.33 116.23 55 1.64 0.1072 

 

Tolerance Trial Root Populations 

Pratylenchus spp. 

Cov Parm Estimate Standard Error 

Block 9.3375 31.0810 

Trial 1.14E-13 821.78 

Trial*Treatment 793.14 1162.18 

Residual 515.46 97.4121 
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Effect Num DF Den DF F Value Pr > F 

Treatment 1 1 2.87 0.3395 

Cultivar 5 56 1.04 0.4034 

Cultivar*Treatment 5 56 1.04 0.4034 

 

Cultivar Treatment Estimate Standard Error DF t Value Pr > |t| 

CC337 0 5.68E-14 22.0362 56 0.00 1.0000 

CC337 2000 54.8333 22.0362 56 2.49 0.0158 

H5108 0 4.97E-14 22.0362 56 0.00 1.0000 

H5108 2000 56.3333 22.0362 56 2.56 0.0133 

H9478 0 7.11E-14 22.0362 56 0.00 1.0000 

H9478 2000 32.8333 22.0362 56 1.49 0.1418 

Mnt Fresh 0 4.26E-14 22.0362 56 0.00 1.0000 

Mnt Fresh 2000 40.1667 22.0362 56 1.82 0.0737 

Mnt Maj 0 6.39E-14 22.0362 56 0.00 1.0000 

Mnt Maj 2000 39.0000 22.0362 56 1.77 0.0822 

Pony Exp 0 4.26E-14 22.0362 56 0.00 1.0000 

Pony Exp 2000 68.1667 22.0362 56 3.09 0.0031 

 

Meloidogyne spp. (Juvenile) 

Cov Parm Estimate Standard Error 

Block 1827324 2814295 

Trial -1.86E-9 24277245 

Trial*Treatment 22969433 34334099 

Residual 23540619 4448759 

 

Effect Num DF Den DF F Value Pr > F 

Treatment 1 1 4.25 0.2875 

Cultivar 5 56 1.16 0.3403 

Cultivar*Treatment 5 56 1.16 0.3403 
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Cultivar Treatment Estimate Standard Error DF t Value Pr > |t| 

CC337 0 3.64E-12 4002.16 56 0.00 1.0000 

CC337 5000 6642.17 4002.16 56 1.66 0.1026 

H5108 0 3.64E-12 4002.16 56 0.00 1.0000 

H5108 5000 14295 4002.16 56 3.57 0.0007 

H9478 0 3.64E-12 4002.16 56 0.00 1.0000 

H9478 5000 8858.83 4002.16 56 2.21 0.0310 

Mnt Fresh 0 3.64E-12 4002.16 56 0.00 1.0000 

Mnt Fresh 5000 8928.83 4002.16 56 2.23 0.0297 

Mnt Maj 0 9.09E-13 4002.16 56 0.00 1.0000 

Mnt Maj 5000 13456 4002.16 56 3.36 0.0014 

Pony Exp 0 5.46E-12 4002.16 56 0.00 1.0000 

Pony Exp 5000 8757.83 4002.16 56 2.19 0.0328 

 

Tolerance Trial Gall Rating 

Meloidogyne spp. (Juvenile) 

Ordered 

Value gall 

Total 

Frequency 

1 1 1 

2 2 5 

3 3 10 

4 4 10 

5 5 10 

 

Effect gall Cultivar Estimate 

Standard 

Error DF t Value Pr > |t| 

Intercept 1  -3.3676 1.2301 27 -2.74 0.0108 

Intercept 2  -1.2231 0.7718 27 -1.58 0.1247 

Intercept 3  0.3622 0.7382 27 0.49 0.6277 

Intercept 4  1.7300 0.8052 27 2.15 0.0408 

Cultivar  CC337 -0.6420 1.0176 27 -0.63 0.5334 

Cultivar  H5108 -1.7065 1.0974 27 -1.55 0.1316 

Cultivar  H9478 -0.8378 1.0304 27 -0.81 0.4233 
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Effect gall Cultivar Estimate 

Standard 

Error DF t Value Pr > |t| 

Cultivar  Mnt Fres 1.0914 1.0874 27 1.00 0.3244 

Cultivar  Mnt Maj -1.5488 1.0822 27 -1.43 0.1638 

Cultivar  Pony Exp 0 . . . . 

 

Effect Num DF Den DF F Value Pr > F 

Cultivar 5 27 1.50 0.2236 

 

Cultivar _Cultivar Estimate DF 95% Confidence Limits 

CC337 H5108 2.899 27 0.324 25.936 

CC337 H9478 1.216 27 0.150 9.867 

CC337 Mnt Fres 0.177 27 0.018 1.716 

CC337 Mnt Maj 2.476 27 0.282 21.760 

CC337 Pony Exp 0.526 27 0.065 4.246 

H5108 H9478 0.420 27 0.045 3.898 

H5108 Mnt Fres 0.061 27 0.005 0.697 

H5108 Mnt Maj 0.854 27 0.088 8.287 

H5108 Pony Exp 0.182 27 0.019 1.725 

H9478 Mnt Fres 0.145 27 0.015 1.443 

H9478 Mnt Maj 2.036 27 0.224 18.535 

H9478 Pony Exp 0.433 27 0.052 3.584 

Mnt Fres Mnt Maj 14.016 27 1.265 155.265 

Mnt Fres Pony Exp 2.978 27 0.320 27.731 

Mnt Maj Pony Exp 0.212 27 0.023 1.957 

 


