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Abstract 

 

The potato cyst nematode Globodera pallida is a globally regulated potato pest. It 

was detected for the first time in the U.S. in the state of Idaho in 2006, and as of February 

2019, the infestation is limited to 1,326 ha. Globodera pallida is a specialized obligate 

sedentary endoparasite that can survive in the soil for up to 30 years in the absence of its 

potato host. In highly infested fields, the nematode can reduce tuber yields up to 80% and is 

spread mainly through soil, tubers or farm equipment. The objectives of this study were to: 

(i) describe the regional spatial arrangement of fields infested with G. pallida in southeastern 

Idaho; (ii) describe the spatiotemporal distribution of G. pallida in infested fields and the 

dispersal patterns of the nematode; (iii) determine the effect of the Idaho population of G. 

pallida on potato yield based on greenhouse assays; and (iv) simulate potato yield losses in 

Idaho field conditions by integrating the coefficients of potato yield into the SUBSTOR-

DSSAT crop simulation model. For Idaho, the regional distribution patterns of fields infested 

with G. pallida was spatially-aggregated, and the spread of this nematode grew in diameter 

from the original center of infestation toward the southwest as an ellipsoidal-shaped cluster. 

In this area, the infestation of the nematode is spatially-clustered particularly around the 

edges of the fields, and the dispersal patterns of G. pallida followed the direction of 

cultivation. The prevalence of cysts declined in a non-linear process as the distance 

separation from the primary infestation focus increased. A power-law model was used to fit 

the nematode dispersal capabilities. Under greenhouse conditions, fresh tuber weight was 

reduced between 39% and 87% at G. pallida initial nematode density of 80 eggs/g soil. 

SUBSTOR-DSSAT model predicted a minimum yield between 12 and 58 ton/ha when initial 

nematode density was 80 eggs/g soil compared to 96 ton/ha in non-infested soil. The main 

goals of this study is to first provide information on the spatial pattern of the Idaho G. pallida 

infestation, and secondly, determine the impact of the Idaho population of G. pallida on 

potato yield to policymakers, stakeholders, potato growers and researchers to facilitate 

common understandings on the challenges and opportunities for controlling this pest in 

Idaho.
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Chapter 1: Globodera pallida: A Global Menace for Potato Production Worldwide 

 

Abstract 

 

Plant-parasitic nematodes constitute a considerable menace for agricultural 

production worldwide. Approximately 4,100 species of plant-parasitic nematodes cause 

between $80 and $118 billion per year in crop losses worldwide. The world population is 

fast-approaching 9 billion people, which imposes serious challenge to food security. In order 

to increase food production, a comprehensive understanding of plant disease epidemiology 

and spatial patterns are warranted to better manage and control disease epidemics. The potato 

cyst nematode, Globodera pallida, is a globally regulated potato pest. It was detected for the 

first time in the U.S. in the state of Idaho in 2006, and the current infestation is limited to 

1,326 ha. Globodera pallida is a specialized obligate sedentary endoparasite that can survive 

in soil for up to 30 years in the absence of its host. In highly infested fields, G. pallida can 

reduce tuber yields up to 80%. It is spread mainly through soil, tubers or farm equipment. 

This review focuses on, G. pallida ecology and parasitism, its impact for potato growers, 

phytosanitary measures for controlling and limiting its spread, and advances in understanding 

plant disease epidemiology as well as quantitative nematology. The framework of this review 

should facilitate a greater understanding of the threat and challenges of G. pallida for the 

potato industry, as well as possible opportunities for controlling this economically important 

pest. 
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Introduction 

 

Plant-parasitic nematodes are economically important pests and a major threat for 

food security worldwide. Approximately 4,100 species of plant-parasitic nematodes have 

been identified (Decraemer and Hunt, 2006), and they cause between $80 and $118 billion 

per year in crop losses (Koenning et al., 1999; Sasser and Freckman, 1987). Nematodes were 

estimated to cause annual crop losses of $10 billion in the U.S. (Gianessi and Carpenter, 

1999). The world population is fast-approaching 9 billion people, which imposes serious 

challenges to a secure and increased food production. Despite the increased need for a secure 

food supply, the scale and frequency of major plant disease outbreaks will continue to rise. In 

order to secure food production, a comprehensive understanding of plant disease 

epidemiology and spatial patterns are warranted to better manage and control epidemics that 

could potentially endanger our food provision and energy resources. In this globalized and 

more integrated world, international trade represents an important invasion pathway for non-

native plant pests. Pest invasion consists of several phases (Ferris et al., 2003): (i) entry of 

the organism; (ii) establishment through local reproduction; (iii) integration into the local 

environment; and (iv) spread. Because of these risks, international trade agreements and 

phytosanitary measures were established and re-enforced to minimize risks of accidental 

introduction of plant pests to non-native areas. The United States Department of Agriculture-

Animal and Plant Health Inspection Service (USDA-APHIS) is the U.S. Federal Agency 

charged to protect agricultural health from pests and diseases, and to rapidly manage or 

eradicate outbreak in the U.S. 

The potato cyst nematode Globodera pallida (Behrens, 1975; Stone, 1972) is a 

globally regulated potato pest. It was detected for the first time in the U.S. in the state of 

Idaho in 2006, and currently the infestation is limited to 1,326 ha (USDA-APHIS, 2019). 

Globodera pallida and Globodera rostochiensis (Wollenweber, 1923; Skarbilovich, 1959), 

both potato cyst nematodes (PCN), co-evolved with potato and other native Solanum species 

in the Andean Region of South America (Picard et al., 2004). Potato cyst nematodes were 

first observed on potato roots in Germany in 1881, before spreading worldwide (CABI, 2018; 

Picard et al., 2004; Wollenweber, 1923). According to recent survey data, G. rostochiensis 

has been detected in 68 countries and G. pallida in 48 (CABI, 2018). Globodera pallida is a 
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specialized obligate sedentary endoparasite that can survive in the soil for up to 30 years in 

the absence of its potato host (Turner, 1996). In highly infested fields, G. pallida can reduce 

tuber yields up to 80% and is spread mainly through soil, tubers or farm equipment (Talavera 

et al., 1998; Vasyutin and Yakovleva, 1998). In Europe, where resistant varieties are 

available, PCN have been estimated to reduce potato production by 9% annually (Turner and 

Rowe, 2006). European PCN populations are divided into eight groups or pathotypes [G. 

rostochiensis (Ro1, Ro2, Ro3, Ro4, and Ro5); G. pallida (Pa1, Pa2, and Pa3)] based on their 

virulence, and are extensively dispersed across the continent in high density levels in some 

fields (Kort et al. 1977). The first symptomatic presence of PCN in potato in the UK was 

reported by a farmer in Yorkshire in 1904 (Massee, 1913; Strachan and Taylor, 1926), since 

then, PCN populations built up to high density levels and became widespread into most 

major potato growing areas. In the UK, PCN are the second most economically important 

potato pest after late blight, costing £26 million per year in potato yield loss (Twining et al., 

2009). In the UK, following the widespread planting of potato cultivars resistant to only G. 

rostochiensis, an increase in G. pallida infestations was observed (Minnis et al., 2002). 

Potato cyst nematodes are found in 64% of the potato fields in the UK, with G. pallida found 

in over 90% of infestations (Minnis et al., 2002). 

Plant disease epidemiology is a rapidly growing research topic in plant pathology. 

The first models of crop disease epidemics were developed by Van Der Planck (1960), 

building the foundation for subsequent crop disease modeling. Kranz and Royle (1978) 

classified epidemiological models into three types: (i) descriptive models, which provide 

hypothesis and generalize experimental results; (ii) predictive models (also descriptive), 

which allow prediction of the occurrence and severity of epidemics; and (iii) conceptual 

models, which identify the causes and effects of specific events on epidemic development. 

Quantitative research on plant nematode disease epidemics are focused on: (i) modeling the 

relationship between initial (Pi) and final (Pf) egg densities; and (ii) evaluating the impacts of 

nematode infection on host growth (Brodie, 1996; Ferris, 1985; Jones et al., 1967; Jones and 

Kempton, 1978; LaMondia and Brodie, 1986; Seinhorst, 1965; Seinhorst and Ouden, 1971). 

Potato cyst nematodes produce only one infection cycle per crop cycle in temperate regions 

and cause the development of monocyclic disease. In a monocyclic epidemic, such as with G. 

pallida, the initial nematode inoculum represents a fundamental component of disease 
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intensity over time (Seinhorst, 1965). The early stages of monocyclic epidemics are 

characterized by a linear model, and a reduction in the initial inoculum or the rate of 

infection will result in a reduction of the disease level by the same proportion at any time 

throughout the epidemic (Madden et al., 2007). Pylypenko (1999) reported a linear 

relationship for G. rostochiensis; for a resistant potato cultivar, 55 eggs per gram soil were 

associated with a 3.3% yield loss, whereas a 37.7% yield loss was observed for susceptible 

variety; but populations of 121 eggs per gram soil were associated with losses of 16.9% and 

63.3%, respectively.  

The main objective of crop disease modeling is to capture and understand the 

determinants of epidemic development in order to develop comprehensive disease 

management and control programs. The pathogen reproduction rate, considered as one 

measure of disease risk, provides quantitative information on the disease development and 

provides a basis for developing disease control programs that will reduce crop losses and 

disease incidence (Madden and Nutter, 1995; Savary et al., 2006). The goals of disease 

management and control (Nutter, 2001; Zadoks, 1985) are to: (i) eliminate or reduce the 

initial pathogen inoculum; (ii) reduce the disease infection rate; and (iii) reduce the time of 

pathogen-host interactions to reduce disease intensity.  

 

Ecology, parasitism and phytosanitary regulations 

 

Globodera pallida ecology and distribution. Globodera pallida is native to the 

central Andes (Peru and Bolivia) and is a parasite of the genus Solanum, its unique host-plant 

taxon, with which it shares a long co-evolutionary history (Evans and Stone, 1977). The 

major plant hosts of Globodera spp. are restricted to Solanaceae, in particular potato, tomato 

and aubergine, however tomato and aubergine are weak hosts (Mai, 1952; Roberts and Stone, 

1981). Globodera pallida is mainly found between 2,000 m and 4,000 m above sea level, 

with the heaviest infestations between 2,900 m and 3,800 m above sea level (Evans and 

Stone, 1977). Plantard et al. (2008) located the origin of Western European G. pallida 

populations from a single restricted area in the extreme south of Peru, between the north 

shore of the Lake Titicaca and Cuzco. Potato culture is estimated to have begun 5,000 years 

ago in the Andean Cordillera, and the Inca growers struggled with the impact of PCN on 
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yield (Thurston, 1994). A 6 and 8-year rotation of potato crops were used by the Incas to 

avoid severe yield losses, and such rotation is believed to have allowed time for population 

levels to fall below the economic threshold (Thurston, 1994). Phylogeographical studies 

using mitochondrial and nuclear markers showed that a northward colonization of PCN in the 

Andes during geological times suggested multiple host-shifts from wild to cultivated potatoes 

(Picard et al., 2007). However, long-range dispersal (more than 320 km) was probably 

limited by major biogeographical barriers (Andean mountain range), and the limited active 

dispersal of juveniles from their cyst coincided with high level of population inbreeding, as 

demonstrated by Picard et al. (2004) using eight polymorphic microsatellites markers. Picard 

and Plantard (2006) showed that genetic differentiation occurred among infested fields with 

G. pallida at a distance more than 50 km of separation, where the process of isolation by 

distance (IBD) forced the development of population genetic diversity in G. pallida. High 

level of PCN population inbreeding have serious consequences for the control and 

deployment of resistant potato cultivars because of the production of homozygotes (most 

plant disease-resistance genes are known to be dominant while the corresponding pathogen-

avirulence genes are recessive) (Picard et al., 2004). 

Globodera pallida life cycle and feeding mechanisms. Potato root exudates are 

required to stimulate G. pallida egg hatchings (Rawsthorne and Brodie, 1986), and the 

stimulatory effect can be detected up to 80 cm away from roots and persisted in soil for a 

long time after plant removal (Malinowska, 1996). After hatching, the infective second-stage 

juvenile (J2) locates the potato root, penetrates, and initiates the formation of a syncytium 

(fusion of cells), which provides the nutrients necessary for continued development and 

reproduction, and once feeding begins, the J2 swells and becomes sedentary (Koenning and 

Sipes, 1998). The second-stage juveniles are sexually undifferentiated, and sex is determined 

through epigenetic factors such as environmental conditions, and the amount and quality of 

food supply (Betka et al., 1991; Grundler et al., 1991; Mugniéry and Bossis, 1985; Mugniéry 

and Fayet, 1981, 1984). Further growth and development of the J2 leads to the third-stage 

juvenile (J3). Cyst nematodes are sexually dimorphic species, adult males are vermiform and 

motile, whereas adult females are swollen and sedentary (Raski, 1950). At the fourth-stage 

juvenile (J4), spermatogenesis takes place, and the male may produce several thousand 

sperms, exit the roots, and seek females (Shepherd and Clark, 1983). The J3 females continue 
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to swell in the roots, becoming globose-shaped, then rupture the root epidermis with her 

posterior end, exposing her vulva to the rhizosphere for insemination by the adult males 

(Raski, 1950). After insemination, females begin production of up to 600 eggs (Brodie et al. 

1993), leading to subsequent transformation into a cyst which encapsulates the eggs. The 

persistence of G. pallida cysts for many years in the soil in the absence of potato crops 

remains a challenge for control and eradication strategies. Plant nematode resistance genes 

are usually derived from wild relatives of crop species (Tomczak et al., 2008), and resistance 

against cyst nematodes decreases nematode population density (Müller, 1998). Proliferation 

of the syncytial cytoplasm is weak or not observed, as showed when G. rostochiensis J2s 

invade potato roots with the H1 resistance gene, and necrosis appears in cells located around 

the juvenile and then in cells surrounding the syncytium, isolating it from adjacent alive cells 

(Bleve-Zacheo et al., 1990; Rice et al., 1985). 

Phytosanitary legislations and plant health regulations. Phytosanitary measures 

are used to minimize the transport and spread of harmful plant pathogens. The International 

Plant Protection Convention (IPPC) defines ‘quarantine pest’ as ‘a pest of potential economic 

importance to the area endangered thereby and not yet present there, or present but not 

widely distributed and being officially controlled’. The invasion process of exotic nematode 

species consists of arrival, establishment, integration, and spread (Ferris et al. 2003). Plant-

parasitic nematodes gain entry to new areas through imported agricultural commodities, 

while establishment and integration are achieved mainly through local nematode 

reproduction before spreading to nearby fields (Ferris et al. 2003). Intervention strategies to 

prevent the establishment of exotic nematodes include (Ferris et al. 2003): (i) exclusion 

through cultural methods of control (use of certified seed) and quarantines (prohibition of 

planting host crops in infested fields); (ii) eradication of the nematode from infested sites 

(fumigation); and (iii) containment to minimize the potential spread of the nematode 

(restrictions of soil and plant materials movement, and decontamination of field equipment). 

However, when plant-parasitic nematodes are long-established and integrated into the 

cropping system, a management program is required to keep the local population below the 

level of economic damage threshold or detection limit. Phytosanitary measures against plant-

parasitic nematodes were first implemented in the U.S. in 1909 against cherry trees infested 

with Meloidogyne spp., and the first Plant Quarantine Act to protect the nation’s agricultural 
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health was approved by U.S. Congress in 1912 (Hockland et al., 2006). The Golden 

Nematode Act was passed in 1948 to protect the U.S. potato industry against G. rostochiensis 

(Hockland et al., 2006). The enforcement of quarantine regulation in Idaho greatly 

contributed in restricting G. pallida infested fields to a small area of 1,326 ha (USDA-

APHIS, 2019). As PCN can suppress potato yields by more than 80%, the benefits of 

excluding these nematodes from potato growing areas in the U.S. are estimated to be $300 

million annually (Dwinell and Lehman, 2004; Hockland et al., 2006). These benefits are far 

greater than the $445,000 annual costs required for preventing the spread of G. rostochiensis 

in and outside New York and $8.4 million annually (from 2006 to 2012) for eradicating G. 

pallida in Idaho (Dwinell and Lehman, 2004; Hockland et al., 2006). Hodda and Cook 

(2009) estimated, in the absence of potato cyst nematodes regulation, the economic losses for 

Australian agriculture could exceed $370 million. 

The situation of Globodera pallida in Idaho. This pest was found in southeastern 

Idaho in 2006 in two potato fields in Bingham County (Hafez et al., 2007; USDA-APHIS, 

2019). USDA-APHIS and the Idaho State Department of Agriculture (ISDA) have listed G. 

pallida as a quarantine pest for Idaho under Title 7 CFR 301.86 Federal Regulation. USDA-

APHIS and ISDA have implemented a containment and eradication program to prevent G. 

pallida spread to other potato fields. In fields infested with G. pallida, the program outlines: 

(i) restrictions on the movement of soil and plant materials; (ii) prohibition of planting potato 

and other solanaceous crops; and (iii) sanitation procedures for farm equipment. Soil 

fumigation with the nematicide Telone II (1,3-dichloropropene) are being conducted in 

infested fields as part of the G. pallida eradication program (USDA-APHIS, 2019). Growing 

the trap crop Solanum sisymbriifolium ‘litchi tomato’ is being investigated in large field trials 

(USDA-APHIS, 2019). The regulated area includes portions of northern Bingham and 

southern Bonneville Counties and is currently limited to 3,057 hectares, of which 1,326 ha 

are fields infested with G. pallida (USDA-APHIS, 2019). USDA-APHIS have issued a list of 

regulated articles: (i) G. pallida; (ii) G. pallida host crops (eggplant [Solanum melongena], 

pepper [Capsicum spp.], tomatillo [Physalis philadelphica], tomato [Solanum esculentum]); 

(iii) root crops; (iv) garden and dry beans (Phaseolus spp.) and peas (Pisum spp.); (v) all 

nursery stock; (vi) soil, compost, humus, muck, peat and manure; (vii) hay, straw and fodder; 

and (viii) any equipment or conveyance used in an infested or associated field that can carry 
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soil if move out of the field. USDA-APHIS provides steps for deregulating G. pallida 

infested fields: (i) no viable eggs detected (collected eggs are testing for viability); (ii) three 

rounds of greenhouse bioassay of field cysts to confirm absence of reproduction; and (iii) in-

field bioassay where fields can be released from quarantine status after three more negative 

viability surveys after harvests of a susceptible crop. As of 2019, 22 fields (969 ha) have 

passed step 1 (no viable eggs found) and 18 fields (720 ha) have passed step 2 (no 

reproduction) (USDA-APHIS, 2019). 

Idaho is the largest producer, packer and processor of potatoes in the U.S. with a 

production value of $1.19 billion in 2017 (USDA-NASS, 2018). In 2017, the U.S. value of 

potato production is estimated to $4.56 billion, and Japan, Canada, Mexico and South Korea 

are the top customers of U.S. potatoes (USDA-NASS, 2018). The presence of G. pallida in 

Idaho constitutes a considerable threat for the potato industry and resistance to this nematode 

in russet-type potato cultivars is currently unavailable for the U.S. (Whitworth et al., 2018). 

However, the extent of G. pallida in Idaho is limited to a small area with low nematode 

population levels and represents less than 1% of annual potato production areas. Contina et 

al. (2018) showed that the fields infested with G. pallida in Idaho are spatially aggregated as 

an ellipsoidal-shaped cluster around a radius of 12 km. Globodera pallida spread followed a 

contagion effect scenario, where infested fields contributed to the infestation of nearby fields, 

probably through soil contaminated agricultural equipment (Contina et al., 2018). The 

presence of G. pallida in Idaho is unlikely to be associated with new introductions from 

outside the state (Contina et al., 2018). USDA-APHIS quarantine and eradication programs 

are monitoring the presence of G. pallida in potato fields through intensive soil sampling and 

testing at regular time intervals. Research on the control of G. pallida in Idaho is focused on 

developing resistant potato varieties, trap crops as well as biofumigants and biocontrol agents 

(Contina et al., 2017; Dandurand and Knudsen, 2016; Dandurand et al., 2017; Whitworth et 

al., 2018). 
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Plant disease epidemiology and quantitative nematology 

 

Plant disease epidemiology. Quantitative epidemiology provides the tools for 

measuring plant diseases and assessing their determining factors. Stevens (1960) was 

probably the first to draw the disease triangle to illustrate the host-pathogen-environment 

pathosystem. Measuring the variables associated with the host, the pathogen and the 

environment helps in assessing the degree of pathogen virulence, the susceptibility of the 

host and the environmental conduciveness for disease development (Agrios, 2005; Campbell 

and Madden, 1990; Madden et al., 2007). Common mathematical procedures for quantitative 

epidemiology include: (i) analysis of variance, which allows to make inferences from 

observations of random samples obtained in experiments (Gilligan, 1986; Madden et al., 

2007); (ii) linear regression analysis, which fits experimental data with linear models 

(Madden et al., 2007); (iii) path analysis, which uses linear regression techniques to explain 

relationships between variables (Hampton, 1975; Lundquist, 2007; Pethybridge et al., 2011; 

Van Bruggen and Arneson, 1986); (iv) non-linear regression analysis, which fits 

experimental data with non-linear models (Madden et., 2007); (v) discriminant analysis, 

which analyzes and describes the extent to which different groups of populations overlap or 

differ (Broders et al., 2009; Jiménez-Díaz et al., 2011; Noe and Barker, 1985); (vi) cluster 

analysis, which investigates the structure of a given data and divides them into groups 

(Ghazvini and Tekauz, 2008; Pataky et al., 1988); (vii) principal component analysis, which 

reduces complex relationships in observed data into simpler forms (Cowger and Murphy, 

2007; Jeger, 1980; Madden and Pennypacker, 1979; Okubara et al., 2014); (viii) Bayesian 

analysis, which uses statistical probability to predict plant diseases outbreak (Mila and 

Carriquiry, 2004; Mila and Ngugi, 2011; Yuen and Hughes, 2002); (ix) spatial analysis, 

which analyses and describes the spatial distribution of disease epidemics (Contina et al., 

2018; Gavassoni et al., 2001; Holguin et al., 2015; Knudsen, 1989; Knudsen et al., 2006; 

Knudsen and Schotzko, 1999; Turechek and Madden, 1999); and (x) artificial neural network 

analysis (machine learning and data mining), which learns from the information provided by 

training itself using the data, extracting subtle patterns, deciphering complex relationships 

among variables and optimizing the variable weights (weights are analogous to coefficients 
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in regression modeling) for a better prediction (Ahmadi et al., 2017; De Wolf and Francl, 

1997; De Wolf and Francl, 2000; Francl, 2004; Yang and Batchelor, 1997). 

Quantitative nematology. Numerous PCN models and simulation platforms, based 

on many years of field trials, were directly developed to evaluate the impact of PCN on 

yields, determine the economic threshold, estimating soil sampling methods and nematode 

probability detection, and to assess the effectiveness of nematicides, trap crops and resistant 

cultivars on nematode population dynamics in the field (Been et al., 2005; Jones and 

Kempton, 1980; Moxnes and Hausken, 2007; Schomaker and Been, 1999; Ward et al., 1985). 

Ward et al. (1985) constructed a model to simulate the population dynamics of G. pallida and 

its effect on potato growth. They found that the dispersal of G. pallida is severely limited and 

that long-term control measures can be planned. Been et al. (2005) developed NemaDecide, a 

decision support system for the management of PCN, based on the results from 50 years of 

Dutch quantitative nematological research that had been structured into stochastic models 

and integrated in a software package. NemaDecide was used as a quantitative information 

system to enable growers to estimate risks of yield losses, to determine population 

development, to estimate the probability of detection of nematode foci by soil sampling, to 

calculate the cost/benefit of control measures and to provide adequate advice for growers to 

optimize financial returns. Moxnes and Hausken (2007) provided a mathematical model 

based on the theory of differential equations to explain the population dynamics of PCN. 

They simulated the effect of altering the season length, growing resistant potatoes, not 

growing potatoes, and the effect of nematicides on disease incidence and severity. Their 

model enabled the prediction of PCN proliferations and outlined the implications of 

intervention scenarios to regulate this pest in order to secure optimal potato growth. 

Spatial analysis applied to plant-parasitic nematodes. Spatial analysis of plant 

pathogen infestations in fields provides useful information on the spatial pattern and spatio-

temporal dynamics of disease progression and outlines the probabilities of pathogens 

entering new areas. Therefore, spatial analysis and modeling techniques can be used to assess 

and evaluate the threat of plant diseases for agricultural production. The term ‘spatial 

analysis’ can be traced back to the 1950s, widely used in the Geographical Information 

Systems (GIS), and represents a collection of techniques and models that use the spatial 

referencing associated with each data value and attributes to explain a phenomenon (Haining, 
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2003; Tobler, 1979). Spatial analysis is divided into three main components (Haining, 2003): 

(i) cartographic modeling, where a data set is represented as a map; (ii) mathematical 

modeling, where the outcomes of a model are dependent on the characteristic of spatial 

interaction between the geographical positioning of objects within the model; and (iii) 

statistical application, where statistical tools and packages are used to fit spatial data into a 

predictive model. Within spatial analysis, point pattern analysis is used to characterize the 

distribution pattern of a set of events delimited in the Euclidean space R2 or R3. Knowledge 

is generated by fitting models to patterns, while ascribing scientific interpretations to model 

parameters.  

Point pattern analysis (PPA) is divided into: (i) first-order property of PPA, where 

under the presence of complete spatial randomness (CSR), each random location of an event 

is drawn independently from an unknown distribution and is associated with a probability 

density function (Silverman, 1986); and (ii) second-order property of PPA, where the 

occurrences of events are related in some way (Ripley, 1976, 1981). CSR analysis validates 

that events are distributed randomly over a study region, and common tests performed under 

CSR hypothesis are quadrat analysis and maximum absolute deviation (Ripley, 1977, 1981; 

Thomas, 1977). The kernel density estimation (KDE) is used as a non-parametric method to 

estimate the probability density function of a random variable (Silverman, 1986). The 

Ripley’s K-function analysis is used as a second-order property of PPA to evaluate 

deviations of events from spatial homogeneity toward spatial clustering or dispersion 

(Ripley, 1976, 1981) and is widely used in plant ecology; it has been applied to study the 

distribution patterns of herbs (Kenkel, 1993), desert shrubs (Prentice and Werger, 1985; 

Skarpe, 1991) and tropical forest trees (Sterner et al. 1986).  

Geostatistics is used as a tool of spatial interpolation analysis to process the effect of 

event aggregations or dispersions along with the uncertainties represented by spatial 

heterogeneity and to estimate a spatial prediction model known as kriging (Cressie, 1993). 

Kriging is a linear unbiased spatial interpolation method that provides minimum mean-

squared error estimates at unsampled locations and is controlled by semivariogram models, 

which quantify spatial variability of the data and provide information on the spatial 

autocorrelation of the datasets (Oliver, 1990; Royle et al. 1981). Kriging generates spatial 

data using a number generator based on the specified semivariogram model and the pre-
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existing set of the sample data (Englund, 1993). Other global interpolators like the nearest 

neighbor algorithm (NN) and the inverse distance weighting (IDW) are widely used in spatial 

interpolation analysis to approximate attributes to unsampled locations based on sampled 

ones within a study region. Unlike kriging, NN and IDW are referred to as deterministic 

interpolation methods because they are directly based on the surrounding measured values or 

on specified mathematical formulas that determine the smoothness of the resulting surface 

(Jenkins et al. 1985).  

Spatial analysis applied to plant-parasitic nematodes has been used to develop 

accurate sampling methods in fields (Dinardo-Miranda and Fracasso, 2009; Francl, 1986), 

determine ecological patterns of nematode distribution (Porazinska et al. 2012), support the 

use of site-specific management in nematode infested fields (Avendaño et al. 2003), model 

spatial pattern distribution of nematode populations and estimate the likelihood of new 

infestation (Madden and Hughes, 1995; Noe and Campbell, 1985; Schomaker and Been, 

1999; Shaukat and Khan, 1993). Schomaker and Been (1999) designed a model for 

infestation foci of potato cyst nematodes by using multiple sampling grids from eighty-two 

infested fields, and the data were analyzed and fitted for spatial distribution of cysts using 

exponential models. Gavassoni et al. (2001) used geostatistical analysis to quantify the 

effects of tillage on the spatial patterns of Heterodera glycines in infested fields. Evans et al. 

(2003) used spatial analysis to target ‘hot spots’ of potato cyst nematode infestations for 

additional treatment with fumigant, thereby reducing the cost of chemicals applied and 

minimizing possible environmental damage. 

The objectives of this dissertation were to: (i) describe the regional spatial 

arrangement of fields infested with G. pallida in southeastern Idaho; (ii) describe the 

spatiotemporal distribution of G. pallida in infested fields and the dispersal patterns of the 

nematode; (iii) determine the effect of the Idaho population of G. pallida on potato yield; and 

(iv) simulate potato yield losses in Idaho field conditions by integrating the coefficients of 

potato yield into the SUBSTOR-DSSAT crop simulation model. The main goals of this study 

is to provide information on G. pallida distribution and its impact on potato yield to 

policymakers, stakeholders, potato growers, and researchers to facilitate common 

understandings on the challenges and opportunities for controlling this pest in Idaho. 
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Chapter 2: A Spatial Analysis of the Potato Cyst Nematode Globodera pallida in Idaho 

 

“A Spatial Analysis of the Potato Cyst Nematode Globodera pallida in Idaho”. Phytopathology, vol. 

108, no. 8, 2018, pp. 988-1001. 

 

Abstract 

 

The potato cyst nematode Globodera pallida is a globally regulated and quarantine 

potato pest. It was detected for the first time in the U.S. in the state of Idaho in 2006. A 

spatial analysis was performed to: (i) understand the spatial arrangement of fields infested 

with G. pallida in southern Idaho using spatial point pattern analysis; and (ii) evaluate the 

potential threat of G. pallida for entry to new areas using spatial interpolation techniques. 

Data point locations, cyst numbers and egg viability values for each infested field were 

collected by USDA-APHIS during 2006-2014. Results showed the presence of spatially 

clustered fields infested with G. pallida (P = 0.003). We determined that the spread of G. 

pallida grew in diameter from the original center of infestation toward the southwest as an 

ellipsoidal-shaped cluster. Based on the aggregated spatial pattern of distribution, we 

determined that G. pallida spread followed a contagion effect scenario, where nearby 

infested fields contributed to the infestation of new fields, probably through soil 

contaminated agricultural equipment or tubers. We determined that the presence of G. pallida 

in southern Idaho is unlikely to be associated with new introductions from outside the state of 

Idaho. The aggregation pattern of fields infested with G. pallida, with an average of 4,263 

cysts/ha and egg viability of 25%, facilitates quarantine activities and confines the 

propagation of this pest to a small area, which, in 2017 was estimated to be 1,233 hectares. 

The tools and methods provided in this study facilitate comprehensive approaches to improve 

G. pallida control and eradication programs as well as to raise public awareness of the 

problems surrounding this economically important potato pest. 
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Introduction 

 

The potato cyst nematode Globodera pallida (Behrens, 1975; Stone, 1972) is a 

globally regulated pest of potato (Solanum tuberosum) and is of great economic importance 

in many countries throughout the world (Hodda and Cook, 2009; Turner and Rowe, 2006). 

Globodera pallida and G. rostochiensis, both considered potato cyst nematodes, co-evolved 

in South America with potato and other Solanum species at altitudes up to 2,000 meters 

(Jones and Parrot, 1968). Potatoes were introduced into Europe around 1570 (Evans et al. 

1975), however potato cyst nematodes arrived in Europe on tubers taken from the Andes 

around 1850 and the nematodes were first observed on potatoes in Germany in 1881, before 

spreading throughout the world (Baldwin and Mundo-Ocampo, 1991; Jatala, 1994; Jones, 

1970).   

      Globodera pallida is a highly specialized obligate endoparasitic nematode that 

requires a living potato plant as a host to complete its life cycle. Globodera pallida can 

survive in the soil for up to 30 years without a suitable host (Turner, 1996). The cyst, which 

is the body of the dead female, contains 300-500 eggs. Cysts are usually spread by 

contaminated soils, tubers or farm equipment (Evans and Stone, 1977). Computer modelling 

showed that sufficient G. pallida eggs are likely to survive in the soil after nematicide 

applications, allowing a resurgence of large G. pallida populations in subsequent host crop 

cycle (Trudgill et al. 2003). When left uncontrolled, G. pallida can reduce tuber yields up to 

80% (Talavera et al. 1998; Vasyutin and Yakovleva, 1998). In Ukraine, where G. 

rostochiensis was first identified in 1963, Pylypenko (1999) reported that 55 eggs per gram 

soil were associated with a loss of 3.3% of total yield in resistant potato cultivars and 37.7% 

in susceptible ones; and populations of 121 eggs per gram soil were associated with losses of 

16.9% and 63.3%, respectively.  

      The first symptomatic presence of potato cyst nematodes in the UK was reported by a 

farmer in Yorkshire in 1904 (Massee, 1913; Strachan and Taylor, 1926). Since then, their 

populations built up to high levels and became widespread in the major potato growing areas 

of the UK. In the presence of repeated cropping of susceptible potato cultivars, potato cyst 

nematode populations and the probability of their detection progressively increase. In 2000, 
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about 64% of potato fields in the UK were reported to be infested with potato cyst nematodes 

(Minnis et al. 2000, 2002).  

      In Europe, overall losses due to potato cyst nematodes are estimated to be about 9% 

of potato production (Turner and Rowe, 2006). However, total losses of potato production 

can occur when no control or containment strategies are employed. Without action to prevent 

the spread and entry of potato cyst nematodes to new areas, Hodda and Cook (2009) 

estimated economic losses to Australian agriculture over a 20-year period could exceed $370 

million.   

      Globodera pallida is a quarantine pest in the state of Idaho where it was found in 

2006, during a routine inspection conducted jointly by the Idaho State Department of 

Agriculture (ISDA) and the U.S. Department of Agriculture’s Animal and Plant Health 

Inspection Service (USDA-APHIS). Subsequent extensive sampling traced the nematode to 

two fields in northern Bingham County, Idaho (Hafez et al. 2007). The presence of G. pallida 

in Idaho constitutes a significant threat to the Idaho potato industry. Currently, Idaho is the 

nation’s largest producer, packer and processor of potatoes. Idaho has been the number one 

potato-producing state for the past 50 years, producing about 29% of the U.S. potato crop, 

40% of U.S. processed potato products and one-third of the nation’s fresh potato shipments 

(Anonymous, 2014, 2017a).  

      Globodera pallida in Idaho is limited to a small area with low population levels and 

represents less than 1% of annual potato production areas, whereas in the UK more than 60% 

of potato fields are infested. Resistance to G. pallida in russet-type potato cultivars is 

currently unavailable for production in the U.S. Pacific Northwest. USDA-APHIS and ISDA 

have implemented a containment and eradication program designed to prevent G. pallida 

spread to other potato fields. The program outlines restrictions on the movement of plants 

and soil, requires sanitation procedures for equipment, and enforces limitations on planting 

potato in infested fields (Anonymous, 2017b). The use of Solanum sisymbriifolium, ‘litchi 

tomato’ as trap crop and chemical applications with the nematicide Telone II (1,3-

dichloropropene) are being conducted in infested fields as part of the G. pallida eradication 

program. Current regulated areas in Idaho are limited to 3,777 hectares, of which 1,233 

hectares are infested fields (Anonymous, 2017b). 
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      The invasion process of exotic nematode species consists of arrival, establishment, 

integration, and spread (Ferris et al. 2003). Plant-parasitic nematodes gain entry to new areas 

through imported agricultural commodities, while establishment and integration are achieved 

mainly through local nematode reproduction before spreading to nearby fields (Ferris et al. 

2003). Intervention strategies to prevent the establishment of exotic nematodes include 

(Ferris et al. 2003): (i) exclusion through cultural methods of control (use of certified seed) 

and quarantines (prohibition of planting host crops in infested fields); (ii) eradication of the 

nematode from infested sites (fumigation); and (iii) containment to minimize the potential 

spread of the nematode (restrictions of soil and plant materials movement, and 

decontamination of field equipment). However, when plant-parasitic nematodes are long-

established and integrated into the cropping system, a management program is required to 

keep the local population below the level of economic damage threshold or detection limit.  

      From an epidemiological perspective, spatial analysis of plant pathogen infestations 

in fields provides useful information on the spatial pattern and spatio-temporal dynamics of 

disease progression and outlines the probabilities of pathogens entering new areas. Therefore, 

spatial analysis and modeling techniques can be used to assess and evaluate the threat of 

plant diseases for agricultural production. The term ‘spatial analysis’ can be traced back to 

the 1950s, widely used in the Geographical Information Systems (GIS), and represents a 

collection of techniques and models that use the spatial referencing associated with each data 

value and attributes to explain a phenomenon (Haining, 2003; Tobler, 1979).  

      Spatial analysis is divided into three main components (Haining, 2003): (i) 

cartographic modeling, where a data set is represented as a map; (ii) mathematical modeling, 

where the outcomes of a model are dependent on the characteristic of spatial interaction 

between the geographical positioning of objects within the model; and (iii) statistical 

application, where statistical tools and packages are used to fit spatial data into a predictive 

model. Within spatial analysis, point pattern analysis is used to characterize the distribution 

pattern of a set of events delimited in the Euclidean space R2 or R3. Knowledge is generated 

by fitting models to patterns, while ascribing scientific interpretations to model parameters. 

Point pattern analysis (PPA) is divided into: (i) first-order property of PPA, where under the 

presence of complete spatial randomness (CSR), each random location of an event is drawn 

independently from an unknown distribution and is associated with a probability density 
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function (Silverman, 1986); and (ii) second-order property of PPA, where the occurrences of 

events are related in some way (Ripley, 1976, 1981).  

      CSR analysis validates that events are distributed randomly over a study region, and 

common tests performed under CSR hypothesis are quadrat analysis and maximum absolute 

deviation (Ripley, 1977, 1981; Thomas, 1977). The kernel density estimation (KDE) is used 

as a non-parametric method to estimate the probability density function of a random variable 

(Silverman, 1986). The Ripley’s K-function analysis is used as a second-order property of 

PPA to evaluate deviations of events from spatial homogeneity toward spatial clustering or 

dispersion (Ripley, 1976, 1981) and is widely used in plant ecology; it has been applied to 

study the distribution patterns of herbs (Kenkel, 1993), desert shrubs (Prentice and Werger, 

1985; Skarpe, 1991) and tropical forest trees (Sterner et al. 1986).  

Geostatistics is used as a tool of spatial interpolation analysis to process the effect of 

event aggregations or dispersions along with the uncertainties represented by spatial 

heterogeneity and to estimate a spatial prediction model known as kriging (Cressie, 1993). 

Kriging is a linear unbiased spatial interpolation method that provides minimum mean-

squared error estimates at unsampled locations and is controlled by semivariogram models, 

which quantify spatial variability of the data and provide information on the spatial 

autocorrelation of the datasets (Oliver, 1990; Royle et al. 1981). Kriging generates spatial 

data using a number generator based on the specified semivariogram model and the pre-

existing set of the sample data (Englund, 1993). Other global interpolators like the nearest 

neighbor algorithm (NN) and the inverse distance weighting (IDW) are widely used in spatial 

interpolation analysis to approximate attributes to unsampled locations based on sampled 

ones within a study region. Unlike kriging, NN and IDW are referred to as deterministic 

interpolation methods because they are directly based on the surrounding measured values or 

on specified mathematical formulas that determine the smoothness of the resulting surface 

(Jenkins et al. 1985). 

 Spatial analysis applied to plant-parasitic nematodes has been used to develop 

accurate sampling methods in fields (Dinardo-Miranda and Fracasso, 2009; Francl, 1986), 

determine ecological patterns of nematode distribution (Porazinska et al. 2012), support the 

use of site-specific management in nematode infested fields (Avendaño et al. 2003), model 

spatial pattern distribution of nematode populations and estimate the likelihood of new 
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infestation (Madden and Hughes, 1995; Noe and Campbell, 1985; Schomaker and Been, 

1999; Shaukat and Khan, 1993). Schomaker and Been (1999) designed a model for 

infestation foci of potato cyst nematodes by using multiple sampling grids from eighty-two 

infested fields, and the data were analyzed and fitted for spatial distribution of cysts using 

exponential models. Gavassoni et al. (2001) used geostatistical analysis to quantify the 

effects of tillage on the spatial patterns of Heterodera glycines in infested fields. Evans et al. 

(2003) used spatial analysis to target ‘hot spots’ of potato cyst nematode infestations for 

additional treatment with fumigant, thereby reducing the cost of chemicals applied and 

minimizing possible environmental damage.  

 Unlike the examples cited in the previous paragraph, our study focuses on using 

spatial analysis to define the spatial pattern of fields infested with G. pallida in southern 

Idaho at a regional level (macroscale) and it is not intended to describe G. pallida distribution 

at individual field (microscale). In this study, we proceeded in exploring the data by doing a 

cluster analysis followed by a point pattern analysis and spatial interpolation of fields 

infested with G. pallida using the attribute variables of number of cysts and the values of egg 

viability. There is a need to integrate spatial analysis into risk model assessment of plant 

diseases to widen the scope of control strategies and to identify potential hidden variables of 

interest. Such integration would allow remotely sensed biological data to be constantly 

monitored and to assess the success of control interventions in preventing or limiting the 

spread of exotic or native plant pathogens.  

The objectives of this study were to describe the spatial distribution pattern of fields 

infested with G. pallida in southern Idaho and to evaluate the potential risk of G. pallida 

spread to new areas. Globodera pallida is known to be present in 1,233 hectares in Idaho, 

which represent less than 1% of annual potato production areas. Therefore, a comprehensive 

spatial analysis will embolden policymakers and stakeholders to implement stringent 

phytosanitary measures to eradicate G. pallida from Idaho potato fields and will provide a 

framework of analysis for other exotic plant-parasitic nematodes. 
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Materials and Methods 

 

Data collection. Data point locations of fields infested with G. pallida in southern 

Idaho with the associated number of cysts and the values of egg viability were collected by 

USDA-APHIS from 2006 to 2014 (Fig. 2.1) (Table 2.1). Sampling system used by USDA-

APHIS consisted in collecting 22.42 kg of soil samples per hectare. Soil samples were 

processed for cyst extractions using the Fenwick flotation method (Fenwick, 1940). 

Globodera pallida egg viability was assessed using Meldola Blue as the staining agent 

(Ogiga and Estey, 1974). The identity of G. pallida was confirmed by morphological and 

molecular methods (Skantar et al. 2007). The data collected is represented as a set of marked 

point pattern illustrated in algebraic terms as following: 

𝑦 = {(𝑥1, 𝑚1), … , (𝑥𝑛, 𝑚𝑛 )}   

where 𝑥𝑖 are the locations of fields infested with G. pallida (longitude and latitude) and 𝑚𝑖 

are the number of cysts collected or the values of egg viability. A conceptual framework was 

built to describe the spatial analysis processes used in this study (Fig. 2.2). 

      Data exploration. A distance matrix (n x n) was built using a pairwise distance 

measurement of fields infested with G. pallida. Agglomerative hierarchical cluster analysis 

was performed using Ward’s minimum variance method defined as the squared Euclidean 

distance between points (Ward, 1963), as illustrated in algebraic terms: 

𝑑𝑖𝑗 = 𝑑({𝑋𝑖}, {𝑋𝑗}) = ‖𝑋𝑖 − 𝑋𝑗‖
2
 

where 𝑑𝑖𝑗 is the pairwise distances between clusters and 𝑋𝑖, 𝑋𝑗 are the distance points 

arranged in a matrix. 

      The variable number of cysts and variable egg viability were standardized before 

performing a cluster analysis using the average linkage method, where the distance between 

two clusters is defined as the average dissimilarities between the points in one cluster and the 

points in the other cluster (Kaufman and Rousseeuw, 1990). The agglomerative coefficient, a 

quality index, was performed to measure the amount of clustering structure found 

(Rousseeuw, 1986). 

      A non-parametric Mantel test, originally designed for analyzing disease clustering in 

epidemiological studies (Mantel, 1967), was performed to evaluate the relationship between 

G. pallida infested field distance matrix and the number of cysts and the values of egg 



40 

viability. The variable cyst numbers were transformed into a logarithmic expression before 

running a Mantel test. The analysis was executed by running 1,000 replicates in a Monte-

Carlo simulation. The Mantel test null hypothesis is the absence of relationship between 

values in two dissimilarity matrices and it is not intended to test the independence between 

two random variables or data tables (Mantel and Valand, 1970; Legendre et al. 2015). 

      Point pattern analysis (PPA). The kernel density estimation (KDE) was used as a 

first-order property of PPA under the assumption that each random location 𝑥𝑖 is drawn 

independently from an unknown distribution with probability density function𝑓(𝑥𝑖). 

Silverman (1986) described KDE as the average of a series of small ‘bumps’ (probability 

distributions in two dimensions) centered on each observed point, as illustrated in algebraic 

terms: 

𝑓(𝑥) = 𝑓(𝑥, 𝑦) =
1

𝑛ℎ𝑥ℎ𝑦
Σ𝑘 (

𝑥 − 𝑥𝑖

ℎ𝑥
,
𝑦 − 𝑦𝑖

ℎ𝑦
) 

where 𝑥, 𝑦 is the coordinate point location, and ℎ𝑥 , ℎ𝑦 are referred as the bandwidths (which 

represent the radii of the bumps in each direction). A fixed bandwidth of 2,000 meters was 

computed for KDE analysis used in this study. 

      The quadrat analysis, also known as the chi-squared test of complete spatial 

randomness (Thomas, 1977), was used to examine the frequency of points occurring in 

various parts of a study area. A set of quadrats of cells is superimposed on a study area, and 

number of points in each cell is determined. By analyzing the distribution of cell frequencies, 

the point pattern arrangement can be described using the variance and mean of point counts 

and the variance to mean ratio (VMR), as illustrated in algebraic terms: 

𝑉𝐴𝑅 =
Σ𝑓𝑖𝑥𝑖

2 − [
(Σ𝑓𝑖𝑥𝑖)2

𝑚 ]

𝑚 − 1
, 𝑀𝑒𝑎𝑛 =

𝑛

𝑚
, 𝑉𝑀𝑅 =

𝑉𝐴𝑅

𝑀𝑒𝑎𝑛
 

where 𝑉𝐴𝑅 is the variance of the cell frequencies, 𝑀𝑒𝑎𝑛 is the mean cell frequency, 𝑓𝑖  is the 

frequency of cells, 𝑥𝑖 is the number per cell, 𝑛 is the number of points, 𝑚 is the number of 

cells, and 𝑉𝑀𝑅 is the variance to mean ratio. For a uniform (dispersed) intensity, the 

variance is equal to 0 and so is VMR. For a random intensity, the variance is equal to the 

mean and so VMR is equal to 1. For a clustered intensity, the variance is greater than the 

mean and so VMR is greater than 1. 
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      In addition to being used as descriptive index, the VAR can be applied to test a 

distribution for randomness using chi-squared statistical test, where the null hypothesis is the 

presence of complete spatial randomness. 

      The K-function was used as a second-order analysis of point PPA (Ripley, 1976, 

1981). This process described situations in which the occurrences of events are related in 

some way. The K-function is a function of distance, defined by: 

𝐾(𝑑) = 𝜆−1𝐸(𝑁𝑑) 

where 𝑁𝑑 is the number of events 𝑥𝑖 within a distance 𝑑 of a randomly chosen event from all 

recorded events {𝑥1, … , 𝑥𝑛}, and 𝜆 is the intensity of the process measured in events per unit 

area. 

      CSR or Poisson process occurred when the distributions of 𝑥𝑖 are independent and the 

marginal densities are uniform. Under CSR, the K-function is defined by: 

𝐾𝐶𝑆𝑅(𝑑) = 𝜆𝜋𝑑2 

where 𝑑 is the radius of a circle. When 𝐾(𝑑) >  𝐾𝐶𝑆𝑅(𝑑), excess of nearby points occurred, 

and the process is termed as a spatial clustering of points. When 𝐾(𝑑) <  𝐾𝐶𝑆𝑅(𝑑), this 

relation suggests the presence of spatial dispersion of points. The maximum absolute 

deviation (MAD) was used to evaluate the null hypothesis of CSR (Ripley, 1977, 1981). 

MAD is consisted of the absolute value of the largest discrepancy between the two functions 

and was calculated using a Monte Carlo test based on 99 simulations: 

𝑀𝐴𝐷 = 𝑚𝑎𝑥𝑑|𝐾(𝑑) − 𝐾𝐶𝑆𝑅(𝑑)| 

      Spatial interpolation. This method was used to estimate the values of the number of 

G. pallida cysts and egg viability at any point location within a study region. Spatial 

dependence allowed nearby locations to influence each other and to possess similar 

attributes. Given the value of the number of cysts or egg viability, such as {𝑧1, … . , 𝑧𝑛} at 

locations {𝑥1, … . , 𝑥𝑛}, the objective is to estimate the value 𝑧 at some new point 𝑥. Three 

basic global interpolators were used to create estimated surfaces across the study region: (i) 

nearest neighbor algorithm; (ii) inverse distance weighting; and (iii) ordinary kriging.                   

      The nearest neighbor interpolation estimated the value 𝑧 at 𝑥 using the value 𝑧𝑖 at the 

closest observation point to 𝑥. Voronoi tessellation (Thiessen polygons) was used to divide 

the study region into zones, defined by boundaries located at equidistance between pairs of 
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points, where the number of cysts or the value of egg viability for each corresponding set of 

points were estimated. 

      The inverse distance weighting (IDW) used similar techniques as the nearest neighbor 

approach, however a weighted mean of nearby observations is taken, rather than relying on a 

single nearest neighbor. The IDW can be expressed algebraically as follows:  

�̂�(𝑥) =
Σ𝑖𝑤𝑖𝑧𝑖

Σ𝑖𝑤𝑖
,    𝑤𝑖 = |𝑥 − 𝑥𝑖|

−𝛼 

where α ≥ 0, as an inverse square relationship. 

      The ordinary kriging was used as a probabilistic interpolator to estimate the value of a 

random variable, 𝑧, at one or more unsampled points. The kriging estimate of variable 𝑧 at 

point 𝑥0, �̂�(𝑥0), is a linear weighted sum of 𝑛 observations surrounding the estimate 

(Armstrong and Boufassa, 1988; Stein, 1999): 

�̂�(𝑥0) = ∑ 𝜆𝑖𝑧(𝑥𝑖)
𝑛

𝑖=1
 

where 𝜆𝑖 are the weights and 𝑧(𝑥𝑖) is the known value of variable 𝑧 at sampling site 𝑥𝑖.    

      An ordinary kriging was performed to interpolate the values of egg viability. For the 

interpolation of the number of cysts, due to the strong positive skewness of the cyst values, 

the data was transformed into a logarithmic expression. Consequently, an ordinary lognormal 

kriging was performed to interpolate the number of cysts from sampled areas to unsampled 

ones.  

      Kriging, as a probabilistic interpolator, relies on an experimental variogram to 

measure the spatial correlation of the random function �̂�(𝑥0) (Stein, 1999; Wackernagel, 

2003). The variogram is defined by calculating the semivariance as a function of distance: 

𝛾(𝑑) =
1

2
Σ{[�̂�(𝑥1) − �̂�(𝑥2)]2} 

      Data analysis. R version 3.4.1 was used as a modeling language environment for data 

exploration and spatial analysis in this study (R Core Team, 2017). For data exploration, the 

following packages were used: (i) ‘cluster’ and ‘heatmap3’ were used to perform the 

agglomerative hierarchical cluster analysis; and (ii) ‘ade4’ and ‘ecodist’ were used to 

calculate the Mantel correlation test for dissimilarity matrices. For spatial point pattern 

analysis, the following packages were used: (i) ‘GISTools’, ‘maptools’ and ‘sp’ were used to 

map the study area and to calculate the kernel density estimation; and (ii) ‘spatstat’ was used 
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to estimate the Ripley’s K-function, the quadrat analysis for the chi-square test and the 

maximum absolute deviation test. For spatial interpolation, the following packages were 

used: (i) ‘deldir’ was used to calculate the Voronoi tessellation for the nearest neighbor 

estimation; (ii) ‘gstat’ was used to calculate the inverse distance weighting; and (iii) 

‘automap’ package was used to estimate the ordinary kriging and the ordinary lognormal 

kriging. The ‘automap’ package automatically fits a variogram to the data and provides initial 

estimates for the sill (variance), range (distance at which the variogram reaches the sill), 

nugget (error measurement) and kappa (a smoothing parameter). A kriging prediction and a 

standard error maps were also generated in this procedure. 

 

Results 

 

The distance matrix, based on the distances between fields infested with G. pallida in 

pairwise comparisons, revealed that most of the infested fields are separated from each other 

at distances ranging from 1 to 5 kilometers (Table 2.2). However, three infested fields (ID10, 

ID11 and ID18) had greater distance separation from neighboring fields, ranging from 5 to 

24 kilometers (Table 2.2). Additionally, the heat map highlighted hue shifting colors for 

these three fields from nearby ones (Fig. 2.3A). The agglomerative hierarchical cluster 

analysis applied on the distance matrix identified three main clusters of fields infested with 

G. pallida using Ward’s minimum variance algorithm (Fig. 2.3B). Similarly, standardized 

data values of cyst number and egg viability identified, based on their combined weight, 

three main clusters of fields infested with G. pallida using the average linkage method (Fig. 

2.4). The agglomerative coefficient was 0.87, representing a high-quality index for the 

amount of clustering structure found.  

      The Mantel correlation test showed no significant relationship between the field 

distance matrix and the number of cysts collected (P = 0.93 and R2 = -0.15) (Table 2.3). 

Similarly, the Mantel correlation test between the field distance matrix and the values of egg 

viability showed no significant relationship (P = 0.28 and R2 = 0.08) (Table 2.3). 

      The KDE showed the densities of G. pallida-infested fields point locations in the 

study area. The KDE visual illustration of the color density map revealed areas with strong 

yellow and red colors corresponding to point locations of high density of fields infested with 
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G. pallida (Fig. 2.5A). A 3-D representation of KDE displayed a smooth peak of high-

density incidence with a fixed bandwidth of 2,000 meters (Fig. 2.5B). 

      The chi-squared test of CSR using quadrat counts revealed significant spatial 

clustering of fields infested with G. pallida (P = 0.003). This result showed that the infested 

fields, rather than being distributed randomly across the study area, followed a pattern of 

distribution toward aggregation as confirmed by the low p-value from the chi-squared test. 

      The Ripley’s K-function analysis illustrated evidence of spatial clustering as the 

observed K-function values, generated by 99 simulations in a Monte Carlo test procedure, 

were much higher at greater distances than the expected values under CSR (Fig. 2.5C). This 

result demonstrated that the number of fields infested with G. pallida found within a given 

distance (distance matrix) of each individual field was greater than that for a random 

distribution. The observed K-function values appeared to merge with the expected values at a 

distance range from 0 to 500 meters and pointing to a random distribution of infested fields. 

However, at distances of greater than 500 meters, the overall observed values were higher 

than the expected ones and above the confidence interval (envelope), therefore pointing 

toward aggregation. The maximum absolute deviation test confirmed the visual interpretation 

of the K-function plot of significant departure from CSR toward spatial clustering (P = 0.01) 

of fields infested with G. pallida.  

      The nearest neighbor interpolation model illustrated the number of G. pallida cysts 

per hectare and the values of viable eggs intercalated for each of the 18 Voronoi polygons, 

representing each of the 18 fields infested with G. pallida. Five major polygons in the subset 

50 to 250 cysts/ha occupied over 60% of the interpolated areas, followed by other five 

polygons estimated under 50 cysts/ha (Fig. 2.6A). Only one small-sized polygon was 

estimated over 15,000 cysts/ha. The values of egg viability in the subsets 0.25 to 0.35 and 

over 0.35 occupied over 65% of the interpolated areas (Fig. 2.6B). 

      The IDW model consisted of 10,000 grids upon which the number of cysts and the 

values of egg viability were extrapolated using an alpha of 3, as the inverse square 

relationship. The subset 1,000 to 8,000 cysts/ha occupied over 85% of the interpolated areas 

and only a small area is estimated over 15,000 cysts/ha (Fig. 2.7A). The values of egg 

viability in the subset 0.15 to 0.25 occupied over 60% of the interpolated areas (Fig. 2.7B). 3-
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D representations of IDW for the number of cysts and the values of egg viability illustrated 

important variabilities in their distributions across the interpolated areas (Fig. 2.7C, D). 

      The ordinary lognormal kriging model showed high cyst values around a centered 

focal area in the kriging prediction map (Fig. 2.8). The kriging standard error map illustrated 

the degree of confidence associated with the kriging prediction map and showed that the 

error measurement is lower toward the centered focal area (Fig. 2.8). The Ste (Matern, M. 

Stein’s parameterization) model was used to fit the experimental variogram with the 

following initial parameters: sill (2.3), range (3,427), nugget (1.3) and kappa (0.05). The Ste 

model adapted to the experimental variogram of cyst values illustrated a weak spatial 

correlation, as represented by a continuous flat line.  

      The ordinary kriging prediction model for values of egg viability showed most areas 

were estimated between 0.25 to 0.35 and the error measurement associated with the 

prediction map followed similar patterns than the cyst values model (Fig. 2.9). The Ste model 

was used to fit the experimental variogram for values of egg viability with the following 

initial parameters: sill (0.02), range (2,831), nugget (0.01) and kappa (10) (Fig. 2.9). The Ste 

model for values of egg viability showed a relatively strong spatial correlation, as illustrated 

by a curved line that marked the boundary between correlated and non-correlated values. 

 

Discussion 

 

This study provides a holistic analysis of the extent and distribution of fields infested 

with G. pallida in southern Idaho using spatial analysis techniques. The agglomerative 

hierarchical cluster analysis classified the distance matrix of fields into three clusters based 

on the distance separation between all possible pairwise fields. From this analysis, we 

determined that about 80% of the fields are in a radius of less than 10 kilometers. Cluster 

analysis of standardized values of cysts and egg viability indicated three major groups of 

clusters based on their dissimilarities. Ferris et al. (1971) used cluster analysis to classify 

population structure of plant-parasitic nematodes and found that different community 

structures differed from soil types. Several cluster algorithms have been used to study the 

similarity in range and distribution of marine nematode species (Field et al. 1982; Hodda, 

1986).  
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      The kernel density estimation determined the location of the highest concentration of 

fields infested with G. pallida. The focal point of locations coincided with the first reports of 

G. pallida detections during 2006. Based in our analysis, we determined that the spread of G. 

pallida grew in diameter from the original center of infestation toward the southwest as an 

ellipsoidal-shaped cluster. Spatial statistical tests confirmed the presence of spatial clustering 

of fields infested with G. pallida, as illustrated in the Ripley’s K-function analysis. This 

result demonstrated that the number of infested fields found within a given distance of each 

individual field was greater than that for a random distribution. From this clustering 

arrangement, we determined that G. pallida spread followed a contagion effect scenario prior 

to containment measures, where nearby infested fields contributed to the infestation of new 

fields, probably through plant materials or agricultural equipment contaminated with infested 

soil. Similarly, Banks et al. (2012) concluded that the original site of G. pallida and G. 

rostochiensis introductions may act as a point source for subsequent spread occurring at a 

relatively constant rate over time. Similar aggregated patterns of potato cyst nematodes and 

other plant-parasitic nematodes have been reported for individual fields (Avendaño et al. 

2003; Noe and Campbell, 1985; Schomaker and Been, 1999; Shaukat and Khan, 1993). It is 

unlikely that the recent G. pallida presence in southern Idaho is associated with new G. 

pallida entry from outside Idaho. Our assessment is based on previous studies indicating that 

G. pallida populations differ between themselves generally only in areas throughout Europe 

and South America where G. pallida has been long-established (based on molecular 

phylogenetic analysis), suggesting multiple waves of G. pallida entry (Grenier et al. 2010; 

Picard et al. 2004, 2007; Plantard et al. 2008).  

      Using deterministic spatial interpolation techniques, we enumerated the number of G. 

pallida cysts and the values of egg viability in associated areas close to initial infestation 

foci. The models used for spatial interpolation predicted the contagion effect of G. pallida to 

nearby fields. The inverse distance weighting model (IDW) differed from the nearest 

neighbor approach (NN) due to the nature of the model calculation. In the case of IDW, a 

weighted measurement of multiple number of cysts is taken from different nearby fields 

instead of relying on a single field measurement for prediction, as is done with NN modeling. 

As the distribution of the number of cysts varied greatly between fields, we determined for 

this study that IDW was the best model to describe the contagion effect. For egg viability, we 
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determined that NN and IDW models yielded relatively similar prediction maps in the subset 

ranging from under 0.05 to 0.15, however they failed to provide similar results as the values 

of egg viability increase. Therefore, we determined that IDW was the best deterministic 

model adapted for the interpolation of the values of egg viability. The variability in the 

number of cysts per hectare observed in this study could be explained by the relative success 

of quarantine measures imposed on infested fields, where potato plantings are prohibited, and 

entrance is limited to authorized personnel only, leading to a disruption of the initial G. 

pallida spread momentum.  

      The use of ordinary kriging for building a stochastic interpolation model unveiled 

some inherent limitations when applied to a restrained and skewed dataset. A kriging 

interpolation model is built on an experimental variogram to make predictions from known to 

unknown locations using estimated variations in the known data values. Mantel correlation 

test previously indicated no significant relationship between field distance matrix and the 

cyst numbers collected. The experimental variogram built for the variable cyst numbers 

showed weak spatial correlation indicating the absence of spatial dependency. As a result, 

kriging prediction map was associated with large error measurement values indicating high 

level of uncertainties in interpolated areas for cyst numbers. Because of the absence of spatial 

correlation, the use of inverse distance weighting as a deterministic interpolation model for 

cyst numbers is recommended.  

      The experimental variogram adapted for the values of egg viability showed a 

relatively strong spatial correlation indicating the presence of spatial dependency. The 

relative normal distribution of the egg viability dataset explained this result, and the Ste 

ordinary kriging interpolation model seemed to reduce the level of uncertainty associated 

with the kriging prediction map. Although the Mantel correlation test for egg viability 

showed no significant spatial correlation, the Ste ordinary kriging was found to be a better 

model for spatial correlation using advanced spatial analysis techniques. We determined that 

both IDW and ordinary kriging provided comparatively similar prediction maps for the 

interpolation of the values of egg viability. 

      Various interpolation models have been applied for studying the spatial distribution 

of plant-parasitic nematodes in individual fields with gridded sampling methods (microscale) 

(Caswell and Chellemi, 1986; Evans et al. 2003; Farias et al. 2002; Webster and Boag, 1992). 
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However, to our knowledge, this study represents the first use of stochastic interpolation 

models for plant-parasitic nematodes at a regional level (macroscale). We determined that 

stochastic interpolation models for plant-parasitic nematodes applied to a macroscale level 

are subjected to strong variations when the datasets are restrained and skewed, as was the 

case in this study.  

      Based on the spatial aggregation of fields infested with G. pallida, with an average of 

4,263 cysts/ha and egg viability of 0.25, we determined that active programs of quarantine 

and eradication can limit the spread of G. pallida in southern Idaho. An eradication program 

requires strict containment protocols and the prohibition of growing potato in infested sites. 

Intensive soil sampling and testing are required as part of the program to monitor and 

evaluate the progress of G. pallida eradication at regular time intervals. The use of G. pallida 

resistant potato varieties, trap crops, crop rotations, biofumigants and biocontrol agents is a 

crucial first step to rapidly reduce G. pallida population densities to undetected levels and to 

return previously infested fields to potato production. Studies found that the use of Solanum 

sisymbriifolium (trap crop), Trichoderma harzianum and Plectosphaerella cucumerina 

(fungal biocontrol agents) showed significant reduction of G. pallida reproduction rate in 

greenhouse experiments (Contina et al. 2017; Dandurand and Knudsen, 2016).  

      Globodera rostochiensis was found in the Sharon region of Israel in 1954 and in 1965 

where potatoes are grown in the winter. After detection, eradication was carried out by soil 

fumigation with ethylene dibromide and soil testing was performed at regular intervals. In 

1987, the European and Mediterranean Plant Protection Organization (EPPO) reported that 

Israel was declared free from this pest, after a negative G. rostochiensis presence in 

subsequent soil testing (Anonymous, 1987). Globodera rostochiensis eradication from 

Western Australia (first found in 1986) has proven to be another successful program. 

Globodera rostochiensis has not been detected since 1989 in Western Australia where the 

intensity of soil sampling used provides 96-100% G. rostochiensis detection probability 

(Anonymous, 2010). In 2010, after 24 years of G. rostochiensis eradication, Western 

Australia was declared free of this pest. Globodera pallida was detected in Finland in four 

fields in 2002 and two fields in 2004. After nine years of eradication program, all soil 

samples tested in 2011 gave negative results for the presence of G. pallida (Anonymous, 

2012). 
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      This study provides a scientifically based decision method that promotes eradication 

measures instead of management for G. pallida in Idaho. To our knowledge, this is the first 

use of spatial analysis for understanding G. pallida distribution at a macroscale level in 

Idaho. The use of spatial analysis in risk assessment models provides important information 

on the distribution, potential spread, and control strategies for exotic plant-parasitic 

nematodes. The tools and methods provided in this study should facilitate comprehensive 

approaches to improve G. pallida control and eradication programs as well as to raise public 

awareness of the problematic of this economically important potato pest. 
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Table 2.1. The list of fields infested with Globodera pallida in southern Idaho with the year 

of detection, the number of cysts per hectare, the values of egg viability and the geographic 

point locations. 

aThe values of G. pallida egg viability represent the proportions of eggs that are viable from extracted cysts (i.e. 

a value of 0.13 means that 13% of eggs contained inside a cyst are viable and likely to be hatched). 
bEasting (the x-coordinate) and northing (the y-coordinate) are geographic Cartesian coordinates for a point and 

are measured in meters. 

 

 

 

Field Year of  

G. pallida detection 

Number of  

G. pallida cysts/ha 

Viability of  

G. pallida eggsa 
Eastingb Northingb 

ID01 2006 7,416 0.13 204912.6 191793.2 

ID02 2006 10 0.39 205322.2 193219.5 

ID03 2006 10,934 0.18 205538.4 191635.4 

ID04 2006 4,374 0.33 207136.9 191635.7 

ID05 2006 996 0.25 205936.9 193287.6 

ID06 2006 1,611 0.36 206337.6 194080.4 

ID07 2006 44,523 0.20 204433.5 193151.7 

ID08 2007 961 0.09 205527.8 192467.5 

ID09 2008 141 0.31 204497.3 193872.1 

ID10 2011 5 0.25 208926.5 196381.2 

ID11 2011 210 0.45 212759.2 198874.2 

ID12 2012 5 0.15 204908.0 192348.2 

ID13 2012 5 0.21 207769.3 191528.3 

ID14 2012 7 0.05 200081.2 195904.2 

ID15 2012 111 0.00 202527.8 190691.4 

ID16 2013 89 0.50 206141.0 189258.5 

ID17 2013 5,234 0.30 208758.5 192456.3 

ID18 2014 104 0.28 199417.4 179078.1 
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Table 2.2. A distance matrix of the fields infested with Globodera pallida in southern Idaho. The distances between fields are 

measured in pairwise comparisons and are expressed in kilometers. 

 

 ID01 ID02 ID03 ID04 ID05 ID06 ID07 ID08 ID09 ID10 ID11 ID12 ID13 ID14 ID15 ID16 ID17 ID18 

ID01 0 1 1 2 2 3 1 1 2 6 11 1 3 6 3 3 4 14 

ID02 1 0 2 2 1 1 1 1 1 5 9 1 3 6 4 4 4 15 

ID03 1 2 0 2 2 3 2 1 2 6 10 1 2 7 3 2 3 14 

ID04 2 2 2 0 2 3 3 2 3 5 9 2 1 8 5 3 2 15 

ID05 2 1 2 2 0 1 2 1 2 4 9 1 3 6 4 4 3 16 

ID06 3 1 3 3 1 0 2 2 2 3 8 2 3 7 5 5 3 17 

ID07 1 1 2 3 2 2 0 1 1 6 10 1 4 5 3 4 4 15 

ID08 1 1 1 2 1 2 1 0 2 5 10 1 2 6 3 3 3 15 

ID09 2 1 2 3 2 2 1 2 0 5 10 2 4 5 4 5 4 16 

ID10 6 5 6 5 4 3 6 5 5 0 5 6 5 9 9 8 4 20 

ID11 11 9 10 9 9 8 10 10 10 5 0 10 9 13 13 12 8 24 

ID12 1 1 1 2 1 2 1 1 2 6 10 0 3 6 3 3 4 14 

ID13 3 3 2 1 3 3 4 2 4 5 9 3 0 9 5 3 1 15 

ID14 6 6 7 8 6 7 5 6 5 9 13 6 9 0 6 9 9 17 

ID15 3 4 3 5 4 5 3 3 4 9 13 3 5 6 0 4 6 12 

ID16 3 4 2 3 4 5 4 3 5 8 12 3 3 9 4 0 4 12 

ID17 4 4 3 2 3 3 4 3 4 4 8 4 1 9 6 4 0 16 

ID18 14 15 14 15 16 17 15 15 16 20 24 14 15 17 12 12 16 0 

5
7
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Table 2.3. Results of the Mantel correlation test for the values of Globodera pallida cyst and 

egg viability with simulated p-value and variance using 1,000 replicates run on a Monte-

Carlo simulation. 

aMantel correlation statistic is equivalent to r-squared (-1 perfect negative correlation, 0 absence    

  of correlation, 1 perfect positive correlation).  
bSimulated p-values are not significant (P > 0.05). 

  

Parameters Distance matrix vs number of cysts Distance matrix vs egg viability 

Mantel correlationa -0.15 0.08 

Simulated p-valueb 0.93 0.28 

Variance 0.01 0.02 
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Fig. 2.1. Map of the state of Idaho (left) and location of the fields infested with Globodera 

pallida in southern Idaho (right). Globodera pallida was first found in 2006 in the Shelley, 

ID area located in the Bingham County. The data used for spatial analysis in this study came 

from 18 infested potato fields where G. pallida cysts were collected, and egg viability was 

evaluated by USDA-APHIS. 
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Fig. 2.2. Conceptual framework for spatial analysis of Globodera pallida in southern Idaho. 

The diagram provides a succinct summary of the methodology applied in this study. It 

consists of data retrieval, data analysis and processing using R programming software and 

elaboration of a decision-making statement based on the results. Spatial analytical methods 

used included: (i) nearest neighbor algorithm and inverse distance weighting, as deterministic 

interpolators; (ii) ordinary kriging method as probabilistic interpolator.  
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Fig. 2.3. A. The heat map representation of Globodera pallida infested field distance matrix 

showed similarities in hue shifting colors when pair of fields are closed (red-orange) and 

dissimilarities when distance separations between pair of fields are significant (orange-

yellow). B. The agglomerative hierarchical cluster analysis of G. pallida infested field 

distance matrix identified the presence of three main clusters (red rectangles) of infested 

fields using Ward’s minimum variance method defined as the squared Euclidean distance 

between points. 
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Fig. 2.4. The agglomerative hierarchical cluster analysis applied on the standardized data 

values of Globodera pallida cyst number and egg viability identified, based on their 

combined weight, three main clusters (red rectangles) of fields infested with G. pallida using 

the average linkage method. The agglomerative coefficient was 0.87 representing a high-

quality index for the amount of clustering structure found.  
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Fig. 2.5. A. The kernel density estimation (KDE) showed the location of the highest densities 

of fields infested with Globodera pallida. The color intensity is described as follows: yellow 

color or highest number corresponded to highest density and blue color or lowest number 

corresponded to lowest density. A bandwidth of 2,000 meters was used to cover the study 

area. B. A 3-D representation of the KDE analysis showing a smooth peak representing the 

highest densities of G. pallida infested fields in the landscape. C. Ripley’s K-function plot 

showing evidence of spatial clustering of fields infested with G. pallida, confirmed by the 

maximum absolute deviation test of complete spatial randomness (P = 0.01) and by the 

quadrat test (P = 0.003). The observed K-function values (black line on plot) are much higher 

than the expected values under complete spatial randomness (red dashed line). The gray area 

represents the envelope or confidence interval of the expected values.   
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Fig. 2.6. A. The nearest neighbor interpolation model used 18 Voronoi tessellation (Thiessen 

polygons) and was designed to assign a polygon to each field infested with Globodera 

pallida (black dots [·]). Five major polygons in the subset 50 to 250 cysts/ha occupied over 

60% of the interpolated areas, followed by other five polygons estimated under 50 cysts/ha. 

B. The values of G. pallida egg viability in the subsets 0.25 to 0.35 and over 0.35 occupied 

over 65% of the interpolated areas.  
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Fig. 2.7. A. The inverse distance weighting (IDW) surface consisted of 10,000 grids upon 

which the number of Globodera pallida cysts and the values of egg viability (black dots [·]) 

were extrapolated using an alpha of 3, as the inverse square relationship. The subset 1,000 to 

8,000 cysts/ha occupied over 85% of the interpolated areas and only a small area is estimated 

over 15,000 cysts/ha. B. The values of G. pallida egg viability in the subset 0.15 to 0.25 

occupied over 60% of the interpolated areas. C. 3-D representations of the inverse distance 

weighting for the number of G. pallida cysts. The model showed a relatively smooth surface 

with high and low peaks in the interpolated locations corresponding to areas of high number 

of G. pallida cysts per hectare. D. 3-D representations of the inverse distance weighting for 

the values of G. pallida egg viability. The model showed many smooth peaks in the 

interpolated locations corresponding to areas of low and high values of G. pallida egg 

viability.  
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Fig. 2.8. The ordinary lognormal kriging model showed high Globodera pallida cyst values 

around a centered focal area in the kriging prediction map. The kriging standard error map 

illustrated the degree of confidence associated with the kriging prediction map and showed 

that the error measurement is lower toward the centered focal area. The Ste (Matern, M. 

Stein’s parameterization) model was used to fit the experimental variogram for G. pallida 

cyst values with the following initial parameters: sill (2.3), range (3,427), nugget (1.3) and 

kappa (0.05). The Ste model adapted to the experimental variogram of G. pallida cyst values 

illustrated a weak spatial correlation, as represented by a continuous flat line.  
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Fig. 2.9. The ordinary kriging prediction model for values of Globodera pallida egg viability 

showed most areas were estimated between 0.25 to 0.35 and the error measurement 

associated with the prediction map followed similar patterns as the G. pallida cyst values 

model. The Ste (Matern, M. Stein’s parameterization) model was used to fit the experimental 

variogram for values of G. pallida egg viability with the following initial parameters: sill 

(0.02), range (2,831), nugget (0.01) and kappa (10). The Ste model for values of G. pallida 

egg viability showed a relatively strong spatial correlation, as illustrated by a curved line that 

marked the boundary between correlated and non-correlated values.  
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Chapter 3: Spatiotemporal Analysis and Dispersal Patterns of Globodera pallida in Idaho 

 

Abstract 

 

The potato cyst nematode Globodera pallida is a globally regulated potato pest. It 

was detected for the first time in the U.S. in the state of Idaho in 2006, and as of February 

2019, the infestation is limited to 1,326 ha. Globodera pallida is a specialized obligate 

sedentary endoparasite that can survive in the soil for up to 30 years in the absence of its 

potato host. In highly infested fields, the nematode can reduce tuber yields up to 80% and is 

spread mainly through soil, tubers or farm equipment. The objectives of this study were to 

describe the spatiotemporal distribution of G. pallida in infested fields and to model its 

dispersal patterns in southeastern Idaho. We used geostatistical tools and simulation models 

for precise mapping and to describe the relationships between G. pallida incidence with the 

spatial configurations. We found that the nematode is spatially-clustered particularly around 

the edges of the fields, and that the dispersal patterns of G. pallida followed the direction of 

cultivation. We found that the absence of potato in the field contributed in stopping the 

nematode reproduction, and the use of chemical fumigants and biofumigant cover crops 

contributed in a significant reduction of the viability of the eggs in time and space. We 

observed a process of a non-linear decline in the prevalence of cysts as the distance 

separation from the primary infestation focus increased. A power-law model was used to fit 

G. pallida dispersal capabilities. The main goal of this study is to provide information on G. 

pallida distribution to policymakers, stakeholders, potato growers and researchers to 

facilitate common understandings on the challenges and opportunities for controlling this 

pest in Idaho.  
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Introduction 

 

Phytopathogenic nematodes represent a considerable threat for food security 

worldwide. Around 4,100 species of plant-parasitic nematodes have been identified and they 

cause between $80 and $118 billion per year in crop losses (Koenning et al., 1999; Sasser 

and Freckman, 1987). Globodera pallida (Behrens, 1975; Stone, 1972), one of the most 

destructive plant-parasitic nematodes, is a globally regulated potato pest. Globodera pallida 

and Globodera rostochiensis (Wollenweber, 1923; Skarbilovich, 1959), both potato cyst 

nematodes (PCN), co-evolved with potato and other native Solanum species in the Andean 

Region of South America (Picard et al., 2004). Recent survey data revealed that G. 

rostochiensis is present in 68 countries and G. pallida in 48 (CABI, 2018). Globodera 

pallida is a specialized obligate sedentary endoparasite that can survive in the soil for up to 

30 years in the absence of its potato host (Turner, 1996). In highly infested fields, G. pallida 

can reduce tuber yields up to 80% and is spread mainly through soil, tubers or farm 

equipment (Talavera et al., 1998; Vasyutin and Yakovleva, 1998).  

Globodera pallida was found in southeastern Idaho in 2006 in two potato fields in 

Bingham County (Hafez et al., 2007; USDA-APHIS, 2019). The United States Department 

of Agriculture’s Animal and Plant Health Inspection Service (USDA-APHIS) and the Idaho 

State Department of Agriculture (ISDA) have listed G. pallida as a quarantine pest for Idaho 

under Title 7 CFR 301.86 Federal Regulation. USDA-APHIS and ISDA have implemented a 

containment and eradication program to prevent G. pallida spread to other potato fields. In 

fields infested with G. pallida, the program outlines: (i) restrictions on the movement of soil 

and plant materials; (ii) prohibition of planting potato and other solanaceous crops; and (iii) 

sanitation procedures for farm equipment. Chemical application with the nematicide Telone 

II (1,3-dichloropropene) is being conducted in infested fields as part of the G. pallida 

eradication program and Solanum sisymbriifolium ‘litchi tomato’ is under field scale trials in 

infested fields (USDA-APHIS, 2019). The regulated area includes portions of northern 

Bingham and southern Bonneville Counties and is currently limited to 3,057 hectares, of 

which 1,326 ha are fields infested with G. pallida (USDA-APHIS, 2019). USDA-APHIS 

have issued a list of regulated articles: (i) G. pallida; (ii) G. pallida host crops (eggplant 



70 

[Solanum melongena], pepper [Capsicum spp.], tomatillo [Physalis philadelphica], tomato 

[Solanum esculentum]); (iii) root crops; (iv) garden and dry beans (Phaseolus spp.) and peas 

(Pisum spp.); (v) all nursery stock; (vi) soil, compost, humus, muck, peat and manure; (vii) 

hay, straw and fodder; and (viii) any equipment or conveyance used in an infested or 

associated field that can carry soil if move out of the field. USDA-APHIS provides steps for 

deregulating G. pallida infested fields: (i) no viable eggs detected (collected eggs are testing 

for viability); (ii) three rounds of greenhouse bioassay of field cysts to confirm absence of 

reproduction; and (iii) in-field bioassay where fields can be released from quarantine status 

after three more negative viability surveys after harvests of a susceptible crop. As of 

February 2019, 22 fields (969 ha) have passed step 1 (no viable eggs found) and 18 fields 

(720 ha) have passed step 2 (no reproduction) (USDA-APHIS, 2019). 

In a globalized and more integrated world, international trade represents an important 

invasion pathway for non-native plant pests. Pest invasion consists of several phases (Ferris 

et al., 2003): (i) entry of the organism; (ii) establishment through local reproduction; (iii) 

integration into the local environment; and (iv) spread. Because of these risks, international 

trade agreements and phytosanitary measures were established and re-enforced to minimize 

risks of accidental introduction of plant pests to non-native areas. The International Plant 

Protection Convention (IPPC) defines ‘quarantine pest’ as ‘a pest of potential economic 

importance to the area endangered thereby and not yet present there, or present but not 

widely distributed and being officially controlled’ (FAO-IPPC, 2017). In order to avoid 

severe economic losses due to the entry of non-native plant diseases, a comprehensive 

understanding of the spatio-temporal and dispersal patterns of the pathogens is warranted to 

better manage and control disease epidemics that could potentially devastate our food 

provision and energy resources. 

Georeferenced or geostatistical data denote the locations and time periods when 

events are recorded from a continuous surface occupying a fixed subset, D, of two-

dimensional space (R2) and where the attribute value (Z[si]) is a random vector at location si 

in D (Cressie, 1993). Spatial data comprised all surfaces that share a common border or have 

a direct transport connection with neighbors, which could capture interaction flows between 

the areas (Haining, 2003). Space-time events possess an intrinsic continuity or structure 
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which enable the formulations of predictive models, and the concept of spatial continuity is 

often referred to as ‘Tobler’s First Law of Geography’ where ‘Everything is related to 

everything else, but near things are more related than distant things’ (Tobler, 1970). The 

concept of spatial continuity is translated in the spatial context as follows (Haining, 2003): (i) 

if the attribute values of one point location are similar to another location (spatial 

dependence), this process is known as a positive spatial autocorrelation; and (ii) as the 

distance separation of observations increases such autocorrelation will tend to weaken and 

the attribute values will appear to be spatially-independent, this process is known as negative 

spatial autocorrelation.  

Exploratory spatial data analysis provides a collection of visual and essential mapping 

tools to detect and assess spatial patterns and to formulate hypotheses. The Akima 

interpolation method is a mathematical model based on a piecewise function composed of a 

set of polynomials each of degree three and is a continuously differentiable sub-spline 

interpolation (Akima, 1970, 1991). Data from next neighbor is used to determine the 

coefficients of the interpolation polynomial. The ordinary kriging is used as a probabilistic 

interpolator to estimate the value of a random variable, 𝑧, at one or more unsampled points. 

The kriging estimate of variable 𝑧 at point 𝑥0, �̂�(𝑥0), is a linear weighted sum of 𝑛 

observations surrounding the estimate and provides minimum mean-squared error values at 

unsampled locations (Cressie, 1993; Haining, 2003). Experimental variograms represent a 

description of the spatial continuity of the data and is calculated using a measure of 

variability between pairs of points at various distances (Matheron, 1963). Moran’s I is used 

to measure spatial autocorrelation based on both point locations and attribute values 

simultaneously (Moran, 1950). The null hypothesis for Moran’s I test is the absence of 

spatial autocorrelation (P > 0.05), which means the attribute values are randomly distributed 

among the locations in the given study area. Spatial analysis applied to plant-parasitic 

nematodes has been used to develop accurate sampling methods in fields (Dinardo-Miranda 

and Fracasso, 2009; Francl, 1986), determine ecological patterns of nematode distribution 

(Porazinska et al. 2012), and to support the use of site-specific management in nematode 

infested fields (Avendaño et al. 2003). Evans et al. (2003) used spatial analysis to target ‘hot 

spots’ of PCN infestations for additional treatment with fumigant, thereby reducing the cost 
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of chemicals applied and minimizing possible environmental damage. Contina et al. (2018) 

used spatial analysis to determine the regional spatial pattern of G. pallida in Idaho and to 

assess the effectiveness of the control and eradication measures. 

The distribution or dispersal of plant pathogens in a field illustrates a certain 

increasing or decreasing trends, known as dispersal gradient, when plotting against the 

distance from the original source of infestation (Gregory, 1968; Mundt et al., 2009; Severns 

et al., 2019). There are two basic types of biological dispersal: (i) density-independent or 

passive dispersal that depends on humans, animal and environmental factors for dispersal, as 

in the case of plant-parasitic nematodes (Nathan, 2001); and (ii) density-dependent or active 

dispersal that depends on factors such as local population size, resource competition and 

environmental conditions, as in the case of some plant-parasitic fungi (Bowler and Benton, 

2005). Discontinuous dispersal in infested fields may result in establishment of isolated pest 

foci from the main infestation focus using short-distance dispersal mechanism facilitated by 

passive transportation (human activities). The combination of long- and short-distance 

dispersal (LDD and SDD) mechanisms is considered as stratified dispersal and consisted of 

(Hengeveld, 1989): (i) establishment of new foci far from the moving population front; (ii) 

growth and development of individual foci; and (iii) fusion of foci that contributes to the 

advance of population front. Choi et al. (2017) reported that the pine wood nematode, 

Bursaphelenchus xylophilus, invasion consisted in a jumping type of dispersal and the 

formation of new patches which later expanded and merged, supporting the existence of a 

stratified dispersal pattern for B. xylophilus. Madden et al. (2007) categorized the disease 

dispersal gradient as: (i) primary gradient, where all infestations are originating at the initial 

inoculum source or focus (primary spread of the disease), which occurs for monocyclic 

diseases; and (ii) secondary gradient, where infections are due to inoculum produced beyond 

the initial inoculum source (secondary spread of the disease), which occurs for polycyclic 

diseases.  

Non-linear and mechanistic models of disease dispersal have been developed to 

capture the determinants of spatiotemporal disease spread. The negative exponential and 

power law are the most widely used contact distribution models in plant disease 

epidemiology (Madden et al., 2007; Mundt, 1989). Both models explain a process of a non-
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linear decline in inoculum prevalence as distance increases, however for the power-law 

model, the gradient is steeper near the source and shallower far from the source, compared 

with the exponential model (Madden et al., 2007). Power-law models were used in plant 

nematology for estimating sampling surveys in infested fields (Duncan et al., 1989; 

McSorley et al., 1985), determining the aggregation of several nematode species in soil 

(Boag and Topham, 1984), and classifying soil nematode communities in urban landscapes 

(Park et al., 2013). Plant disease dispersal models convey important information on: (i) the 

spatial behavior of non-native pests; (ii) the identification of vulnerable area; and (iii) the 

provision of a framework for predicting and controlling pest invasions as well as enabling 

early detection and eradication programs. 

The objectives of this study were to describe the spatiotemporal distribution of G. 

pallida in infested fields and to model its dispersal patterns in southeastern Idaho. We 

proceeded in characterizing the distribution of G. pallida in infested fields during the first 

year of detection and after application of fumigants and planting of non-host crops in 

subsequent years. As the distribution and abundance of invasive species is often correlated 

with human activities and land use practices, we simulated the spatial spread of G. pallida in 

potato fields using the invasive species distribution models (ISDM) to compute a negative 

exponential dispersal pattern (Hattab et al., 2017; Meentemeyer et al., 2008). We calculated 

the distance separation between the main G. pallida inoculum source focus from the rest of 

the foci in fields and between fields, and we fitted a power-law model to the distribution of 

foci in order to estimate SDD and LDD parameters for G. pallida. Finally, we concluded our 

study by discussing the implications of understanding the spatiotemporal and dispersal 

patterns of G. pallida, as well as, comparing and exploring the strength and limitations of our 

models. The results of this study would contribute to identify vulnerable areas and enable a 

provisional framework for prediction and control. 
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Materials and Methods 

 

Data collection. Data point locations of fields infested with G. pallida in southeastern 

Idaho with the associated number of cysts and the values of egg viability were collected by 

USDA-APHIS from 2006 to 2014 (Fig. 3.1; Table 3.1 and 3.2). The sampling system used by 

USDA-APHIS consisted in dividing each infested field into grids of dimensions 20 𝑚 ×

20 𝑚. For each grid, 2.27 kg soil was collected in a full-field sampling scheme during the 

first year of detection to determine the location of the infestation foci, and 9.07 kg soil was 

collected in infested grids after each application of fumigants and planting of non-host crops 

in subsequent years. The soil taxonomy associated with the infested fields are mostly inside 

the Bannock series, and consists of deep, well-drained soils formed in medium textured 

alluvium over gravel and sand (NCSS, 2002). The taxonomic class is coarse-loamy over 

sandy or sandy-skeletal, mixed, superactive, frigid Aridic Calcixerolls (NCSS, 2002). 

The identity of G. pallida was confirmed by morphological and molecular methods 

(Skantar et al. 2007). Globodera pallida cysts were extracted from soil samples using the 

USDA cyst extraction method (USDA-APHIS, 2009). The viability of G. pallida eggs was 

assessed using Meldola Blue as the staining agent (Ogiga and Estey, 1974). The values of G. 

pallida cysts were transformed with log10 (cysts/kg soil + 1) to standardize the variance and 

the values of egg viability was expressed in percentage. The data collected is represented as a 

set of marked points illustrated in algebraic terms as following: 

𝑦 = {(𝑥1, 𝑚1), … , (𝑥𝑛, 𝑚𝑛 )}   

where 𝑥𝑖 are the point centroid of each grid, represented as Easting and Northing and 

expressed in meters, and 𝑚𝑖 are the number of cysts collected or the values of egg viability. 

Deterministic spatial modeling. The Akima interpolation model was used to build a 

raster-based map of G. pallida distribution in infested fields. The Akima method is a 

mathematical model based on a continuously differentiable sub-spline interpolation function 

composed of a set of cubic polynomials (Akima, 1970, 1991). Data from next neighbor is 

used to determine the coefficients of the interpolation polynomial. The model is defined as 

follows: 
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For a set of data points: 

𝑠𝑖 = 𝑠(𝑥𝑖),      1 ≤ 𝑖 ≤ 𝑘 

The interpolation function is defined as: 

𝑠(𝑥) = 𝑎0 + 𝑎1(𝑥 − 𝑥𝑖) + 𝑎2(𝑥 − 𝑥𝑖)2 + 𝑎3(𝑥 − 𝑥𝑖)3,       𝑥𝑖 ≤ 𝑥 ≤ 𝑥𝑖 + 1 

where 𝑎0, 𝑎1, 𝑎2, 𝑎𝑛𝑑 𝑎3 are the coefficients of the interpolation polynomial for each interval 

[𝑥𝑖 , 𝑥𝑖+1]. The Akima spline interpolation is characterized by its non-linearity and is less 

affected by outliers. 

Stochastic spatial modeling. The ordinary kriging was used as a probabilistic 

interpolator to estimate the value of a random variable, 𝑧, at one or more unsampled points. 

The kriging estimate of variable 𝑧 at point 𝑥0, �̂�(𝑥0), is a linear weighted sum of 𝑛 

observations surrounding the estimate (Stein, 1999): 

�̂�(𝑥0) = ∑ 𝜆𝑖𝑧(𝑥𝑖)
𝑛

𝑖=1
 

where 𝜆𝑖 are the weights and 𝑧(𝑥𝑖) is the known value of variable 𝑧 at sampling site 𝑥𝑖.  

We estimated the index of dispersion (𝐷) by calculating the average variance-to-

mean ratio, as defined by: 

𝐷 =
𝜎2

𝜇
 

where 𝜎2 is the estimated variance and 𝜇 is the estimated mean of cysts from the kriging 

interpolation output. The index of dispersion was used to determine whether the distribution 

of G. pallida cysts in the fields were clustered or dispersed compared to the randomness 

associated with a Poisson process. The index of dispersion ranges from 0 to 1, where: (i) 

(𝐷 = 0) represents a constant distribution (not dispersed); (ii) 0 < 𝐷 < 1 represents a 

binomial distribution (under-dispersed or clustered); (iii) 𝐷 = 1 represents a Poisson 

distribution (uniformly dispersed); and (iv) 𝐷 > 1 represents a negative binomial distribution 

(over-dispersed). 

Kriging, as a probabilistic interpolator, relies on an experimental variogram to 

measure the spatial correlation of the random function �̂�(𝑥0) (Stein, 1999). The variogram is 

defined by calculating the semivariance as a function of distance: 

𝛾(𝑑) =
1

2
∑{[�̂�(𝑥1) − �̂�(𝑥2)]2} 
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 The semivariance increases with increasing lag distance (monotonic increasing), which 

indicates that at short distances the values of �̂�(𝑥) correlates with space (spatial dependence), 

but as the lag distance increases, they become increasingly uncorrelated (spatial 

independence). If the spatial dependence varies along with spatial directions, anisotropy, the 

process is modeled using directional variograms, as defined by:  

𝛾(𝑑, 𝜃) = (
1

2
𝑁(𝑑, 𝜃)) ∑ [�̂�(𝑥1) − �̂�(𝑥2 + ℎ, 𝜃)]2

𝑁(𝑑,𝜃)

𝑖=1

 

where 𝜃 represents the directional angles along the point locations. 

Spatial autocorrelation. Spatial autocorrelation represents the relationship between 

nearby spatial units. The concept is best summarized by Tobler’s first law of geography ‘near 

things are more related than distant things’ (Tobler, 1970). Moran’s I was used as a measure 

of spatial autocorrelation based on both point locations and attribute values simultaneously 

(Moran, 1950). The goal of Moran’s I is to find the correlation of one variable with itself 

regarding a spatial weight matrix. The null hypothesis for Moran’s I test is the absence of 

spatial autocorrelation (P > 0.05), which means the attribute values are randomly distributed 

among the locations in the given study area. Moran’s I coefficient is computed using the 

formula: 

𝐼 =
𝑛

𝑆0

∑ ∑ 𝑤𝑖,𝑗(𝑦𝑖 − �̅�)(𝑦𝑗 − �̅�)𝑛
𝑗=1

𝑛
𝑖=1

∑ (𝑦𝑖 − �̅�)2𝑛
𝑖=1

 

Where 𝑦𝑖 are the observations, 𝑤𝑖,𝑗 represents the distance weight (distance matrix), 𝑛 is the 

number of observations and 𝑆0 = ∑ ∑ 𝑤𝑖,𝑗
𝑛
𝑗=1

𝑛
𝑖=1 .  Moran’s I coefficient (observed values) 

ranges from -1 to + 1, where -1 is negative spatial autocorrelation, 0 is absence of spatial 

autocorrelation and + 1 is positive spatial autocorrelation. 

Invasive species distribution modeling. ISDM was used as a spatial simulation to 

characterize the spread of G. pallida in a potato field and to produce risk maps of occurrence 

likelihood in the absence of control measures. The force of invasion (𝐹𝑖) was calculated as a 

negative exponential dispersal kernel using the formula (Meentemeyer et al., 2008): 

𝐹𝑖 = Σ𝑘=1
𝑁 𝑒𝑥𝑝 (

−𝑑𝑖𝑘

𝑎
) 
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where 𝑑𝑖𝑘 is the Euclidean distance between each G. pallida initial foci of invasion 𝑘 in a 

target area 𝑖. The parameter 𝑎 represents the form of the dispersal kernel where low values of 

𝑎 indicate high dispersal limitation and high values indicate low dispersal limitation.  

In this study, we established that G. pallida dispersal capabilities and limitations are 

closely related to the level of human activities in the fields, and represent the form of the 

dispersal kernel. We defined human activities as the labors required for soil preparations with 

equipment and machinery, field planting and maintenance, and other types of labors that 

require transit in the fields. Globodera pallida dispersal is characterized as density-

independent or passive transmission that requires human intervention to move cyst-infested 

soils from contaminated to non-contaminated areas.  

Globodera pallida dispersal and inoculum gradients. The distance separation 

between the primary inoculum focus of G. pallida in fields and secondary foci (SDD) was 

calculated using a distance-based matrix, and the same method was used to estimate distance 

separation between the most infested field and less infested fields (LDD), as illustrated in 

algebraic terms: 

𝑑𝑖𝑗 = 𝑑({𝑋𝑖}, {𝑋𝑗}) = ‖𝑋𝑖 − 𝑋𝑗‖
2
 

where 𝑑𝑖𝑗 is the pairwise distances between major inoculum focus 𝑋𝑖 and minor foci 𝑋𝑗 , and 

are arranged in a matrix. A power-law model (Gregory model) was used to fit the distribution 

prevalence of G. pallida cysts over increasing distances (Gregory, 1968; Madden et al., 

2007): 

𝑌 = 𝑎𝑃𝑠−𝑏𝑝 

where 𝑎𝑃 and 𝑏𝑃 are parameters and 𝑠 is the distance separation from the inoculum focus. 

The model describes a non-linear decline in inoculum prevalence as distance increases with a 

steeper gradient near the inoculum source and a shallower gradient far from the source, along 

with a fat-tail distribution. 

Data analysis and modeling. The software R version 3.5.2 was used as a modeling 

language environment for data exploration and spatial analysis in this study (R Core Team, 

2018). Centroid coordinates of field grids were projected into Easting and Northing 

coordinate system using the spatial reference EPSG:3524 NAD83 in the package ‘sp’. Akima 

interpolation algorithm was performed using the packages ‘akima’ and ‘fields’ (Akima, 
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1970, 1991). Ordinary kriging and the variogram modeling were performed using the 

packages ‘gstat’ and ‘automap’. The ‘automap’ package automatically fits a variogram to the 

data and provides initial estimates for the sill (variance), range (distance at which the 

variogram reaches the sill), nugget (error measurement) and kappa (a smoothing parameter). 

A kriging prediction and a standard error maps were also generated in this procedure. 

Moran’s I was estimated using the packages ‘ape’ and ‘ncf’. ISDM was computed using the 

packages ‘iSDM’ and ‘raster’ (Hattab, 2017). SDD and LDD distributions were plotted and 

model-fitted using the packages ‘ggplot2’, ‘MASS’, ‘plyr’ and ‘nls2’. 

 

Results 

 

The use of spatial interpolation to predict and map the distribution of G. pallida cysts 

in infested fields revealed the invasion patterns of the nematode. The Akima interpolation 

method showed that G. pallida cysts are spatially-clustered particularly around the northside 

corners of the fields. In the first year of G. pallida detection in Idaho, we analyzed the 

nematode distribution in six infested fields (Bin001, Bin025, Bin026, Bin054, Bin068 and 

Bon064), and we found the presence of multiple infestation foci with high level of cyst 

densities in soil (Fig. 3.2 and 3.3). The number of infestation foci per field were: (i) Bin001, 

173; (ii) Bin025, 1,493; (iii) Bin026, 317; (iv) Bin054, 76; (v) Bin068, 22; and (vi) Bon064, 

151. The level of cyst densities per kilogram of soil per foci and associated standard error 

were: (i) Bin001, 3.17 ± 0.56; (ii) Bin025, 36.07 ± 2.39; (iii) Bin026, 13.49 ± 1.83; (iv) 

Bin054, 22.38 ± 7.74; (v) Bin068, 5.91 ± 3.34; and (vi) Bon064, 5.73 ± 1.77. Bin025 was the 

most highly infested field (P < 0.05), with major concentration of foci and cysts located in its 

northern sides, followed by a diffusion wave of infestation toward the southeast corners, with 

some pioneered-foci advancing toward the center of the field. Similar dispersal patterns were 

observed for Bin026 and Bin054. Bin001 showed the least concentration of cysts in soil, but 

with higher level of scattered-infestation foci than Bin068. We found that the dispersal 

patterns of G. pallida followed the direction of cultivation in the fields, and oriented toward 

North/South direction for most fields, except Bon064 which was East/West.  
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Kriging interpolation methods use both mathematical and statistical tools to predict 

the incidence of G. pallida cysts at all locations within the study area, and additionally 

provide prediction errors of the quality of the interpolation based on the spatial 

autocorrelation among the cyst data points. Ordinary lognormal kriging prediction showed 

similar distribution patterns of G. pallida cysts in the fields, spatially-aggregated with high 

cyst densities level in soil, and was associated with low-level of kriging standard errors (Fig. 

3.4). We found higher level of cyst concentration near the entrance of the fields, when 

comparing satellite imagery with kriging maps for most of the infested fields, which 

indicated potential contamination by agricultural equipment. We calculated the index of 

dispersion to determine whether the distribution of cysts in the fields were clustered or 

dispersed compared to the randomness associated with a Poisson process and were for: (i) 

Bin001, 0.17; (ii) Bin025, 0.08; (iii) Bin026, 0.34; (iv) Bin054, 0.24; (v) Bin068, 0.71; and 

(vi) Bon064, 0.29. The results showed that the index of dispersion were between 0 < 𝐷 < 1 

indicating that the distribution of G. pallida cysts in the fields was under-dispersed or 

clustered, and pointing to a binomial distribution. Bin025 showed the highest degree of 

nematode clustering, particularly in the northern part of the field, and Bin068 showed the 

lowest degree of nematode clustering, with a pioneered-wave of dispersion oriented toward 

northeast. 

We studied the spatial continuity of G. pallida cysts for each field using experimental 

and fitted variogram models. The experimental variograms measured the variability between 

pairs of cyst data points at various distances and fitted a non-linear model to the coefficients. 

The results showed the presence of spatial dependence associated with different distance 

ranges, where the incidence of G. pallida cysts in the fields correlated with space (Fig. 3.5). 

The experimental variograms for all fields were fitted using the Ste model (Matern, M. 

Stein’s parameterization), except for Bin054 were a Spherical model was fitted (Table 3.2). 

The distance ranges of spatial dependence were (in meters): (i) Bin001, 119; (ii) Bin025, 

2,526; (iii) Bin026, 45; (iv) Bin054, 63; (v) Bin068, 68); and (vi) Bon064, 21. Bon064 

showed the lowest range of spatial continuity because of the increased-level of variabilities in 

the repartition of cyst densities over the surface area of the field. Bin025 illustrated an 

unbounded variogram (intrinsic process), where it increased indefinitely with increasing 
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distances (over 500 m of range), mostly because of the vast and continuous extent of the field 

infestation by G. pallida cysts. We investigated the orientation of spatial dependence in the 

fields by using directional variograms and were computed using eight directions (north, 

northeast, east, southeast, south, southwest, west and northwest). We found that the spatial 

dependence was the same in all directions for all fields (isotropic process), except for 

Bin025, where spatial dependence reached a distance range of 200 m when oriented toward 

southeast and northwest directions of the field (anisotropic process) (Fig. 3.6). We computed 

the Moran’s I to the test for the presence of spatial autocorrelation and to determine the 

relationship of cyst distribution between nearby locations. We found a significant positive 

spatial autocorrelation for all fields (P = 0), which indicated that nearby cysts incidence are 

related each other, and further confirmed the presence of cyst clustering process in the fields 

(Table 3.3). 

After the detection of G. pallida, potato was not allowed to grow in infested fields 

and was replaced by two seasons of biofumigant cover crops, and the fields were treated with 

agrochemical fumigants. We conducted a spatiotemporal mapping analysis of Bin025 to 

determine the fluctuations of G. pallida cysts collected during monitoring surveys in the 

northern part of this field. We found no significant increase in the number of cysts collected 

during the first monitoring surveys in 2009 and 2010 (P > 0.05) (Fig. 3.7; Table 3.4). 

However, we found significant decrease in the number of cysts collected during the first 

monitoring surveys in 2011 and 2012 compared to previous years (P < 0.05) (Fig. 3.7; Table 

3.4). The results indicated that there were no G. pallida cysts production in Bin025, as the 

nematode was unable to reproduce and multiply in the absence of its potato host. We 

conducted similar analysis to Bin026, and we compared the fluctuations of both the number 

of cysts collected and the viability of the eggs over the years, ranging from 2009 to 2012. We 

found significant reduction of the number of cysts collected in 2012, at approximately 23%, 

compared to previous years (P < 0.05), and we also found that the viability of eggs in the 

field reached 0% in 2012 (Fig. 3.8; Table 3.5). The results indicated similar trends oriented 

towards a constant decrease in the number of cysts collected in the fields, as well as a sudden 

reduction in the viability of eggs compared to previous years. While the absence of the potato 
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host contributed in stopping the nematode reproduction, the use of chemical fumigations and 

biofumigant cover crops contributed in the reduction of the viability of the eggs. 

We modeled the force of invasion of G. pallida using ISDM to simulate the dispersal 

capabilities of the nematode in Bin025, using the raster layer data generated in the kriging 

procedure for 2007. We randomly placed thirty infestation foci over the field, and ISDM 

simulated the expansion of the foci using a negative exponential dispersal patterns under nine 

probability dispersal kernels that reflected the intensity of human activities. As the dispersal 

kernel increased, the results showed the occurrence of a stratified dispersal mechanism, 

which consisted in the growth and development of individual G. pallida foci, and the fusion 

of foci that contributed to the advance of the infestation wave front (Fig. 3.9).  

We estimated the distance separation between the primary G. pallida cysts 

concentration focus in the field from the rest of the infestation foci, and we calculated the 

percentage of cyst prevalence relative to the primary focus of infestation. We observed a 

process of a non-linear decline in the prevalence of cysts as the distance separation from the 

primary infestation focus increased (Fig. 3.10). The decline in the prevalence of cysts, at a 

rate between 35% and 48%, presented a very steep gradient near the primary infestation 

focus and shallower far from it, which indicated the presence of a travelling wave of 

infestation. A power-law model was fitted over the distribution of cyst prevalence to describe 

the SDD pattern of G. pallida in the fields. The model exhibited a fat-tailed distribution as 

the distance separation from the primary infestation focus increased (Fig. 3.10). The model 

parameters for the estimates of the power-model were significant (P < 0.001) and the 

coefficients of correlation between the observed and the model prediction values were: (i) 

Bin001, 0.52; (ii) Bin025, 0.44; (iii) Bin026, 0.47; (iv) Bin054, 0.76; (v) Bin068, 0.93; and 

(vi) Bon064, 0.86. We modeled the LDD pattern of G. pallida between fields by calculating 

the distance separation between the most infested field (Bin025) from the rest of the infested 

fields. We observed similar results in the LDD pattern of the nematode compared to SDD 

with a fat-tailed distribution as the distance separation from Bin025 increased (Fig. 3.11). 

The model parameters for the estimates was significant (P < 0.004) and the coefficient of 

correlation was 0.99. 
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Discussion 

 

Our study has provided a comprehensive analysis on the spatiotemporal and dispersal 

characteristics of G. pallida in Idaho. The patchy distribution of the cysts in the fields is well-

documented in the literature and has a biological explanation (Been and Schomaker, 2000; 

Schomaker and Been, 1999). Globodera pallida spreading is defined as density-independent 

or passive dispersal that depends on human activities in the field for short- and long-distance 

scattering. This nematode most probably arrived via agricultural equipment contaminated 

with cyst-infested soils and was distributed irregularly in the field. We observed that the 

dispersal of G. pallida followed the direction of cultivation, as illustrated in our spatial 

interpolation maps, and was spatially-stratified. The discontinuous stratified dispersal mode 

consisted in the establishment of an infestation focus, the growth and development of 

individual foci and the fusion of foci in time (Hengeveld, 1989). Been and Schomaker (2000) 

reported that that the distribution of PCN in the field was spatially-aggregated and 

continuous potato growing would cause the infestation foci to increase in size.  

The discontinuous distribution of G. pallida in the field could potentially be 

explained by the presence of a biotic component that might have negatively impacted the 

nematode reproduction in certain areas in the field (Eberlein et al., 2016). Several 

cosmopolitan antagonistic microbes are known to reduce and suppress G. pallida 

reproduction rate (Contina et al., 2017; Dandurand et al., 2016). Soil texture and pore size 

influence the migration of plant-parasitic nematodes to the roots. Rode (1962) showed that 

the migration of juveniles G. rostochiensis to the potato roots was greatest in sandy soil, 

intermediate in loamy soil, and least in clay soil. The potential presence of microvariations in 

soil texture might influence the spatial arrangement of G. pallida in the field. The patchy 

distribution could also be explained by the occurrence of genetic variation in G. pallida that 

could foster the development of metapopulations in different sections across and between 

fields (Folkertsma et al., 2001; Picard et al., 2004). However, Picard and Plantard (2006) 

showed that genetic differentiation occurred among infested fields with G. pallida at a 

distance more than 50 km of separation, where the process of isolation by distance (IBD) 

favorized the development of genetic variations. Contina et al. (2018) showed that the fields 
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infested with G. pallida in Idaho are spatially aggregated as an ellipsoidal-shaped cluster 

around a radius of 12 km, which is well below the critical distance separation for the 

occurrence of IBD genetic variations. 

The use of geostatistical tools allows precise mapping and describes the relationship 

between attribute variables and the spatial configurations. In our study, we showed that the 

incidence of G. pallida cysts in the field was correlated with space. We found that the spatial 

dependence was the same in all directions for all fields (isotropic process), except for 

Bin025, where spatial dependence reached a distance range of 200 m when oriented toward 

southeast and northwest directions of the field (anisotropic process). Spatial autocorrelation 

is an important approach for improving sampling efficiency and inference (Dinardo-Miranda 

and Fracasso, 2009; Francl, 1986; Wang et al., 2012), determine ecological patterns of 

nematode distribution (Porazinska et al. 2012), and to support the use of site-specific 

management in nematode infested fields (Avendaño et al. 2003). Spatial autocorrelation 

provides a glimpse of undergoing process of clustering and dispersal limitations of nematode 

that could be facilitate by pedogenic processes occurring in the field. Evans et al. (2003) used 

gaussian and spherical variograms to determine the ranges of spatial autocorrelation of G. 

pallida in field plots, and built kriging prediction maps to identify ‘hot spots’ of nematode 

infestations for treatment with fumigant.  

We examined the spatiotemporal distribution of G. pallida cysts and the viability of 

eggs during the years of control and eradication using chemical fumigants and biofumigants 

cover crops. We found that the absence of potato in the field contributed in stopping the 

nematode reproduction, and the use of chemical fumigations and biofumigant cover crops 

contributed in the reduction of the viability of the eggs in time. The enforcement of 

quarantine regulation in Idaho greatly contributed in restricting G. pallida infested fields to a 

small area of 1,267 ha (USDA-APHIS, 2018). As PCN can suppress potato yields by more 

than 10%, the benefits of excluding these nematodes from potato growing areas in the U.S. 

are estimated to be $300 million annually (Dwinell and Lehman, 2004; Hockland et al., 

2006). Hodda and Cook (2009) estimated, in the absence of PCN regulation, the economic 

losses for Australian agriculture could exceed $370 million. Schomaker and Been (2006) 

estimated that the mortality rate of G. rostochiensis and G. pallida, in the absence of the host, 
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was greater in the first year after potato crop (69%) than in subsequent years (20-30%), and 

the population decline was independent of nematode population density. Through quarantine, 

fumigation and regular soil testing, PCN invasions were stopped and the nematodes were 

eradicated before establishment in Israel (EPPO, 1987), Australia (EPPO, 2010) and Finland 

(EPPO, 2012).   

The proliferation of G. pallida in soil can reach the dramatic size of 35.66 eggs/g soil 

as observed in 2010 for Bin025. Globodera pallida produces only one infection cycle per 

crop cycle and causes the development of a monocyclic epidemic, characterized by a rapid 

linear-increased number of cysts in soil. Globodera pallida cysts can survive in soil for up to 

30 years in the absence of potato, and are able to disperse passively across space by human 

activities in the fields (Schomaker and Been, 1999; Turner, 1996). The initial nematode 

density in soil represents a fundamental component of disease intensity over time and space. 

In our study, both SDD and LDD of G. pallida followed a process of a non-linear decline in 

the prevalence of cysts as the distance separation from the primary infestation focus 

increased, and a power-law model was able to capture the parameters and significance of this 

process. Similarly, invasive species modeling approaches predict a traveling wave of 

conquest which is amplified in space and time by the species reproductive capacity, 

generation time, and dispersal ability (Mundt et al., 2009). The power-law model illustrates a 

fat-tailed distribution typical for LDD of plant pathogens that will contribute in time to the 

advance of the infestation fronts to uninfested areas (Gregory 1968; Madden et al., 2007). 

Recent findings showed that the rising soil temperature due to climate change could increase 

PCN adult female nematodes survival rate in soil (Skelsey et al., 2018), and as more 

nematodes reach their final life stage, the surge of inoculum in soil would reinforce the 

traveling wave of infestation, aggravating the epidemic and would certainly complicate the 

task for phytosanitary agencies. 

This study provides detailed information of the extent of G. pallida in Idaho and 

characterizes the spatiotemporal distribution of this invasive nematode in the fields. The tools 

and methods developed can be expanded to include the influences of pedogenic variations on 

the incidence of nematode propagules in the soil, as well as enabling monitoring and 

evaluation of the control and eradication program. The outputs of this study should contribute 
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to the eradication efforts of this nematode from Idaho, and should certainly inform 

regulators, policymakers and potato growers on the progress of controlling this invasive pest. 
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Table 3.1. Sampling of fields infested with Globodera pallida and the impact of eradication measures on eggs viability. 

              a Direction of cultivation was North/South. 

 

  

Fielda Area 

(ha) 

Sampling 

coverage 

Number 

of grids 

Sampling size 

kg soil/grid 
Year 

Total sampled 

soil (kg) 

Total cysts 

collected 

Cysts/kg 

soil 

Eggs/g 

soil 

Average eggs 

viability (%) 

 

 

 

Bin001 

 

 

 

18.29 

Full-field 469 2.27 2007 1,065 6,410 6.02 0.60 12.46 

 

 

Monitoring 

grids 

 

 

 

76 

 

 

9.07 

2009 2,068 67,116 32.46 3.25 1.02 

2010 1,379 54,538 39.55 3.96 0.28 

2011 1,379 54,054 39.20 3.92 0.13 

2012 689 13,155 19.09 1.91 0.00 

2014 689 14,093 20.45 2.04 0.00 

 

 

Bin025 

 

 

89.52 

Full-field 555 2.27 2007 1,260 277,496 220.23 22.02 20.03 

Monitoring 

grids 

 

59 

 

9.07 

2009 1,605 471,074 293.50 29.35 0.36 

2010 1,070 381,545 356.58 35.66 0.21 

2011 535 121,494 227.04 22.70 0.00 

 

 

Bin026 

 

 

55.08 

Full-field 1,410 2.27 2007 3,201 8,347 2.61 0.26 17.69 

 

Monitoring 

grids 

 

 

97 

 

 

9.07 

2009 2,639 54,881 20.80 2.08 0.22 

2010 1,760 44,864 25.49 2.55 0.18 

2011 1,760 37,277 21.18 2.12 0.02 

2012 880 16,211 18.43 1.84 0.00 

9
2
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Table 3.2. Sampling of fields infested with Globodera pallida and the impact of eradication measures on eggs viability. 

         a Direction of cultivation was North/South for all fields except Bon064 which was East/West. 

Fielda Area 

(ha) 

Sampling 

coverage 

Number 

of grids 

Sampling size 

kg soil/grid 
Year 

Total sampled 

soil (kg) 

Total cysts 

collected 

Cysts/kg 

soil 

Eggs/g 

soil 

Average eggs 

viability (%) 

 

 

Bin054 

 

 

57.91 

Full-field 1,466 2.27 2007 3,328 3,861 1.16 0.12 33.31 

Monitoring 

grids 

62  

9.07 

 

2009 1,687 32,180 19.08 1.91 0.58 

60 2010 1,088 23,227 21.35 2.13 0.16 

60 2011 1,088 18,595 17.09 1.71 0.14 

 

 

Bin068 

 

 

57.87 

Full-field 1,485 2.27 2008 3,371 295 0.09 0.009 9.32 

Monitoring 

grids 

 

22 

 

9.07 

2009 599 1,671 2.79 0.28 3.17 

2010 399 853 2.14 0.21 0.74 

2011 200 216 1.08 0.11 0.00 

 

 

Bon064 

 

 

60.91 

Full-field 1,505 2.27 2007 3,416 1,964 0.57 0.06 36.08 

Monitoring 

grids 

 

74 

 

9.07 

2009 2,014 10,913 5.42 0.54 0.68 

2010 1,342 9,318 6.94 0.69 0.48 

2011 1,342 6,310 4.70 0.47 0.30 

9
3
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Table 3.3. Parameters of the variogram models for each field infested with Globodera 

pallida. 

 

 

 

 

 

Table 3.4. Moran’s I values for each field infested with Globodera pallida. 

Field Observed Expected Standard deviation P-value 

Bin001 0.01 -2.14 × 10−03 2.81 × 10−03 0 

Bin025 0.16 -4.20 × 10−04 7.02 × 10−04 0 

Bin026 0.03 -7.07 × 10−04 1.08 × 10−03 0 

Bin054 0.02 -6.81 × 10−04 8.91 × 10−04 0 

Bin068 0.002 -6.74 × 10−04 5.42 × 10−04 2.38 × 10−08 
Bon064 0.009 -6.60 × 10−04 7.20 × 10−04 0 

 

 

Table 3.5. Temporal fluctuations of Globodera pallida cysts collected in Bin025. 

Year Average cysts/kg soil 

2009 74.85 ± 5.56aa 

2010 89.70 ± 7.06a 

2011 56.76 ± 4.39b 

2012 50.93 ± 3.76b 

                                                  a Same letter indicates that the means (±standard error) are not significant P > 0.05. 

 

Table 3.6. Temporal fluctuations of Globodera pallida cysts and viability of eggs in Bin026. 

Year Average cysts/kg soil Average viability of eggs (%) 

2009 5.09 ± 0.45aca 0.03 ± 5.00 × 10−05 a 

2010 6.44 ± 0.38b 0.20 ± 2. 00 × 10−04 b 

2011 5.61 ± 0.36ab 0.02 ± 3.40 × 10−05 a 

2012 4.65 ± 0.32c 0.00 ± 0.00 a 

                        a Same letter indicates that the means (±standard error) are not significant P > 0.05. 

  

Field Model Nugget Sill Range kappa 

Bin001 Ste 0 0.08 119 0.30 

Bin025 Ste 0.02 1.4 2,526 0.40 

Bin026 Ste 0 0.15 45 0.40 

Bin054 Spherical 0 0.04 63 - 

Bin068 Ste 0 0.01 68 0.20 

Bon064 Ste 0 0.03 21 0.80 
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Fig. 3.1. Map of the state of Idaho (left) and location of the potato fields infested with Globodera 

pallida in southeastern Idaho (right). In green are the distribution of potato fields along the Snake 

River (USDA-NASS, 2012) and in red are the fields infested with G. pallida (Contina et al., 2018; 

USDA-APHIS, 2018). The infestation area spans over a diameter of 25 km and encompasses the 

Counties of Bonneville and Bingham.  
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Fig. 3.2. Spatial Akima interpolation maps of Globodera pallida cysts in infested fields using USDA-

APHIS full-field sampling data at a rate of 57 kg soil/ha (2.27 kg soil per grid [400 m2]) during the 

initial G. pallida detection in Idaho. A. Bin001; B. Bin025; C. Bin026; D. Bin054; E. Bin068; F. 

Bon064. The number of cysts are log10-transformed per kg soil per grid. 
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Fig. 3.3. 3D simulation of Globodera pallida cysts distribution in infested fields using the Akima 

interpolation method. A. Bin001; B. Bin025; C. Bin026; D. Bin054; E. Bin068; F. Bon064. The 

number of cysts are log10-transformed per kg soil per grid. 
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Fig. 3.4. Spatial interpolation maps using kriging algorithms to calculate the distribution of 

Globodera pallida cysts in infested fields using USDA-APHIS full-field sampling data at a rate of 57 

kg soil/ha (2.27 kg soil per grid [400 m2]) during the initial G. pallida detection in Idaho. 

  

 Kriging prediction Kriging standard error 
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Fig. 3.5. Experimental variogram and fitted variogram model. A. Bin001 (model: Ste, nugget: 0, sill: 

0.08, range: 119, kappa: 0.3). B. Bin025 (model: Ste, nugget: 0.02, sill: 1.4, range: 2,526, kappa: 0.4). 

C. Bin026 (model: Ste, nugget: 0, sill: 0.15, range: 45, kappa: 0.4). D. Bin054 (model: Spherical, 

nugget: 0, sill: 0.04, range: 63). E. Bin068 (model: Ste, nugget: 0, sill: 0.01, range: 68, kappa: 0.2). F. 

Bon064 (model: Ste, nugget: 0, sill: 0.03, range: 21, kappa: 0.8).   
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Fig. 3.6. Directional variograms for Bin025 showing the presence of anisotropic process in the spatial 

distribution of Globodera pallida in the field. The directional variograms were computed using eight 

directions (north [0], northeast [45], east [90], southeast [135], south [180], southwest [225], west 

[270], and northwest [315]). Spatial dependence reached a distance range of 200 m when oriented 

toward southeast and northwest directions of the field. 
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Fig. 3.7. Spatiotemporal fluctuations of Globodera pallida cysts number for Bin025 during sampling 

of the monitoring grids using USDA-APHIS part-field sampling data at a rate of 227 kg soil/ha (9.07 

kg soil per grid [400 m2]). 
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Fig. 3.8. Spatiotemporal fluctuations of Globodera pallida cysts number and viability of eggs for 

Bin026 during sampling of the monitoring grids using USDA-APHIS part-field sampling at a rate of 

227 kg soil/ha (9.07 kg soil per grid [400 m2]). 
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Fig. 3.9. Simulations of Globodera pallida spreading in Bin025 field in the absence of control 

measures using the invasive species distribution models (ISDM) to compute a negative exponential 

dispersal patterns with different probability kernel density function.  
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Fig. 3.10. A power-law model was fitted into the distribution of cyst prevalence for each field to 

explain the short-distance dispersal pattern of G. pallida. The model parameters were: Bin001 (𝑦 =

37.49 × 𝑥−0.35, 𝑃 < 0.001, 𝑟 = −0.52); Bin025 (𝑦 = 44.76 × 𝑥−0.36, 𝑃 < 0.001, 𝑟 = −0.44); 

Bin026 (𝑦 = 36.80 × 𝑥−0.35, 𝑃 < 0.001, 𝑟 = −0.47); Bin054 (𝑦 = 30.35 × 𝑥−0.40, 𝑃 < 0.001, 𝑟 =

−0.76); Bin068 (𝑦 = 25.92 × 𝑥−0.45, 𝑃 < 0.001, 𝑟 = −0.93); and Bon064 (𝑦 = 23.91 ×

𝑥−0.48, 𝑃 < 0.001, 𝑟 = −0.86). 
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Fig. 3.11. A power-law model was fit into the distribution of cyst prevalence to explain the long-

distance dispersal pattern of Globodera pallida. The model parameters were: 𝑦 = 0.53 × 𝑥−1.75, 𝑃 <

0.004, 𝑟 = −0.99. 
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Chapter 4: A Predictive Risk Model Analysis of the Potato Cyst Nematode Globodera 

pallida in Idaho 

 

Abstract 

 

 Globodera pallida is a major nematode pest of potato (Solanum tuberosum) and is of 

great economic importance for the potato industry. Assessing potato yield loss caused by the 

Idaho G. pallida population under field conditions was not performed due to its quarantine 

status in Idaho where it is prohibited by regulatory statutes to grow potato in any infested 

fields. The experimental data came from three trials that were conducted under greenhouse 

conditions. A predictive risk model analysis was performed to: (i) determine the effect of the 

Idaho population of G. pallida on potato yield; (ii) estimate reproduction rate from different 

initial nematode densities; and (iii) simulate potato yield losses in Idaho field conditions by 

integrating the coefficients of potato yield into the SUBSTOR-DSSAT crop simulation 

model. Experiments were conducted under greenhouse conditions using five initial G. pallida 

soil infestation levels (0, 10, 20, 40 and 80 eggs/g soil). The coefficients of potato yield 

achieved under each initial nematode density were integrated into the SUBSTOR-DSSAT 

potato growth simulation model. The model showed that tuber weight reached a maximum 

yield of 96 ton/ha in non-infested soil. Based on the greenhouse trials, the model predicted a 

minimum yield of 12 and 58 ton/ha in trial 1 and trial 2/3 respectively, when initial nematode 

density was 80 eggs/g soil. In trial 1, tuber weight was significantly reduced by 44% at 40 

eggs/g soil and by 87% at 80 eggs/g soil, and 20% at 40 eggs/g soil and by 39% at 80 eggs/g 

soil in trial 2/3. The outputs of this study should facilitate common understandings between 

regulators, policymakers and potato growers on the challenges and opportunities for 

controlling this economically important pest in Idaho. 
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Introduction 

 

The potato cyst nematode Globodera pallida (Behrens, 1975; Stone, 1972) is a 

globally regulated and an economically important potato pest (CABI, 2018; Hodda and 

Cook, 2009). Globodera pallida and Globodera rostochiensis (Wollenweber, 1923; 

Skarbilovich, 1959), both potato cyst nematodes, co-evolved with potato and other native 

Solanum species in the Andean Region of South America (Grenier et al., 2001; Picard et al., 

2004). Potato cyst nematodes were first observed on potato roots in Germany in 1881, before 

spreading worldwide (CABI, 2018; Grenier et al., 2001; Wollenweber, 1923). According to 

recent survey data, G. rostochiensis has been detected in 68 countries and G. pallida in 48 

(CABI, 2018). 

Globodera pallida is a specialized obligate sedentary endoparasite that can survive in 

the soil for up to 30 years in the absence of its potato host (Turner, 1996). The major plant 

hosts of Globodera spp. are restricted to Solanaceae, in particular potato, tomato and 

aubergine (Mai, 1952; Roberts and Stone, 1981). Globodera pallida is spread mainly through 

soil, tubers or farm equipment contaminated with cysts (Evans and Stone, 1977). In highly 

infested fields, G. pallida can reduce tuber yields up to 80% (Talavera et al. 1998; Vasyutin 

and Yakovleva, 1998). In Europe, where resistant varieties are available, potato cyst 

nematodes have been estimated to reduce potato production by 9% annually (Turner and 

Rowe, 2006). In the UK, potato cyst nematodes are the second most economically important 

potato pest after late blight, costing £26 million per year in potato yield loss (Twining et al., 

2009). In the UK, following the widespread planting of potato cultivars resistant to only G. 

rostochiensis, an increase in G. pallida infestations was observed (Minnis et al., 2002). 

Potato cyst nematodes are found in 64% of the potato fields in the UK, with G. pallida found 

in over 90% of infestations (Minnis et al., 2002).   

In the United States, G. pallida was found in southeastern Idaho in 2006 in two potato 

fields in Bingham County (Hafez et al., 2007). The U.S. Department of Agriculture’s Animal 

and Plant Health Inspection Service (USDA-APHIS) and the Idaho State Department of 

Agriculture (ISDA) have listed G. pallida as a quarantine pest for Idaho under Title 7 CFR 

301.86 Federal Regulation. USDA-APHIS and ISDA have implemented a containment and 

eradication program to prevent G. pallida spread to other potato fields. In fields infested with 
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G. pallida, the program outlines: (i) restrictions on the movement of soil and plant materials; 

(ii) prohibition of planting potato and other solanaceous crops; and (iii) sanitation procedures 

for farm equipment. Chemical application with the nematicide Telone II (1,3-

dichloropropene) is being conducted in infested fields as part of the G. pallida eradication 

program and Solanum sisymbriifolium ‘litchi tomato’ is under field scale trials in infested 

fields (USDA-APHIS, 2018). The regulated area includes portions of northern Bingham and 

southern Bonneville Counties and is currently limited to 3,057 hectares, of which 1,326 ha 

are fields infested with G. pallida (USDA-APHIS, 2019). 

Idaho is the largest producer, packer and processor of potatoes in the U.S. with a 

production value of $1.19 billion in 2017 (USDA-NASS, 2018). In 2017, the U.S. value of 

potato production is estimated to $4.56 billion, and Japan, Canada, Mexico and South Korea 

are the top customers of U.S. potatoes (USDA-NASS, 2018). The presence of G. pallida in 

Idaho constitutes a considerable threat for the potato industry and resistance to this nematode 

in russet-type potato cultivars is currently unavailable for the U.S. (Whitworth et al., 2018). 

However, the extent of G. pallida in Idaho is limited to a small area with low nematode 

population levels and represents less than 1% of annual potato production areas. Contina et 

al. (2018) showed that the fields infested with G. pallida in Idaho are spatially aggregated as 

an ellipsoidal-shaped cluster around a radius of 12 km. Globodera pallida spread followed a 

contagion effect scenario, where infested fields contributed to the infestation of nearby fields, 

probably through soil contaminated agricultural equipment (Contina et al., 2018). The 

presence of G. pallida in Idaho is unlikely to be associated with new introductions from 

outside the state (Contina et al., 2018). USDA-APHIS quarantine and eradication programs 

are monitoring the presence of G. pallida in potato fields through intensive soil sampling and 

testing at regular time intervals. Research on the control of G. pallida in Idaho is focused on 

developing resistant potato varieties, trap crops, biofumigants and biocontrol agents (Contina 

et al., 2017; Dandurand and Knudsen, 2016; Dandurand et al., 2017; Whitworth et al., 2018). 

Quantitative research on plant nematode disease epidemics are focused on: (i) 

modeling the relationship between initial (Pi) and final (Pf) egg densities; and (ii) evaluating 

the impacts of nematode infection on host growth (Brodie, 1996; Ferris, 1985; Jones et al., 

1967; Jones and Kempton, 1978; LaMondia and Brodie, 1986; Seinhorst, 1965; Seinhorst 

and Ouden, 1971). Potato cyst nematodes produce only one infection cycle per crop cycle 
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and cause the development of monocyclic disease. In monocyclic epidemics, the initial 

nematode inoculum represents a fundamental component of disease intensity over time 

(Seinhorst, 1965). The early stages of monocyclic epidemics are characterized by a linear 

model, and a reduction in the initial inoculum or the rate of infection will result in a reduction 

of the disease level by the same proportion at any time throughout the epidemic (Madden et 

al., 2007). Pylypenko (1999) reported a linear relationship for G. rostochiensis; for a resistant 

potato cultivar, 55 eggs per gram soil were associated with a 3.3% yield loss, whereas a 

37.7% yield loss was observed for susceptible variety; but populations of 121 eggs per gram 

soil were associated with losses of 16.9% and 63.3%, respectively. 

The main objective of crop disease modeling is to capture and understand the 

determinants of epidemic development in order to develop comprehensive disease 

management and control programs. The pathogen reproduction rate, considered as a measure 

of disease risk, provides quantitative information on the disease development and provides a 

basis for developing disease control programs that will reduce crop losses and disease 

incidence (Madden and Nutter, 1995; Savary et al., 2006). The goals of disease management 

and control (Nutter, 2001; Zadoks, 1985) are to: (i) eliminate or reduce the initial pathogen 

inoculum; (ii) reduce the disease infection rate; and (iii) reduce the time of pathogen-host 

interactions to reduce disease intensity. 

Risk in plant disease is considered as the probability of occurrence of a disease 

incidence or severity (Luo et al., 1998; Teng and Yuen, 1991). The information can be 

obtained from the probability distribution where the mean and its deviation can be estimated 

(Luo et al., 1998), and from Monte-Carlo simulation (Teng and Yuen, 1991). Simulation 

modeling using crop growth model provides detailed analysis and prediction of risk of yield 

losses (Luo et al., 1998; Teng and Savary, 1992). The Decision Support System for 

Agrotechnology Transfer (DSSAT) was developed by the International Benchmark Sites 

Network for Agrotechnology Transfer (IBSNAT) to facilitate the application of crop models 

into agronomic research (Jones et al., 1998, 2003). DSSAT integrates growth models for over 

40 different crops and is supported by a cluster of applications for weather, soil, genetic, crop 

management, and observational experimental data with example data sets for all growth 

models (Hoogenboom et al., 2017). The Simulation of Underground Bulking Storage Organs 
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(SUBSTOR) potato crop model, incorporated into DSSAT, has been tested and validated 

under a wide range of environmental conditions (Griffin et al., 1993; Raymundo et al., 2017).  

There is a need to integrate crop pest into crop growth models for a comprehensive 

approach to disease management and control strategies. Jones et al. (1985) integrated the 

effects of soybean looper (Pseudoplusia includens), corn earworm (Heliothis spp.) and 

southern green stinkbug (Nezara virdula L.) in the SOYGRO model. Bourgeois (1989) 

developed a cercospora late leaf spot model and combined it with the Peanut Growth 

(PNUTGRO) model. Willocquet et al. (2002) coupled crop growth model simulating rice 

yield response to multiple pest injuries for tropical Asia. However, extensive research efforts 

are required to incorporate pest models into crop growth models. Collecting data on pest 

initial inoculum, infection rates, damage quantifications and population genetics composition 

is a difficult task. Nevertheless, this approach for connecting pest models with crop models 

will extend the practical applications of crop models to wide-ranging problems (Batchelor et 

al., 1993; Boote et al., 1983; Donatelli et al., 2017).  

This study is focused on investigating the risk of potato yield losses caused by G. 

pallida as a result of initial nematode densities using the potato growth model in the 

SUBSTOR-DSSAT crop simulation system. Assessing potato yield loss caused by the Idaho 

G. pallida population was not performed under field conditions due to its quarantine status in 

Idaho where it is prohibited by regulatory statutes to grow potato in any infested fields. The 

experimental data came from two trials, using five different G. pallida initial nematode 

densities in soil that were conducted in greenhouse environment. The objectives of this study 

were to: (i) determine the effect of G. pallida initial nematode densities on potato yield; (ii) 

determine the nematode reproduction rate; and (iii) simulate the risk of potato yield losses in 

Idaho field conditions by integrating the coefficients of potato yield into the SUBSTOR-

DSSAT crop simulation model. The main goal of this study is to inform policymakers, 

stakeholders and the public in general of the threats posed by G. pallida for the U.S. potato 

industry. 
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Materials and Methods 

 

Propagation of G. pallida and plant material culture. Cysts were obtained from 

infested potato fields in Shelley, Idaho, and were propagated on the susceptible potato 

cultivar ‘Désirée’ under greenhouse conditions of 18˚C ± 2˚C and 16:8-h light: dark period 

(Contina et al., 2017; Dandurand and Knudsen, 2016; Dandurand et al., 2017; Kooliyottil et 

al., 2016). After 16 weeks of growth, G. pallida cysts were recovered from soil using the 

USDA cyst extraction method (USDA-APHIS, 2009), and stored at 4˚C prior experimental 

use. The identity of G. pallida was assessed and confirmed by morphological and molecular 

methods (Skantar et al., 2007). Cysts, with 50% hatching rate, 90% egg viability and 300 

eggs/cyst, were surfaced-sterilized in a solution of 0.3% NaOCl for 5 min and rinsed 

thoroughly with sterile distilled water. Cysts were placed inside a sterile nylon mesh bags 

(McMaster Carr, Elmhurst, IL) with a 250 µm of mesh opening. The nylon mesh was sealed 

along the edges with a hand sealer (Sealer 8” F-200, Sealer sales Inc., Northridge, CA), and 

were placed in sterile distilled water for hydration for 3 days before adding to soil. Potato 

plants (Solanum tuberosum) ‘Désirée’ cv, classified as certified disease free (from the 

Nuclear Potato Seed Program, University of Idaho), were grown from tissue culture plantlets 

in standard media (Murashige and Skoog, 1962) for 4 weeks prior to transplanting.  

Effect of G. pallida initial inoculum densities on potato yield. Three trials were 

conducted using Prosser fine sandy loam soil, which was air-dried and sieved through a 5-

mm mesh. A 2:1 sand: soil mixture (56% sand, 35% silt, 8% clay, pH 7.0) was autoclaved 

twice for 90 min at 121˚C prior to experimental use. A 15-cm diameter size Terra Cotta clay 

pot (The Home Depot, Atlanta, GA) was used and each clay pot contained 1.5 kg soil mix. 

There were five different levels of G. pallida initial nematode densities (0, 10, 20, 40 and 80 

eggs/g soil), as treatments. The initial G. pallida densities used in this study represent the 

upper-level of nematode densities associated with yield loss showed by the Seinhorst model 

for potato cyst nematode (Seinhorst and Den Ouden, 1971; Ward et al., 1985). Treatments 

included 10 replicates and were arranged in a completely randomized block design. Pots 

were maintained under greenhouse conditions of 18˚C ± 2˚C, 60% relative humidity and 

16:8-h light: dark period. Pots were watered twice daily in the amount of 100 ml of water and 
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fertilized once a week using Jack’s classic garden fertilizer 20-20-20 (JR Peters Inc., 

Allentown, PA) applied at a rate of 0.5 g/ l water. 

Potato growth and nematode reproduction assessments. After 12 weeks, potato 

above-ground (top), roots and tubers were weighted as fresh and dry in a scale, and were 

expressed in gram (Thermo Fisher Scientific, Waltham, MA). Cysts were extracted from soil 

using the USDA cyst extraction method (USDA-APHIS, 2009). Extracted cysts were crushed 

in 100 µl of sterile distilled water and eggs were counted under a dissecting microscope 

(Leica M80, Leica Microsystems, Wetzlar, Germany). Nematode reproduction rate (Rf) was 

calculated based on the ratio of the final egg population density (Pf) over the initial egg 

population density (Pi) per gram of soil. 

SUBSTOR-DSSAT potato crop simulation models. The SUBSTOR-potato model 

inputs are daily weather data, soil profile parameters, cultivar parameters and crop 

management information (Singh et al., 1998). The model simulates the daily dynamics of 

phenology, biomass and yield accumulation. There are five phenological stages in the model 

(Griffin et al., 1993; Singh et al., 1998): (i) pre-planting; (ii) planting to sprout germination; 

(iii) sprout germination to emergence; (iv) emergence to tuber initiation; and (v) tuber 

initiation to maturity. The SUBSTOR-potato models are designed to simulate growth and 

development under (Singh et al., 1998): (i) non-limiting conditions; (ii) water limited 

conditions; or (iii) water and nitrogen limited conditions. 

All growth stages are affected by temperature in root and tuber growth (RTFSOIL). 

Tuber initiation (TI) is a function of daylength and temperature and is also influenced by 

plant nitrogen level and soil water deficit (Griffin et al., 1993; Singh et al., 1998). The model 

uses potato cultivar coefficient (P2) and photoperiod (PHPER) to determine the relative 

daylength factor for tuber initiation (RDLFTI), and is defined as: 

𝑅𝐷𝐿𝐹𝑇𝐼 = (1 − 𝑃2) + 0.00694 × 𝑃2 × (24 − 𝑃𝐻𝑃𝐸𝑅)2 

The model estimates a tuber induction index (TII) at the beginning of emergence, and is 

defined as: 

𝑇𝐼𝐼 = (𝑅𝑇𝐹𝑇𝐼 × 𝑅𝐷𝐿𝐹𝑇𝐼) + 0.5 × [1 − 𝐴𝑀𝐼𝑁1 (𝑆𝑊𝐷𝐹2, 𝑁𝐷𝐸𝐹2)] 

where, AMIN1 (SWDF2, NDEF2) simulates water stress (SWDF2) or nitrogen deficiency 

(NDEF2).  

Potato growth in the model is maintained by the carbohydrate resource from the seed  
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piece (SEEDAV) during the pre-emergence phase, and continues to support post-emergence  

growth up to a plant leaf area (PLA) of 400 cm2 per plant (Griffin et al., 1993; Singh et al., 

1998). In the post-emergence vegetative growth stage, potential photosynthetic carbohydrate 

assimilation (PCARB) is defined as:  

𝑃𝐶𝐴𝑅𝐵 = 𝑅𝑈𝐸 ×
𝑃𝐴𝑅

𝑃𝐿𝐴𝑁𝑇𝑆
× (1 − 𝑒(−𝑘 × 𝐿𝐴𝐼)) 

where, RUE is the solar radiation, PAR is the percentage of incoming radiation, k is an 

extinction coefficient and LAI is the leaf area index. 

The actual daily carbohydrate accumulation (CARBO) is calculated as: 

𝐶𝐴𝑅𝐵𝑂 = 𝑃𝐶𝐴𝑅𝐵 × 𝐴𝑀𝐼𝑁1 (𝑃𝑅𝐹𝑇, 𝑆𝑊𝐷𝐹1, 𝑁𝐷𝐸𝐹1) + 0.5 × 𝐷𝐷𝐸𝐴𝐷𝐿𝐹 

where, PRFT is the effects of non-optimal temperature on CARBO and DDEADLF is the 

carbohydrate translocation in senesced leaves prior to abscission. 

The potential tuber growth (PTUBGR) is a function of maximum tuber growth rate (G3) and 

temperature, and is defined as: 

𝑃𝑇𝑈𝐵𝐺𝑅 = 𝐺3 ×
𝑅𝑇𝐹𝑆𝑂𝐼𝐿

𝑃𝐿𝐴𝑁𝑇𝑆
 

The actual tuber growth (GROTUB) is influenced by water and nitrogen stress, and tuber sink 

strength (TIND) as: 

𝐺𝑅𝑂𝑇𝑈𝐵 = 𝑃𝑇𝑈𝐵𝐺𝑅 × 𝐴𝑀𝐼𝑁1 (𝑆𝑊𝐷𝐹2, 𝑁𝐷𝐸𝐹2) × 𝑇𝐼𝑁𝐷 

The potential leaf expansion (PLAG) is estimated by the genetic coefficient for maximum 

leaf expansion (G2), a temperature factor (RTFVINE), water and nitrogen stress, and is 

expressed as: 

𝑃𝐿𝐴𝐺 = 𝐺2 ×
𝑅𝑇𝐹𝑉𝐼𝑁𝐸

𝑃𝐿𝐴𝑁𝑇𝑆
× 𝐴𝑀𝐼𝑁1 (𝑆𝑊𝐷𝐹2, 𝑁𝐷𝐸𝐹2) 

Weather data for southeastern Idaho was obtained from AgriMet Cooperative 

Agricultural Weather Network for the Pacific Northwest Region (AgriMet, 2018). Ashton, 

ID weather station (AHTI) was used to generate the following weather parameters from 1988 

to 2017: (i) minimum daily air temperature (˚F); (ii) maximum daily air temperature (˚F); (iii) 

daily precipitation (in); and (iv) daily global solar radiation (langleys). AHTI weather data 

was saved as a text file and WeatherMan, a DSSAT application, was used to import the data 

into DSSAT weather database. Prior to import, WeatherMan converted the units for 

temperature in Celsius (˚C), rain in millimeter (mm) and solar radiation in megajoule per 
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square meter (MJ/m2). We used a pre-built simulation model in DSSAT based on validated 

data from a potato growth experiment conducted in Hermiston, OR (OSBO 8801) 

(Hoogenboom et al., 2017; Jones et al., 2003), and was modified to include the southeastern 

Idaho weather data (AHTI) and sandy loam soil data from Aberdeen, ID. The genetic 

coefficients for the potato cultivar ‘Désirée’ used in DSSAT included (Hoogenboom et al., 

2017; Jones et al., 2003): (i) daily leaf expansion rate (G2) 2000 cm2/m2; (ii) daily potential 

tuber growth rate (G3) 25.0 g/m2; (iii) index that suppresses tuber growth during the period 

that immediately follows tuber induction (PD) 0.9; (iv) tuber initiation sensitivity to 

photoperiods (P2) 0.6; and (v) temperature for tuber initiation 16˚C. 

Integrating yield coefficients to SUBSTOR-DSSAT potato crop model. Potato 

yield coefficient was calculated by comparing yields in G. pallida non-infested with infested 

soil, and can be expressed by: 

𝑌𝑐𝑜𝑒𝑓𝑓 = 1 − [
(𝑌0 − 𝑌𝑛)

𝑌0
] 

where, (𝑌𝑐𝑜𝑒𝑓𝑓) is the potato yield coefficient, (𝑌0) is the yield in G. pallida non-infested soil 

and (𝑌𝑛) is the yield in infested soil at different levels of G. pallida initial nematode densities 

(𝑛). The expression [
(𝑌0−𝑌𝑛)

𝑌0
] × 100 represents the percentage of yield loss. 

The application of yield coefficient to crop model variables can be expressed by: 

𝑌𝑖𝑗 = 𝑌𝑖 × 𝑌𝑐𝑜𝑒𝑓𝑓 

where, (𝑌𝑖𝑗) is the potential potato yield after G. pallida damage and (𝑌𝑖) is the potential 

yield without G. pallida damage. 

The coupling points for yield coefficients in the potato crop model, as defined in the 

DSSAT v.4.7.0 software (Hoogenboom et al., 2017; Jones et al., 2003), were: (i) above-

ground weight (CWAD), expressed as kilogram dry-matter per hectare (kg[dm]/ha ); (ii) root 

weight (RWAD) (kg[dm]/ha); (iii) tuber dry weight (UWAD) (kg[dm]/ha) and fresh weight 

(UYAD) (ton[fm]/ha); and (iv) total plant weight (TWAD) (kg[dm]/ha). 

Data analysis. Statistical data analyses were performed using R version 3.5.2 (R 

Core Team, 2018). Analysis of variance and generalized linear models were performed to 

analyze the effect of G. pallida initial nematode densities on potato growth parameters with 

significant differences occurring at level of P ≤ 0.05. Tukey’s HSD test was performed to 
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compare the mean differences for each level of initial nematode density with significant 

differences occurring at level of P ≤ 0.05. Linear regression analyses were performed to 

model the relationship between initial nematode densities (predictors) and potato growth 

parameters (responses). Pearson correlation coefficient was used to assess the strength of the 

regression models with significant differences occurring at level of P ≤ 0.05. A Bayesian 

analysis was performed to generates a sample from the posterior distribution of a linear 

regression model with Gaussian errors using Gibbs sampling in a random univariate Markov 

Chain Monte Carlo simulation (MCMC) with 10,000 sampling size per chain (Martin et al., 

2011). A generalized additive model (GAM) was performed to model the relationship 

between dry root weight and G. pallida reproduction rate using a non-linear smooth function 

to model and capture the non-linearities in the data (Hastie and Tibshirani, 1990). The 

following R packages were used: (i) ‘agricolae’ for performing a Tukey’s HSD comparison 

test; (ii) ‘ggplot2’ for plotting DSSAT simulation output; (iii) ‘MCMCpack’ for performing a 

Bayesian inference using posterior simulation; and (iv) ‘mgcv’ for fitting a GAM model to 

the data by using a Gauss-Seidel backfitting algorithm method. 

 

Results 

 

Potato growth assessment. For potato growth and G. pallida reproduction 

assessments, no significant differences as determined by the analysis of variance, were 

detected between trial 2 and trial 3 (P > 0.05), therefore experimental data from both trials 

were combined (trial 2/3). In trial 1, fresh and dry top weights were significantly reduced by 

73% and 81%, respectively, when G. pallida initial nematode densities were at 80 eggs/g soil 

compared to non-infested soil (P ≤ 0.05) (Table 4.1). Dry root weight significantly decreased 

by 88% at 80 eggs/g soil compared to non-infested soil (P ≤ 0.05) (Table 4.1). Fresh tuber 

weight was significantly reduced by 44% at 40 eggs/g soil and by 87% at 80 eggs/g soil, and 

dry tuber weight was significantly reduced by 34% at 40 eggs/g soil and by 86% at 80 eggs/g 

soil compared to non-infested soil (P ≤ 0.05) (Table 4.1). Overall, total dry plant weight 

decreased significantly by 43% at 40 eggs/g soil and by 84% at 80 eggs/g soil compared to 

non-infested soil (P ≤ 0.05) (Table 4.1). Tubers produced per plant showed a propensity to 

increase in number at 10, 20 and 40 eggs/g soil, with a significant 30% increase in the 
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number of tubers at 20 eggs/g soil (P ≤ 0.05), however the number of tubers was significantly 

reduced by 54% at 80 eggs/g soil compared to non-infested soil (P ≤ 0.05) (Table 4.2). 

Furthermore, fresh tuber weight per unit was significantly reduced by 30% at 40 eggs/g soil 

and by 79% at 80 eggs/g soil, and dry tuber weights per unit was significantly reduced by 

31% at 40 eggs/g soil and 82% at 80 eggs/g soil compared to non-infested soil (P ≤ 0.05) 

(Table 4.2). 

In trial 2/3, no significant weight reductions were observed for fresh and dry top at 

any level of G. pallida initial nematode densities, and no significant dry root weight 

reduction was detected compared to non-infested soil (P > 0.05) (Table 4.1). However, fresh 

tuber weight was significantly reduced by 20% at 40 eggs/g soil and by 39% at 80 eggs/g 

soil, and dry tuber weight was significantly reduced by 20% at 40 eggs/g soil and by 42% at 

80 eggs/g soil compared to non-infested soil (P ≤ 0.05) (Table 4.1). Overall, total dry plant 

weight decreased significantly by 36% at 80 eggs/g soil compared to non-infested soil (P ≤ 

0.05) (Table 4.1). Tubers produced per plant showed a propensity to increase in number at 10 

and 20 eggs/g soil, with a significant 19% increase in the number of tubers at 20 eggs/g soil 

(P ≤ 0.05), before dropping at 40 and 80 eggs/g soil (Table 4.2). Furthermore, fresh tuber 

weight per unit was significantly reduced by 30% at 40 eggs/g soil and by 39% at 80 eggs/g 

soil, and dry tuber weight per unit was significantly reduced by 28% at 40 eggs/g soil and by 

42% at 80 eggs/g soil compared to non-infested soil (P ≤ 0.05) (Table 4.2). 

Globodera pallida reproduction assessment. Trial 1 showed significant increased 

proliferation of G. pallida cysts in dry potato roots for each increasing level of initial 

nematode densities in soil (P ≤ 0.05) (Table 4.3): (i) 1,903 cysts/g root at 10 eggs/g soil; (ii) 

1,572 cysts/g root at 20 eggs/g soil; (iii) 2,699 cysts/g root at 40 eggs/g soil; and (iv) 36,933 

cysts/g root at 80 eggs/g soil. Similar increased proliferation patterns of G. pallida cysts were 

observed in soil (Table 4.3): (i) 0.80 cysts/g soil at 10 eggs/g soil; (ii) 0.95 cysts/g soil at 20 

eggs/g soil; and (iii) 1.19 cysts/g soil at 40 eggs/g soil; however, at 80 eggs/g soil the number 

of cysts per gram of soil was lowered to 0.56. The number of eggs per cyst decreased 

significantly at each increasing level of initial nematode densities (P ≤ 0.05) (Table 4.3): (i) 

588 eggs/cyst at 10 eggs/g soil; (ii) 535 eggs/cyst at 20 eggs/g soil; (iii) 465 eggs/cyst at 40 

eggs/g soil; and (iv) 324 eggs/cyst at 80 eggs/g soil. Globodera pallida reproduction rate 

(final population/initial population, Pf/Pi) decreased significantly at each increasing level of 
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initial nematode densities in soil (P ≤ 0.05) (Table 4.3): (i) 47.25 at 10 eggs/g soil; (ii) 25.51 

at 20 eggs/g soil; (iii) 14.18 at 40 eggs/g soil; and (iv) 2.45 at 80 eggs/g soil. 

Trial 2/3 showed significant increased proliferation of G. pallida cysts in dry potato 

roots for each increasing level of initial nematode densities in soil (P ≤ 0.05) (Table 4.3): (i) 

562 cysts/g root at 10 eggs/g soil; (ii) 1,090 cysts/g root at 20 eggs/g soil; (iii) 1,263 cysts/g 

root at 40 eggs/g soil; and (iv) 2,292 cysts/g root at 80 eggs/g soil. Similar increased 

proliferation patterns of G. pallida cysts were observed in soil (Table 4.3):(i) 0.48 cysts/g soil 

at 10 eggs/g soil; (ii) 0.73 cysts/g soil at 20 eggs/g soil; (iii) 0.79 cysts/g soil at 40 eggs/g 

soil; and (iv) 0.89 cysts/g soil at 80 eggs/g soil. The number of eggs per cyst decreased 

significantly at each increasing level of initial nematode densities (P ≤ 0.05) (Table 4.3): (i) 

439 eggs/cyst at 10 eggs/g soil; (ii) 424 eggs/cyst at 20 eggs/g soil; (iii) 389 eggs/cyst at 40 

eggs/g soil; and (iv) 368 eggs/cyst at 80 eggs/g soil. Globodera pallida reproduction rate 

(Pf/Pi) decreased significantly at each increasing level of initial nematode densities in soil (P 

≤ 0.05) (Table 4.3): (i) 19.90 at 10 eggs/g soil; (ii) 14.43 at 20 eggs/g soil; (iii) 7.52 at 40 

eggs/g soil; and (iv) 4.10 at 80 eggs/g soil. 

Modeling the relationship between G. pallida initial nematode densities and 

potato growth parameters.  Trial 1 showed strong and significant negative linear 

relationships between initial nematode densities in soil (predictors) and potato growth 

parameters (response variables) (P < 0.001) (Table 4.4). Pearson correlation coefficient (R2), 

a measure of strength in linear relationships, were for: fresh top (0.47), dry top (0.47), dry 

root (0.52), fresh tuber (0.61), dry tuber (0.60) and total dry plant (0.56). Bayesian regression 

analysis, a method to measure the posterior probability distributions in linear relationships, 

for total dry plant showed that the 97.5% confidence interval was for (Fig. 4.1; Table 4.5): (i) 

the intercept (15.96 and 19.80); (ii) the initial nematode densities (-0.23 and -0.14); and (iii) 

the residual error variance σ2 (15.15 and 34.13).  

Trial 2/3 also showed a significant negative linear relationship between initial 

nematode densities in soil and potato growth parameters (P < 0.001) (Table 4.4). Pearson 

correlation coefficient (R2) were for: fresh top (0.03), dry top (0.05), dry root (0.10), fresh 

tuber (0.20), dry tuber (0.20) and total dry plant (0.20). Bayesian regression analysis for total 

dry plant showed that the 97.5% confidence interval was for (Fig. 4.2; Table 4.5): (i) the 
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intercept (22.18 and 25.85); (ii) the initial nematode densities (-0.16 and -0.07); and (iii) the 

residual error variance σ2 (31.34 and 54.98). 

Modeling the relationship between G. pallida initial nematode densities and 

nematode reproduction rate. Trial 1 showed a strong and significant negative linear 

relationship between initial nematode densities and nematode reproduction rate (R2 = 0.60, P 

< 0.001) (Table 4.6). Similar results were observed for trial 2/3 (R2 = 0.52, P < 0.001) (Table 

6). A generalized additive model (GAM) was performed to model the relationship between 

dry root weight and G. pallida reproduction rate using a non-linear smooth function to model 

and capture the non-linearities in the data. Trial 1 showed a positive and significant non-

linear relationship between dry root weight and G. pallida reproduction rate with a 

correlation coefficient r = 0.91 (P < 0.001) (Fig. 4.3). Similar results were observed in trial 

2/3 with a correlation coefficient r = 0.34 (P = 0.01) (Fig. 4.3). 

SUBSTOR-DSSAT potato growth simulation and G. pallida impact assessment. 

The coefficients of potato yield achieved under each initial nematode density for each potato 

growth parameters were integrated into the SUBSTOR-DSSAT potato growth simulation 

model (Table 4.7). The model simulated the potential yield for potato dry top, dry root, fresh 

and dry tubers, and total dry plant for each G. pallida initial nematode densities under Idaho 

weather and field conditions. In trial 1, 103 days after planting (DAP), potato dry top reached 

a maximum yield of 6,427 kg/ha under G. pallida non-infested soil and reached a minimum 

yield of 1,221 kg/ha at G. pallida initial nematode density of 80 eggs/g soil (Fig. 4.4A.). 

From 149 to 168 DAP, potato dry root reached a maximum yield of 1,804 kg/ha in non-

infested soil and reached a minimum yield of 217 kg/ha at initial nematode density of 80 

eggs/g soil (Fig. 4.4B). At 149 DAP, potato dry and fresh tubers reached a maximum yield of 

19,145 kg/ha and 96 ton/ha, respectively, in non-infested soil and reached a minimum yield 

of 2,680 kg/ha and 12 ton/ha, respectively, at initial nematode density of 80 eggs/g soil (Fig. 

4.5AB). At 148 DAP, potato total dry plant reached a maximum yield of 23,911 kg/ha in 

non-infested soil and reached a minimum of 3,826 kg/ha at 80 eggs/g soil (Fig. 4.6). In trial 

2/3, similar potato yields are reported under G. pallida non-infested soil, corresponding to 

each potato growth parameters. At G. pallida initial nematode density of 80 eggs/g soil, the 

following minimum potato yields were observed (Fig. 4.7AB; 4.8AB; 4.9): (i) dry top (5,399 
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kg/ha); (ii) dry root (1,137 kg/ha); (iii) dry tuber (11,104 kg/ha); (iv) fresh tuber (58 ton/ha); 

and (v) total dry plant (15,303 kg/ha). 

 

Discussion 

 

Soil infested with G. pallida caused significant potato yield loss in the susceptible 

cultivar ‘Désirée’ and severely hindered potato growth development. Our study showed that 

fresh tuber yield losses in ‘Désirée’ reached between 87% and 39% when initial nematode 

density (Pi) was 80 eggs/g soil and between 44% and 20% at 40 eggs/g soil, compared to 

non-infested soil. Our greenhouse results coincided within the range of potato yield losses 

observed in other studies conducted in highly infested field plots planted with susceptible 

potato cultivars (Brown and Sykes, 1983; Schomaker and Been, 2006; Talavera et al. 1998; 

Trudgill et al., 1996; Trudgill et al., 2014; Vasyutin and Yakovleva, 1998). We observed 

severe stunting, limited root development and chlorosis in potato plants when Pi was 80 

eggs/g soil, coinciding with similar phenotypic observations recorded by other studies 

conducted in highly infested soils (Evans, 1982; Trudgill and Cotes, 1983). In the second 

trial of our study, we observed a slight increase of potato biomass at G. pallida initial 

nematode densities of 10 eggs/g soil, however at 40 and 80 eggs/g soil we observed 

significant biomass reductions. We observed a slight increase in the number of tubers at 20 

and 40 eggs/g soil, however the size of the tubers was considerably smaller compared to non-

infested soil. Seinhorst and Den Ouden (1971) indicated that if potato cyst nematodes 

stimulate the growth of the plant directly, the growth stimulation would be inversely 

proportional to the density of the nematode in soil and would only have an effect at small 

initial nematode densities, as observed in the second trial. They also showed that at small 

nematode densities, potato growth was not significantly reduced, and only was significant at 

high nematode densities in soil, as observed in our study. 

In our study, the relationship between Pi and potato yield showed a negative linear 

interaction, indicating significant yield losses as Pi increased in soil. Modeling the 

interactions between Pi and yield provide additional tools for maximizing long term yield 

under resistant and partially resistant cultivars and controlling the extent of field infestations. 

Numerous linear models for explaining the interaction between Pi and yield have been 
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developed for resistant and non-resistant potato cultivars. Elston et al. (1991) developed an 

inverse linear model to summarize the relationship between Pi of G. pallida and the yield of 

partially resistant potatoes. Trudgill et al. (1996) developed a curvilinear relationship 

between PCN population density and yield in field trials, and showed that the slope of the 

curve was influenced by environmental factors, including soil type and by differences in 

cultivar damage tolerance.  

We observed significant increase of G. pallida reproduction rate, reaching almost 50 

times the amount of eggs initially applied in soil. Whitehead (1991) showed a G. pallida 

reproduction rate of 21.7 in the susceptible ‘Désirée’ cultivar in infested fields. Phillips et al. 

(1991) reported the maximum G. pallida reproduction rate for the following potato cultivars: 

(i) ‘Maris Piper’(non-resistant) 44.4; (ii) ‘Morag’ (moderate resistance) 44.3; (iii) ‘Fiona’ 

(low level of resistance) 29.1; (iv) ‘11233’ (moderate resistance) 26.2; (v) ‘Vantage’ 9.6 

(high resistance); and (vi) ‘12243’ (low level of resistance) 12.4. Greco et al. (1982) reported 

G. pallida reproduction rates of 128, 58 and 65 in the susceptible ‘Sieglinde’ cv at initial 

nematode density of 6,856 eggs/g soil in three separate microplots experiment. Whitehead 

(1977) estimated that if each gram of soil contains one G. pallida nematode egg, then they 

could be 3.30 x 109 eggs/g soil per hectare, in the top 40 cm of the soil profile. The 

reproduction rate of G. pallida decreased, as the initial nematode densities in soil increased, 

due to the reduction of the root system and infection court, leading to a density-dependent 

population dynamic, as observed in our trials (Phillips et al., 1991; Seinhorst and Den Ouden, 

1971; Trudgill et al., 1996). Jones and Kempton (1978) showed that the nematode sex ratio, 

the number of eggs produced by the female and the host crop growth limitations were the 

main mechanisms for the density-dependent regulation of G. rostochiensis population 

growth.  

The integration of crop growth simulation models to crop pest disease models 

provides valuable predictions of potential crop yields under disease and real farm conditions, 

and represents a tool to assess potential pest risks for agricultural production and food 

security (Batchelor et al., 1993; Bourgeois, 1989; Boote et al., 1983; Donatelli et al., 2017; 

Jones et al., 1985). The DSSAT software application program includes database management 

programs for soil, weather, crop management and experimental data, and the databases are 

used for precision management, gene-based modeling and breeding selection, water use, 
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greenhouse gas emissions, and long-term sustainability through the soil organic carbon and 

nitrogen balances. However, DSSAT database programs for assessing the direct impact of 

crop pests on yields, estimating the economic impact of yield losses and predicting the level 

of pathogen populations in soil sampling remain unavailable. To remediate for the lack of 

crop disease components in DSSAT, we generated coefficients of potato attainable yields 

under different G. pallida initial infestation levels in soil from greenhouse trials, and 

integrated them into the SUBSTOR-DSSAT crop management and experimental database to 

simulate the impact of G. pallida in potato yield. From the simulation, we were able to 

estimate significant fresh tuber yield losses between 84 and 38 ton/ha in the susceptible 

‘Désirée’ cv when Pi was 80 eggs/g soil and to evaluate the overall potato plant growth. To 

our knowledge, this is the first time that DSSAT was used to simulate the impact of G. 

pallida on potato yield.  

Numerous PCN models and simulation platforms, based on many years of field trials, 

were directly developed to evaluate the impact on yields, determine the economic threshold, 

estimating soil sampling methods and nematode probability detection, and to assess the 

effectiveness of nematicides, trap crops and resistant cultivars on nematode population 

dynamics in the field (Been et al., 2005; Jones and Kempton, 1980; Moxnes and Hausken, 

2007; Schomaker and Been, 2006; Ward et al., 1985). Been et al. (2005) developed 

NemaDecide, a decision support system for the management of PCN, based on the results 

from 50 years of Dutch quantitative nematological research that had been structured into 

stochastic models and integrated in a software package. NemaDecide was used as a 

quantitative information system to enable growers to estimate risks of yield losses, to 

determine population development, to estimate the probability of detection of nematode foci 

by soil sampling, to calculate the cost/benefit of control measures and to provide adequate 

advice for growers to optimize financial returns.      

In this study, we observed significant differences in potato growth and G. pallida 

reproduction rate between trial 1 and trial 2/3. Trial 1 was conducted in Fall (September-

November 2017), while trial 2/3 was conducted in Spring (March-June 2018). In trial 1, we 

observed a high G. pallida reproduction rate coinciding with a high potato growth reduction, 

however in trial 2/3, G. pallida reproduction rate was reduced, and a low potato growth 

reduction was observed. Although greenhouse conditions were kept constant for both trials, 
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we concluded that temporal difference between the trials might be the source of variation in 

the results obtained. Temporal differences might affect the potato plant photoperiod 

experienced during G. pallida development, and also might influence nematode breaking of 

diapause. Evans (1987) showed that Globodera spp. undergo a diapause stage in which 

juvenile development within egg remains dormant until favorable hatching conditions are 

reached. Ellenby (1958) found that G. rostochiensis produced fewer females on potato roots 

in short days than in long days. Evans et al. (1975) reported that G. rostochiensis and G. 

pallida distinct distributions in the Andes were related to the effects of daylength on the 

hosts. Franco and Evans (1979) observed that Globodera spp. from Europe tended to produce 

more cysts on plants grown in 16-hr days, however G. rostochiensis from Peru produced 

more cysts on plants grown in 12-hr days. Hominick (1986) showed that the breaking of 

nematode diapause was attributed to photoperiod signals passed to the developing G. 

rostochiensis females and eggs by the plant. Hominick et al. (1985) observed diapause in G. 

rostochiensis and recorded a low rate of hatch in the fall and winter after harvest, and a faster 

rate of hatch the following spring and summer. Temporal temperature conditions might also 

explain the variations in the results obtained. Franco (1979) reported that G. pallida is better 

adapted to temperatures between 10˚ and 18˚C, and more cysts and eggs per plant were 

produced at lower temperatures. Similar temperature conditions and nematode reproduction 

were also reported for Globodera spp. (Martin, 1965; Oostenbrink, 1967).  

Due to G. pallida high reproduction rate and considerable impact on potato yield, this 

pest can rapidly spread via contaminated farm equipment or plant materials in the absence of 

an effective biosecurity regulation (Hodda and Cook, 2009). Globodera pallida produces 

only one infection cycle per crop cycle and causes the development of monocyclic disease. 

The early stages of monocyclic epidemics are characterized by a linear model, and a 

reduction in the initial inoculum or the rate of infection will result in a reduction of the 

disease level (Madden et al., 2007). The enforcement of quarantine regulation in Idaho 

greatly contributed in restricting G. pallida infested fields to a small area of 1,326 ha 

(USDA-APHIS, 2019). The benefits of excluding these nematodes from potato growing 

areas in the U.S. are estimated to be $300 million annually (Dwinell and Lehman, 2004; 

Hockland et al., 2006). Hodda and Cook (2009) estimated, in the absence of potato cyst 

nematodes regulation, the economic losses for Australian agriculture could exceed $370 
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million. Schomaker and Been (2006) estimated that the mortality rate of G. rostochiensis and 

G. pallida, in the absence of the host, was greater in the first year after potato crop (69%) 

than in subsequent years (20-30%), and the population decline was independent of nematode 

population density. When non-host crops were cultivated for 2 or 3 years consecutively, 

potato yield increased by 2.7 and 3.4 times, and G. pallida populations declined by 54% and 

91%, respectively (Samaliev, 1998). In the absence of potato crop, G. pallida rapid 

reproduction rate will stop, reducing its probability to spread across the containment line. As 

the reproduction rate comes to a halt, control measures will achieve better results for the 

eradication of the remaining viable nematode eggs in the fields. The use of nematicides 

contributes to the reduction of initial nematode densities in soil, however the high cost, 

inherent toxicity, and potential environmental damage of many nematicides have limited or 

prohibited their use (Haydock et al., 2006; Schneider et al., 2003). One of the most important 

environmental problems associated with nematicide usage is groundwater contamination 

(Cohen, 1996). Furthermore, models showed that sufficient G. pallida eggs are likely to 

survive in the soil after nematicide applications, leading to a resurgence of large nematode 

populations in subsequent potato crop cycle (Trudgill et al., 2003). Resistance in potato 

russet-type varieties suitable for U.S. producers is currently unavailable. Breeding resistance 

for G. pallida, with integration into a crop rotation scheme (non-host and trap crops), can 

provide a viable alternative to nematicides and will favor a long-term sustainable control of 

G. pallida in the field (Dandurand and Knudsen, 2016; Dandurand et al., 2017; Whitworth et 

al., 2018). Gurr (1992) reported that resistance may offer more effective control of G. pallida 

than chemical treatment. 

We acknowledge some limitations in our risk simulation model in terms of its 

evaluation and validation using real field data. Because of the quarantine status of G. pallida 

in Idaho, this study could not be performed in potato field conditions. Furthermore, there are 

no recorded field data on G. pallida associated-potato yield losses for Idaho, which in most 

cases are used to establish the robustness of a risk model by comparing observed data with 

the simulated model. However, the simulation model in this study provides ample 

information on the potential risk of significant potato yield losses caused by G. pallida for 

the potato industry. This study provides valuable simulation data for agricultural economist 

to model the economic impact of this pest for Idaho potato production, and contributes to the 
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growing demands by decision-makers for the integration of disease model into crop growth 

simulation platform. This study is especially oriented toward potato growers affected by the 

presence of this nematode in their fields. The tools and methods used in this study can be 

expanded to include the impact of various control methods on G. pallida population 

dynamics and potato growth, as well as to estimate the risk impact of climate change for 

potato production. The outputs of this study should facilitate common understandings 

between regulators, policymakers and potato growers on the challenges and opportunities for 

controlling this economically important potato pest in Idaho. 
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Table 4.1. Potato growth assessment for each level of Globodera pallida initial nematode 

densities (Pi) in soil. 

    a Same letter indicates that the means (±standard error) are not significant P > 0.05. 

 

 

Pi 

(eggs/g soil) 

Fresh top Dry top Dry root Dry tuber Fresh tuber Total dry plant 

Weight (g) 

 Trial 1 

0 46.68 ±4.20aa 8.39 ±1.05a 1.19 ±0.11a 9.22 ±0.45a 42.10 ±2.53a 18.80 ±1.23a 

10 37.23 ±3.94a 5.74 ±0.93a 0.95 ±0.15a 8.30 ±0.90ab 35.93 ±3.83ab 15.00 ±1.50ab 
20 38.79 ±2.83a 6.19 ±0.85a 0.93 ±0.07a 6.84 ±0.86ab 30.26 ±3.36ab 13.96 ±1.52ab 
40 32.32 ±5.47a 4.76 ±1.21ab 0.78 ±0.11a 5.17 ±0.86b 23.51 ±3.84b 10.71 ±1.88b 
80 12.41 ±6.04b 1.63 ±0.80b 0.14 ±0.05b 1.32 ±0.53c 5.58 ±2.28c 3.08 ±1.32c 

   Trial 2 

0 37.65 ±3.94a 5.17 ±0.54a 1.42 ±0.16a 16.34 ±0.96a 73.29 ±3.97a 22.93 ±1.32a 
10 40.82 ±3.58a 5.93 ±0.42a 1.43 ±0.11a 16.21 ±1.08a 73.47 ±4.52a 23.57 ±1.17a 
20 37.50 ±3.06a 5.68 ±0.46a 1.19 ±0.11a 15.75 ±1.04a 70.46 ±4.42a 22.62 ±1.30a 
40 34.25 ±3.50a 4.79 ±0.44a 1.09 ±0.10a 13.10 ±1.38ab 58.35 ±5.96b 18.98 ±1.77ab 
80 32.71 ±3.75a 4.33 ±0.44a 0.90 ±0.13a 9.51 ±1.23b 45.02 ±5.45b 14.74 ±1.55b 



 

 

Table 4.2. Potato tuber growth assessment for each level of Globodera pallida initial 

nematode densities (Pi) in soil. 

  

 

 

 

 

 

 

 

                       a Same letter indicates that the means (±standard error) are not significant P > 0.05. 

 

  

Pi  

(eggs/g soil) 

# Tubers 

(unit) 

Dry tuber  Fresh tuber  

Weight (g)/unit 

 Trial 1 

0 5.4 ±0.7aba 1.99 ±0.26a 8.91 ±1.00a 

10 6.4 ±1.5ab 2.30 ±0.95a 9.62 ±3.80a 
20 7.0 ±1.3a 1.12 ±0.17ab 5.00 ±0.67b 
40 6.2 ±1.4ab 1.37 ±0.54ab 6.23 ±2.44b 
80 2.5 ±0.6b 0.36 ±0.16b 1.89 ±0.76c 

 Trial 2 

0 6.55 ±0.64a 2.81 ±0.26a 12.78 ±1.24a 
10 7.45 ±0.84ab 2.74 ±0.41a 12.79 ±1.99a 
20 7.80 ±1.04b 2.68 ±0.31ab 11.96 ±1.33a 
40 7.00 ±0.63ab 2.01 ±0.22bc 8.93 ±0.98b 
80 6.45 ±0.80a 1.62 ±0.19c 7.79 ±0.95b 
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TABLE 4.3. Impact of the initial nematode densities (Pi) of Globodera pallida in soil on 

final nematode densities (Pf) and reproduction rate (Rf). 

       a Same letter indicates that the means (±standard error) are not significant P > 0.05.

Pi 

(eggs/g soil) 

Cysts/g  

dry root 

Cysts/g  

soil 

Eggs/cyst Pf 

(eggs/g soil) 

Rf 

(Pf/Pi) 

 Trial 1 

10 1,903 ±561aa 0.80 ±0.08ab 588 ±21a 473 ±52a 47.25 ±5.21a 

20 1,572 ±150b 0.95 ±0.08ab 535 ±19ab 510 ±56a 25.51 ±2.79b 
40 2,699 ±269c 1.19 ±0.18a 465 ±24b 567 ±94a 14.18 ±2.35c 
80 36,933 ±16,328d 0.56 ±0.13b 324 ±22c 196 ±52b 2.45 ±0.65d 

 Trial 2 

10 562 ±62a 0.48 ±0.04a 439 ±18a 199 ±16a 19.90 ±1.57a 
20 1,090 ±148a 0.73 ±0.07ab 424 ±20ab 289 ±24ab 14.43 ±1.22b 
40 1,263 ±173ab 0.79 ±0.10b 389 ±17ab 301 ±36ab 7.52 ±0.89c 
80 2,292 ±558c 0.89 ±0.07b 368 ±14b 328 ±33b 4.10 ±0.41c 
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Table 4.4. Linear relationships between the initial nematode densities (Pi) of Globodera 

pallida in soil and potato growth parameters. 

 

 

  

 

Regression 

parameters 

Fresh top Dry top Dry root Fresh tuber Dry tuber Total dry plant 

Response variable (𝑦) in gram as predicted by Pi (𝑥) in eggs/g soil 

 Trial 1 

Equation 𝑙𝑜𝑔10 𝑦
= −0.01𝑥 + 1.74 

𝑙𝑜𝑔10 𝑦
= −0.007𝑥 + 0.94 

𝑦
= −0.01𝑥 + 1.17 

𝑦
= −0.44𝑥 + 40.75 

𝑦
= −0.10𝑥 + 9.12 

𝑦
= −0.18𝑥 + 17.88 

p-value 2.03e-08 2.03e-08 1.98e-09 1.03e-11 2.65e-11 2.50e-10 

Adjusted R2 0.47 0.47 0.52 0.61 0.60 0.56 

 Trial 2 

Equation 𝑙𝑜𝑔10𝑦
= −0.002𝑥 + 1.56 

𝑙𝑜𝑔10 𝑦
= −0.001𝑥 + 0.73 

𝑦
= −0.006𝑥 + 1.41 

𝑦
= −0.38𝑥 + 75.65 

𝑦
= −0.09𝑥 + 16.92 

𝑦
= −0.11𝑥 + 24.01 

p-value 0.04 0.01 7.90e-04 2.47e-06 1.73e-06 1.78e-06 

Adjusted R2 0.03 0.05 0.10 0.20 0.20 0.20 
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Table 4.5. Bayesian confidence interval for the linear relationship between total dry plant 

weight and Globodera pallida initial nematode densities (Pi) in soil.  

Parameters Trial 
Confidence interval 

2.5% 25% 50% 75% 97.5% 

Intercept 

1 

15.96 17.24 17.90 18.53 19.80 

Pi -0.23 -0.20 -0.19 -0.17 -0.14 

σ2 15.15 19.28 22.05 25.48 34.13 

Intercept 

2 

22.18 23.39 24.02 24.64 25.85 

Pi -0.16 -0.13 -0.11 -0.01 -0.07 

σ2 31.34 37.31 41.00 45.32 54.98 

                             σ2 represents the residual error variance. 

 

Table 4.6. Linear relationships between the initial nematode densities (Pi) of Globodera 

pallida in soil and nematode reproduction parameters. 

 

 

 

 

 

 

 

 

  

Regression 

parameters 

Cysts/g soil Final population (Pf) Reproduction rate (Rf) 

Response variable (𝑦) as predicted by Pi (𝑥) in eggs/g soil 

 Trial 1 

Equation 𝑙𝑜𝑔10𝑦 = −0.001𝑥 + 0.31 𝑙𝑜𝑔10𝑦 = −0.008𝑥 + 2.84 𝑦 = −0.56𝑥 + 43.30 

p-value 0.04 5.81e-05 2.20e-09 

Adjusted R2 0.08 0.33 0.60 

 Trial 2 

Equation 𝑙𝑜𝑔10𝑦 = 0.003𝑥 − 0.31 𝑙𝑜𝑔10𝑦 = 0.002𝑥 + 2.31 𝑦 = −0.21𝑥 + 19.40 
p-value 4.70e-04 0.01 2.61e-14 

Adjusted R2 0.14 0.06 0.52 
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Table 4.7. Coefficients of potato yields for each Globodera pallida initial nematode densities 

(Pi) in soil. 

 

 

 

 

 

 

 

 

 

 

 

 

  

Pi 

(eggs/g soil) 

Dry top Dry root Dry tuber Fresh tuber Total dry plant 

Trial 1 

0 1.00 1.00 1.00 1.00 1.00 

10 0.68 0.80 0.90 0.85 0.80 

20 0.74 0.78 0.74 0.72 0.74 

40 0.57 0.66 0.56 0.56 0.57 

80 0.19 0.12 0.14 0.13 0.16 

 Trial 2 

0 1.00 1.00 1.00 1.00 1.00 

10 1.15 1.01 0.99 1.01 1.03 

20 1.10 0.84 0.96 0.96 0.99 

40 0.93 0.77 0.80 0.80 0.83 

80 0.84 0.63 0.58 0.61 0.64 
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Fig. 4.1. Bayesian regression analysis for total dry plant weight in trial 1. The posterior 

probability distributions showed that the 97.5% confidence interval was for: (i) the intercept 

(15.96 and 19.80); (ii) the initial population densities (-0.23 and -0.14); and (iii) the residual 

error variance σ2 (15.15 and 34.13). 
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Fig. 4.2. Bayesian regression analysis for total dry plant weight in trial 2. The posterior 

probability distributions showed that the 97.5% confidence interval was for: (i) the intercept 

(22.18 and 25.85); (ii) the initial nematode densities (-0.16 and -0.07); and (iii) the residual 

error variance σ2 (31.34 and 54.98). 
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Fig. 4.3. A generalized additive model (GAM) was performed to model the relationship 

between dry root weight and Globodera pallida reproduction rate using a non-linear smooth 

function to model and capture the non-linearities in the data. Trial 1 showed a positive and 

significant non-linear relationship between dry root weight and G. pallida reproduction rate 

with a correlation coefficient r = 0.91 (P < 0.001). Similar results were observed in trial 2 

with a correlation coefficient r = 0.34 (P = 0.01). 
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Fig. 4.4A. SUBSTOR-DSSAT potato growth simulation coupled with the impact of 

Globodera pallida initial nematode densities in soil for trial 1. After 103 days after planting 

(DAP), dry top reached a maximum yield of 6,427 kg/ha in non-infested soil and reached a 

minimum yield of 1,221 kg/ha at initial nematode density of 80 eggs/g soil. B. From 149 to 

168 DAP, dry root reached a maximum yield of 1,804 kg/ha in non-infested soil and reached 

a minimum yield of 217 kg/ha at initial nematode density of 80 eggs/g soil. 
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Fig. 4.5A.B. SUBSTOR-DSSAT potato growth simulation coupled with the impact of 

Globodera pallida initial nematode densities in soil for trial 1. At 149 days after planting, 

potato fresh and dry tubers reached a maximum yield of 96 ton/ha and 19,145 kg/ha, 

respectively, in non-infested soil and reached a minimum yield of 12 ton/ha and 2,680 kg/ha, 

respectively, at initial nematode density of 80 eggs/g soil. 

 

 

  

 

A B 

 

A B 



              144 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.6. SUBSTOR-DSSAT potato growth simulation coupled with the impact of Globodera 

pallida initial nematode densities in soil for trial 1. At 148 days after planting, total dry plant 

reached a maximum yield of 23,911 kg/ha in non-infested soil and reached a minimum of 

3,826 kg/ha at 80 eggs/g soil.   
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Fig. 4.7. SUBSTOR-DSSAT potato growth simulation coupled with the impact of Globodera 

pallida initial nematode densities in soil for trial 2. A. After 103 days after planting (DAP), 

dry top reached a maximum yield of 6,427 kg/ha in non-infested soil and reached a minimum 

yield of 5,399 kg/ha at initial nematode density of 80 eggs/g soil. B. From 149 to 168 DAP, 

dry root reached a maximum yield of 1,804 kg/ha in non-infested soil and reached a 

minimum yield of 1,137 kg/ha at initial nematode density of 80 eggs/g soil.   
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Fig. 4.8A.B. SUBSTOR-DSSAT potato growth simulation coupled with the impact of 

Globodera pallida initial nematode densities in soil for trial 2. At 149 days after planting, 

potato fresh and dry tubers reached a maximum yield of 96 ton/ha and 19,145 kg/ha, 

respectively, in non-infested soil and reached a minimum yield of 58 ton/ha and 11,104 

kg/ha, respectively, at initial nematode density of 80 eggs/g soil. 
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Fig. 4.9. SUBSTOR-DSSAT potato growth simulation coupled with the impact of Globodera 

pallida initial nematode densities in soil for trial 2. At 148 days after planting, total dry plant 

reached a maximum yield of 23,911 kg/ha in non-infested soil and reached a minimum of 

15,303 kg/ha at 80 eggs/g soil. 
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