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Fusarium head blight (FHB) is an important disease of wheat that causes significant 

economic losses. Since a major FHB epidemic in Ontario in 1996, FHB management strategies, 

namely genetic resistance and fungicides have improved significantly. The value of these 

improvements along with the modernization of agronomic practices was uncertain. Field 

experiments were conducted in 2017 and 2018 to estimate the impacts of these improvements to 

FHB suppression and wheat performance. The combination of moderately resistant cultivars and 

fungicides reduced total deoxynivalenol by 67%, Fusarium-damaged kernels by 49%, FHB index 

by 86%, and increased test weight by 11% and yield by 21-32%. If adopted in 1996, these 

modern practices would have increased farm revenue by 58% and profit by $206.55 ha-1. Up to 

54% of the loss in 1996 would have been mitigated, suggesting significant improvements were 

made, leaving about the same amount of room for improvement.  
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CHAPTER 1      INTRODUCTION 

1.1 Overview of Fusarium Head Blight 

1.1.1 Importance and Distribution 

Fusarium head blight (FHB) is one of the most destructive diseases of wheat, barley and 

other cereal crops worldwide (Placinta et al. 1999). FHB epidemics have occurred in all major 

cereal growing regions including Europe, Asia, Australia, and North and South America 

(McMullen et al. 1997). In North America, the disease was first documented in the early 1900s, 

mainly in soft red winter wheat growing areas with a humid climate (Dickson 1942). In the 

1990s, FHB re-emerged to become a severe problem in wider areas because of the adoption of 

reduced tillage, westward movement of corn production, loss of genetic resistance in modern 

cultivars, and the increase of precipitation during flowering (Paulitz 1999). Both winter and 

spring wheat production in the US experienced total economic losses estimated at $2.0 billion 

from 1993 to 2001 (Nganje et al. 2004). In Canada, the loss was around $520 million in Quebec, 

Ontario and Manitoba combined in the 1990s (Windels 2000). Southern Ontario had a severe 

epidemic in 1996, which caused an estimated $100 million loss in winter wheat production due 

to grade discounts (Schaafsma 2002). Since then, epidemics have occurred sporadically, with 

losses in Ontario reported in years 2000, 2004, 2008, 2010, 2013 and 2015 (Schaafsma 1999; 

Tamburic-Ilincic 2011; Dr. A.W. Schaafsma, University of Guelph, personal communication).  

1.1.2 Mycotoxins and Economic Losses 

FHB causes economic loss to wheat production in three ways: yield loss, mycotoxin 

contamination, and grade reduction. Up to 30% yield loss has been reported due to floret sterility 

and poor seed filling. The infected seeds are usually bleached, shriveled, lighter and more prone 



 

 

2 

 

to being removed from the combine during harvest (Dill-Macky 2010). Grain mycotoxin 

contamination is the biggest issue from FHB. Mycotoxins are secondary metabolites produced 

by fungi, which have adverse effects on humans, animals and crops. Fusarium graminearum 

produces two chemical classes of mycotoxins: zearalenone and trichothecenes (Trail et al. 2005).  

Zearalenone is seldom detected in small grains in Ontario, and at low concentrations 

(mean of 0.08 ppm) in Quebec and the Maritimes (Campbell et al. 2002). In Canada, the 

recommended but not legislated tolerance levels of zearalenone are 1-3 parts per million (ppm) 

in gilt diets, 10 ppm in cow diets, and 0.25-5 ppm in diets for sheep and pigs (CFIA 2017). At 

this point, zearalenone has no measurable economic impact to Canadian wheat production 

considering the concentration of contamination. Trichothecenes include the most prevalent 

mycotoxin in small cereal grains deoxynivalenol (DON), its acetyl derivatives 3-acetyl-

deoxynivalenol (3ADON) and 15-acetyl-deoxynivalenol (15ADON), nivalenol (NIV), as well as 

recently found NX-2 (Trail 2009; Kelly et al 2016). The trichothecene mycotoxins are protein 

synthesis inhibitors of eukaryotic species that act on the elongation and termination steps of 

protein biosynthesis (Bennett and Klich 2003). They inhibit protein biosynthesis within the 

infected grain, which leads to lowered milling and baking quality. More importantly, for the 

same reason, mycotoxins impose health risks to animals and humans who consume excessive 

amounts of contaminated grain. Deoxynivalenol is unlikely to be carcinogenic but is most 

prevalent among the many mycotoxins. When DON is ingested by animals at low doses, it may 

cause weight loss and reduced feed intake. When ingested at high doses, the symptoms include 

nausea, vomiting, diarrhea, and in some cases death (da Rocha et al. 2014; Placinta et al. 1999). 

In addition, DON is immunosuppressive and may cause kidney problems in animals (Pestka and 
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Bondy 1994). In general, ruminants are more tolerant to DON than pigs because microorganisms 

in rumen decompose them (Placinta et al. 1999).  

Regulations of mycotoxins have been established in many countries because of their 

health risks. For human consumption, Canada has established 2 ppm in DON concentration as 

the limit for domestic uncleaned soft wheat, and 1 ppm as uncleaned soft wheat for infants 

(Health Canada 2016). In the US, FDA established 1 ppm as the Industry Guideline for DON in 

finished cereal products (FDA 2011). European Union sets a higher standard of 1.25 ppm DON 

in unprocessed cereal food, and 0.75 ppm in processed cereal products (EURL 2007). For animal 

feed in Canada, according to CFIA (2017), the grain for cattle and poultry should not exceed 5 

ppm of DON, while the grain for swine, calves and dairy cattle should not exceed 1 ppm of 

DON.  

FHB influences grain quality and grade. Grain protein content is lowered because of the 

protein biosynthesis inhibition by trichothecene mycotoxins (Bennett and Klich 2003). Infected 

kernels have lower test weight as they are underdeveloped. In addition, grain grading includes 

fusarium damaged kernel content as a criterion, and FHB leads to grain grade discounts to feed 

or sample. In summary, economic losses caused by FHB include: yield loss, lowered market 

grade and mycotoxin contamination. Further economic losses are caused by mycotoxin 

contamination through reduced livestock production, health care, veterinary care and regulatory 

costs (Hussein and Brasel 2001).  

1.2 Causal Agent and Biology 

Globally, FHB is caused by several Fusarium spp., including but not limited to, F. 

culmorum ((W.G. Smith) Saccardo), F. graminearum (Schwabe) and F. avenaceum ((Fries) 
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Saccardo). Among these, the predominant species in North America is F. graminearum. This 

species is dimorphic with the anamorph (asexual) called F. graminearum and the teleomorph 

called Gibberella zeae (Gilbert and Tekauz 2000). The anamorph produces two types of spores: 

macroconidia and chlamydospores. Macroconidia are the more abundant form among the two; 

they are readily produced in culture but not in nature. They are slender, sickle-shaped septate 

spores that are produced on the cushion-shaped mass of hyphae called sporodochia. They are 

only spread by rain splash and play a very minor role in the disease development. The 

teleomorph produces sexual spores called ascospores. Ascospores are found abundantly in nature 

and are the primary source of inoculum. They are borne within the sac-shaped structure called 

asci, which are enclosed in perithecia. Perithecia are dark purple or black fruiting bodies that are 

usually found on infected wheat glumes or debris. The pathogen is a facultative parasite capable 

of infecting all plant parts, including the root, crown, node, leaf and head. In addition, it can 

survive on host residues such as wheat stubble or corn stalks as a saprophyte during winter (Dill-

Macky 2010).  

Fusarium head blight of wheat is monocyclic. The pathogen overwinters as mycelium or 

spores on crop residues (Dill-Macky 2010). With moderate temperature, rain events or high 

relative humidity (RH), and the presence of light, the monokaryotic mycelium goes through 

nuclear fusion and develops into a flask-shaped perithecium. The perithecium is filled with asci 

each containing 8 ascospores (Champeil et al. 2004). After the perithecium and asci mature, rain 

events or high relative humidity (RH) cause the osmotic pressure to build up within the asci 

which forcibly discharge the ascospores (Trail et al. 2002). The ascospores, serving as primary 

inoculum, are dispersed by wind or rain splash and land on wheat anthers within spikes. If a 

wheat head is at a susceptible stage (between anthesis (Zadoks GS 60) and soft dough (ZGS83)), 



 

 

5 

 

the infection can start (Champeil et al. 2004). The pathogen enters the spike through natural 

openings or exuded anther and starts growing within the host intercellularly, creating water- 

soaked lesions. The lesions then develop into prematurely bleached spikelets which is a 

diagnostic symptom of FHB (Trail et al. 2009). Under warm and moist conditions, bleaching 

may appear as soon 3 or 4 days after infection. The bleaching could be localized to one or 

several spikelets or expand to the entire spike, depending on the environment, susceptibility of 

the host and the aggressiveness of the pathogen (Dill-Macky 2010). Once occupying the spike, 

the pathogen begins mycotoxin biosynthesis immediately. The most prevalent and important 

mycotoxin produced by F. graminearum is DON. During disease development, DON acts as a 

virulence factor which induces tissue necrosis and helps the fungus to spread into the rachis from 

the florets (Trail et al. 2009).  

Besides pathogenesis and toxicity, the mycotoxins also serve to indicate the presence of 

different chemotypes within the pathogen population. Fusarium graminearum isolates can be 

categorized into four chemotypes based on the mycotoxins they produce. The NIV chemotype 

produces nivalenol and its acetylated forms, the 3ADON chemotype produces DON and 

primarily 3ADON, the 15ADON chemotype produces DON and primarily 15ADON (Miller et 

al. 1991), and the recently found NX-2 chemotype can produce a 7-hydroxy type A trichothecene 

NX-2 (Kelly et al. 2016). Previously, pathogen isolates that belong to 15ADON chemotype 

predominated in North America (Abbas et al. 1986; Abramson et al. 1993 & 2001). However, 

more recently, eastern provinces (PEI and Quebec) were found to have higher proportions of 

3ADON than the 15ADON chemotype, while the prairie and western provinces of MB, SK and 

AB have lower but increasing proportions (Ward et al. 2008). In southern Ontario, Tamburic-

Ilincic and Burlakoti (2015) found that 3ADON chemotype increased from 2% in 2004 to 36% 
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in 2014. The 3ADON chemotype has higher toxigenicity, pathogenicity and reproduction ability, 

which causes more DON accumulation in wheat grain than by the 15ADON chemotype. The 

3ADON chemotype is thought to have originated from Europe and entered North America from 

the east coast of Canada (Gilbert et al. 2010; Amarasinghe et al. 2013). The dynamic chemotype 

composition of the pathogen population is a potential factor that could change the impact of FHB 

and corresponding management strategies. Shifting towards the 3ADON chemotypes, which are 

more aggressive isolates that produce higher DON levels than the 15ADON chemotype, may 

indicate that DON levels in wheat have the potential to be higher in future epidemic years 

(Gilbert et al. 2010). This makes FHB management more crucial to future wheat production. 

1.3 Disease Management Overview 

Theoretically, FHB management methods can focus on the host, the pathogen and the 

environment as described by the disease triangle (Scholthof 2006). Host resistance can be 

improved by introgressing resistance genes from other genotypes or species, or inducing the 

hosts to express the resistance they already have more effectively. Methods such as fungicides or 

biological “controls” can potentially kill or inhibit the pathogen, or prevent the pathogen from 

entering the host. The environment can be manipulated by various agronomic practices and 

cultivar physiological features (Gilbert & Haber 2013). 

In the period leading up to the 1990s, FHB was largely ignored as a severe problem. The 

reasons may include, but are not limited to: 1) the predominant tillage practice --conventional 

tillage-- generated lower inoculum load; 2) the climate resulted in less rainfall during anthesis; 3) 

corn production, which increases inoculum level, was lower yielding (i.e., less biomass as the 

host) and less acreage (McMullen et al. 1997), and 4) the awareness of DON was not established. 
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Crop management was more focused on yield and milling quality and there were almost no 

management methods specifically targeting FHB. Through two decades of research efforts, 

significant improvements have been made in resistance breeding and fungicide, making these the 

two major management methods adopted. Currently, intense FHB management involves growing 

cultivars with FHB resistance, the judicious use of fungicides, with the aid of various cultural 

practices (Gilbert & Haber 2013).  

1.4 Fungicides Aided with Forecasting Systems 

1.4.1 Improvements on Fungicide Products 

In the 1990s, when FHB first re-emerged, there were no fungicide products effective for 

suppressing FHB nor the equipment to ensure spray coverage (Milus and Parsons 1994). Around 

2000, the first fungicide effective against FHB, Folicur® (tebuconazole) (Bayer CropScience 

Guelph, ON. 2016a), was granted emergency registration by Health Canada. It controls leaf 

diseases such as tan spot, and suppresses FHB if applied at anthesis. A few years later, in 2004, 

the fungicide Proline® (prothioconazole; Bayer CropScience, 2016b) was registered and 

marketed. The most common fungicides for suppressing FHB today: Prosaro® (Bayer 

CropScience 2016c) and Caramba® (BASF Canada Inc, Mississauga, ON) were both registered 

in 2007 (Brinkman et al. 2014; Health Canada 2019a, b, c). The active ingredients of Prosaro® 

are prothioconazole and tebuconazole (Bayer CropScience 2016c). The active ingredient of 

Caramba® is metconazole (BASF 2015). All fungicides above are triazoles or Group 3 

chemistries (FRAC 2018). Group 3 fungicides are demethylation inhibitors (DMI), which inhibit 

biosynthesis of sterols. Sterols are components of fungal cell membranes that regulate stability 

and permeability of cell membranes (Ziogas and Malandrakis 2015). Their modes of action are 

single-site, which creates a risk of pathogens developing resistance to them (Fishel and Dewdney 
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2015). In recent years, a fungicide with a new mode of action, adepidyn, was developed by 

Syngenta (Syngenta 2018). Adepidyn is in the carboxamide chemical class (Group 7).  It is a 

succinate dehydrogenase inhibitor that inhibits cellular respiration (FRAC 2018).   

According to industry testing, it has been reported that Folicur EW produces 0.28 to 0.61 

(average 0.39) Mg ha-1 yield increases compared to the untreated checks (UTC) when applied at 

the full rate, targeting wheat heads (Bayer CropScience 2016a). Proline reduced DON by 67% 

DON compared to UTCs when applied at early flowering (Bayer CropScience 2016b). Prosaro 

increased grain yield by 16.6% and reduced DON by 59% compared to UTC (Bayer 

CropScience 2016c). Caramba reduced DON by 53%, from 1.62 ppm to 0.76 ppm, and increased 

yield by 13.3% compared to untreated control (BASF 2015).  

In the public sector, Paul et al. (2008) did a meta-analysis of fungicide trials across 11 

years in 14 states on both spring and winter wheat. They found that all fungicides reduced FHB 

index (FHBI, the multiplication of FHB incidence and severity) and DON significantly 

compared to UTCs. Prothioconazole + tebuconazole, metconazole, prothioconazole and 

tebuconazole reduced FHBI by 52%, 50%, 48% and 40%, respectively, compared to UTCs. 

Metconazole, prothioconazole and prothioconazole + tebuconazole reduced DON by 42-45%, 

while tebuconazole lowered DON by 23%. The fungicide efficacy was in general lower on soft 

winter wheat than on spring wheat.  

Besides FHBI and DON contamination, a similar meta-analysis was conducted on grain 

yield and test weight using 12 years of data from 14 states in the US. Among the four fungicides, 

metconazole, prothioconazole + tebuconazole and prothioconazole had similar yield increases of 

14-15% compared to the UTC, and tebuconazole 9.4%. The former three fungicides also resulted 
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in a 2.5-2.8% increase in test weight, and tebuconazole increased test weight by 1.4%. Similarly, 

the yield responses to fungicides were significantly lower in soft red winter wheat compared to 

spring wheat. Spring wheat had on average 110 to 160 kg ha-1 higher yield response than soft red 

winter wheat (Paul et al. 2010).  

Besides active ingredients and formulations, fungicide efficacy is influenced by factors 

including the timing, rate and method of application; the susceptibility of the host; and the 

aggressiveness of the pathogen (Mesterházy et al. 2003). Among these factors, application 

methods were improved through modifications in spray coverage and timing by private and 

public research.  

1.4.2 Improvements on Fungicide Application Method and Timing 

Before the urgency to manage FHB in the 1990s, fungicide sprayers were designed to 

spray downward for best foliar penetration and coverage. This design results in small amounts of 

fungicide being deposited on the spikelets, which are located vertically on the heads. Fungicides 

for FHB are locally systemic, which means they protect primarily the site of contact, making 

high coverage on wheat heads essential for maximizing fungicide effect. Agricultural engineers 

in North America assessed and improved a series of factors influencing spray coverage including 

nozzle type, configuration on spray boom, droplet size, travelling speed and use of adjuvants 

(Hooker et al. 2005; McMullen et al. 2012).  

Application timing influences fungicide efficacy significantly. Proline should be applied 

at early flowering, and Folicur EW and Prosaro at 1-2 days after heads have fully emerged (ZGS 

61-65) to achieve optimal DON reduction (Bayer CropScience 2016b, 2016d). If applied 6 or 7 

days after heading (ZGS 69), both Folicur EW and Prosaro are expected to provide less 
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suppression of FHB and DON (2016d). Similarly, BASF (2015) suggests Caramba to be applied 

to wheat at 20-50% flowering. Public and industrial data support the same application timing. 

For example, it was reported that FHB fungicides applied at early to full anthesis (ZGS 61-65) 

were more effective than applied earlier (ZGS 37-39) (Wiersma & Motteberg 2005; Edwards and 

Godley 2010). When applied post anthesis, D’Angelo et al. (2014) found that, on average, 

applications made 2 days after ZGS 61 reduced FHBI and DON by 69% and 54%, respectively, 

the largest reduction among all application timings. It was followed by an application 4, 6 and 0 

days after ZGS 61 which resulted in 62 and 52%, 62 and 48%, and 56 and 50% FHBI and DON 

reductions, respectively. 

1.4.3 Disease Forecasting Models 

The demand for FHB forecasting was generated concerning the maximization of cost-

effectiveness of fungicides. Fusarium head blight is suitable for disease forecasting because of 

the severity of economic losses, dependence on weather conditions, and relatively short window 

of pathogen sporulation, inoculum dispersal and host infection (De Wolf et al. 1999; Francl et al. 

1999). Forecasting of FHB has taken two approaches: 1) forecasting the risk of an epidemic 

based on disease incidence or severity, and 2) forecasting DON concentration in the harvested 

grain (Hooker et al 2002). An example of the former is the Forecasting Models developed by De 

Wolf et al. (2003) using the information collected from four states in US. Their forecasting 

models considered ≥ 10% field severity (average FHB severity of all wheat heads within a farm 

field) as epidemic. The prediction was based on observed and predicted weather data from 7 days 

before to 10 days after anthesis. The predictor variables were calculated as the number of hours 

meeting the key favorable conditions. Variables included T15307 (Duration (h) of 15 ≤ T ≤ 

30°C) 7d prior to anthesis, DPPT7 (Duration of precipitation (h)) 7d prior to anthesis, as well as 
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TRH9010 (Duration (h) 15 ≤ T ≤ 30°C, and RH ≥ 90%) 10d following anthesis. The Forecasting 

Model A used only anthesis weather variable TRH9010, Model I used only pre-anthesis weather 

variable T15307 and DPPT7, while Model B used variables from both periods- the interaction of 

T15307 and TRH9010. The models successfully classified FHB epidemics and non-epidemics 

(model accuracy) 84% of the time within the data used to build the models. The model accuracy 

during validation was 78%, which was considered relatively high. 

The De Wolf Models were the central risk algorithms behind the Fusarium Risk 

Assessment Tool (http://www.wheatscab.psu.edu/), an online service providing FHB predictions 

to 31 US states for both spring and winter wheat growing regions (McMullen et al. 2012). The 

models were improved and refined by further partitioning the critical periods, inclusion of larger 

data sets from US Wheat & Barley Scab Initiative (USWBSI), and incorporating indicator 

variables for cultivar resistance, wheat type, and crop residue levels (Shah et al. 2013, 2014). 

This forecasting tool is timely, accurate and easy to use, but some are critical about the 

forecasting approach. One shortcoming of the forecasting probability of epidemics is that visual 

FHB severity is not always correlated with DON concentration, while the latter is the direct 

cause of economic losses. The infected kernels, in some cases, are asymptomatic but still 

mycotoxin contaminated (Hallen-Adams et al. 2011). This leads to another approach to FHB 

forecasting. 

An example of the latter approach is the model developed by Hooker et al. (2002) and 

improved through the years into a forecasting tool called DONcast. The Hooker model predicted 

DON concentration in grain directly using measured and predicted weather data. In the model, 

the grain DON level is dependent on three critical time periods: 4-7 days before heading, 3-6 
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days after heading and 7-10 days after heading, corresponding to inoculum production, head 

infection and fungal growth respectively (Schaafsma & Hooker 2007). In all three periods, 

rainfall, high humidity and warm temperatures were favorable for disease development, which 

increased grain DON concentrations. The weather variables set for the 3 periods differ slightly. 

In the first critical period, daily rain >5mm increases future DON concentration, while daily 

minimum temperature <10°C decreases it. In the second critical period, daily maximum 

temperature > 32°C decreases DON. In both second and third critical periods, daily rain >3mm 

and RH> 80% increases DON, while daily average temperature <15°C decreases DON. From the 

original weather data, binary values were generated to express the number of days within each of 

the 3 critical periods that meet the above criteria. The binary values were plugged into empirical 

equations to predict the DON levels in the harvested grain. The Hooker model explained 73% of 

the variation in the concentration of DON across 399 fields over 5 years. It showed higher 

accuracy for DON lower than 2 ppm (89% accuracy for DON concentrations <1.0 ppm). The 

Hooker model has been further improved by adding more FHB observations in the dataset, and 

included crop history, tillage and host susceptibility variables to make it field-specific.  

The Hooker model was developed into the world’s first commercialized forecasting tool 

called DONcast, available since 2000 through Weather INnovations Consulting LP (WIN) in 

various parts of the world. DONcast is relatively robust across years, regions and cropping 

systems because of the robustness of the data used to develop it. It has been shown in one report 

that DONcast had an accuracy of 80-85% of the predictions in Ontario, and explained 72% of the 

variability in DON in over 1000 field samples from 4 countries using a threshold of 1 ppm 

(Schaafsma & Hooker 2007). DONcast has been used by farmers and crop advisors to make 

decisions on fungicide applications and grain marketing decisions (Hooker et al. 2002). This 
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model is timely, site-specific, straightforward and gives directly the most important prediction: 

DON to growers.  

Both models have been adapted extensively in North America and in other parts of the 

world. They aid in the optimization of fungicide application, provide information for growers to 

target particular market before harvest, and help grain elevators and millers in sourcing grain for 

quality control (Giroux et al. 2017).  

During the past two decades, the development of active ingredients and formulations of 

fungicide products, the improvements on application coverage, and the development of disease 

forecasting models made fungicides one of the two major management methods for FHB today, 

along with genetic resistance in cultivars.  

1.5 Breeding of Cultivar Resistance  

1.5.1 Mechanisms and Types of Resistance 

Generally, pathogens that infect one or a few host species have very specific mechanism 

of host-pathogen interaction. However, F. graminearum has a relatively wide host range which 

means that the infection process includes multiple mechanisms. Consequently, resistance of FHB 

in wheat is a quantitative trait that involves a complex and interacting network of signaling 

pathways (Bai and Shaner 2004). Quantitative trait loci (QTLs) for resistance have been 

identified on almost all chromosomes of wheat (Buerstmayr et al. 2009).  

Resistance to FHB is categorized into three main types. Type I resistance is the resistance 

to initial infection (Schroeder and Christensen 1963). This type of resistance can be passive or 

active. Passive resistance is usually expressed as awned or awnless or plant height, which helps 

to avoid the infection by physical protection or modified environment. Active resistance is the 
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quick reaction of the plant after infection is detected. It involves genes encoding pathogenesis-

related (PR) proteins such as chitinases, glucanases, peroxidases and thaumatin-like proteins 

(TLP) (Champeil et al. 2004). Type II resistance is the resistance to propagation of the 

pathogenic agent in plant tissues (Schroeder and Christensen 1963). It limits the growth of F. 

graminearum mycelium from the glumes or ovaries to the rachis or peduncles by forming a 

protective layer between the infected tissue and the healthy tissue through lignification. An 

example of type II resistance is Sumai3, the Chinese-originated cultivar, which serves as the 

source of resistance for many current cultivars. Type I and II are the most common types of 

resistance among modern cultivars. In addition, type III resistance, which is the resistance to 

DON accumulation by degrading DON had also been identified (Miller et al. 1985).   

1.5.2 Sources of Resistance and Resistance Breeding 

Many cultivars or landraces with resistance genes have been identified in China, Japan, 

Brazil and North America. Most of them have not been sourced for resistance in breeding 

programs because of undesirable agronomic traits, such as late-maturing and small heads. These 

undesirable traits create difficulties when incorporating resistance into new cultivars (Bai and 

Shaner 2004). Currently, the main source of FHB resistance for North American cultivars 

originate from the Chinese cultivar Sumai 3, or its derivatives, and the Brazilian cultivar 

Frontana. Sumai 3 was released in China in the 1970s. It has a good combining ability for FHB 

resistance and yield traits. It has been a stable source of FHB resistance for decades, and has 

been used as a source of resistance in breeding programs worldwide (Bai and Shaner 2004). 

Sumai 3 carries type II resistance which is mainly brought by the resistance QTL Fhb1 on 

chromosome 3B (Jin et al. 2013). Within Sumai 3, genes coding pathogenesis-related (PR) 

proteins such as b-1,3-glucanase (PR-2), wheatwins (PR-4), and thaumatin-like proteins (PR-5) 
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are significantly upregulated following an infection (Golkari et al. 2009). Having been tested in 

Japan, Europe and North America, Sumai 3 and its derivatives are known to be the best sources 

of resistance (Bai and Shaner 2004). As another main source of FHB resistance, Frontana 

primarily possesses type I resistance by preventing the initial infection, but has a minor effect on 

the spread of the pathogen within the spike (type II resistance) (Steiner et al. 2004). Molecular 

mapping shows that the major QTL associated with FHB resistance is on chromosome 3A. The 

QTL explained 16% of the phenotypic variation of the disease. In addition, some other QTLs on 

different chromosomes account for less than 10% phenotypic variation. Germplasm line 

RCATL33 was the first attempt to combine Type I and Type II resistance by crossing lines 

generated from Sumai 3 and Frontana. It was one of the lines with the lowest FHB index 

(Tamburic-Illincic et al. 2006). Similarly, Burlakoti et al. (2010) found that combining different 

types of resistance and pyramiding resistance genes within the same type enhances resistance to 

FHB.  

One challenge of FHB resistance breeding is the penalty of yield and introducing other 

undesirable agronomic traits. It is caused by the linkage drags from cultivars or landraces 

carrying FHB resistance. The linkage drag is an important reason of the lack of available FHB 

resistant QTLs for commercial cultivars, although QTLs affecting FHB have been found on all 

chromosomes except 7D (Buerstmayr et al. 2009; Gilbert and Haber 2013). More recently, many 

locally adapted cultivars were found to carry minor QTLs for FHB resistance. By including and 

pyramiding the minor QTLs in elite breeding lines, the cultivars have the potential to achieve 

both FHB resistance and desirable agronomic traits (Bai et al. 2018). Benefiting from this new 

technology, two new cultivars distributed by Pioneer Hi-Bred (Chatham, ON): 25R61 and 

25R74, have achieved moderate resistant FHB rating and equivalent or higher than average yield 
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potential. Growers have had more choices of more resistant cultivars over the years (OCCC 

2018).  

1.5.3 Susceptibility Assessment System for FHB 

Besides enhancing cultivar resistance to FHB, Ontario has established a FHB 

susceptibility evaluation program and registers wheat cultivars based on their resistance to FHB 

relative to established control cultivars. After the epidemic in 1996, the industry, through the 

Ontario Cereal Crop Committee (OCCC), made regulations applicable to before and after 

cultivar registration. Before registration, OCCC mandated that all candidate cultivars be screened 

for FHB resistance by public or private breeding programs. After registration, all wheat cultivars 

grown in Ontario entered the Ontario Winter Wheat Performance Trial (OWWPT) for an annual, 

multi-site test for Fusarium resistance and DON. The screening uses a combined ranking system 

to assess the resistance level because FHB intensity, visible damage of kernels and DON 

concentration in grain are not well-correlated (Amarasinghe et al. 2013). The disease assessment 

combines FHB indices and grain DON concentrations into a single value upon which 

susceptibility classes are decided. The cultivars are ranked as highly susceptible (HS), 

susceptible (S), moderately susceptible (MS) and moderately resistant (MR). Currently, MR is 

the highest resistance level achievable by plant breeders. Trial reports are available to the public 

each year so that producers have the most updated information in cultivar selection (Tamburic-

Ilincic et al. 2011; OCCC 2018).   

The cultivars in the higher resistance level appear to achieve higher yields and quality 

under disease stress. In the US, it was estimated that the MS cultivar ‘Alsen’ brought $30 to $50 

million economic return through yield increase and quality improvements during epidemics in 

2002 and 2003 (McMullen et al. 2012).  
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1.5.4 Combined Impacts of Genetic Resistance and Fungicides 

Today, many growers have adopted both fungicide and genetic resistance to manage 

FHB. Questions have been raised concerning if genetic resistance and fungicides have 

interactions, and if it is economically sound to use both methods. Studies in the US suggested 

that the effects of resistance and fungicide application on FHBI and DON were additive, and the 

highest level of FHB control was achieved by combining a MR cultivar strategy with a fungicide 

(prothioconazole + tebuconazole) (Willyerd et al. 2012). Wegulo et al. (2011) reported that 

fungicide efficacy in reducing FHB and DON was higher in MR cultivars than in S cultivars. 

Both studies suggested genetic resistance to be combined with fungicide application for more 

effective control of FHB. Combining two methods also provide more stable FHB management, 

as efficacies of fungicide and medium responsive cultivars were highly variable depending on 

the environmental conditions (Sip et al. 2010). It has been reported that environmental conditions 

(especially temperature, moisture and rain) account for 48% of the variation in grain DON 

content, making it the biggest influential factor of FHB (Schaafsma et al. 2001). Environmental 

conditions can be affected by agronomic practices, which in turn affect FHB infection besides 

affecting wheat performance.   

1.6 Influences of Agronomic Practices 

Agronomic practices, including nitrogen rate, crop rotation and tillage, affect FHB 

development through crop density, soil texture, crop nutrient balance, soil microbial population, 

and crop health (Dill-Macky & Jones 2000; Teich and Hamilton 1985; Van der Burgt et al. 

2011). In the past two decades, nitrogen fertilizer rates for winter wheat in Ontario have 

increased from 90 kg ha-1 in the 1990s to 120-150 kg ha-1 today. In the 1990s, the major N 

sources were urea and ammonium nitrate; they were applied mid-April. Today in southern 
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Ontario, approximately 50% of the acreage receives granular urea (45-0-0), the other 50% 

receives liquid urea ammonium nitrate (UAN 28-0-0), with some fields receiving split-

applications: one at green-up (Zadoks GS 30) and the other at stem elongation (ZGS 32). The 

most common crop rotation in Ontario is still wheat-corn-soybean since the 1990s. No-till or 

reduced tillage remains a common practice because of soil conservation benefits (Dr. D. C. 

Hooker, University of Guelph Ridgetown Campus, personal communication). These changes in 

agronomic practices in Ontario have the potential to affect FHB. 

1.6.1 Nitrogen Fertilizer 

Nitrogen rates affect FHB indirectly through two factors in the disease triangle: 

environment and host susceptibility. Some studies show N fertilizers to increase FHB in wheat. 

Nitrogen fertilizers change the canopy characteristics by favoring plant growth, sporulation and 

infection by creating a more humid microclimate under the canopy (Van der Burgt et al. 2011). 

Nitrogen also leads to a longer flowering period that creates a wider window for infection (Fauzi 

and Paulitz, 1994; Lemmens et al. 2004). In contrast, Fauzi and Paulitz (1994) found that FHB 

levels were similar with and without applications of 140 kg/ha ammonium nitrate.  

In addition to nitrogen rate, the form of N and nutrient balance also potentially influences 

FHB levels. Teich (1989) reported that urea generated lower FHB incidence than ammonium 

nitrate. Three reasons were proposed for the observation: 1) nitrite blocks reproduction of F. 

graminearum, 2) urea may prevent the maturation of ascospores, and 3) urea may increase 

antagonists of F. graminearum. The nutrient balance potentially affects the disease levels by 

influencing the biosynthesis of compounds that favor the disease or contribute to disease 

resistance (Champeil et al. 2004).  
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In a survey, various nitrogen rates commonly used by growers had minor impact on DON 

concentrations (Schaafsma et al. 2001). Nitrogen has not been found to interact with fungicides 

or cultivar resistance. Instead, synergism of N rate and fungicide on soft red winter wheat was 

addressed by Brinkman et al. (2014). They reported that N rates increased spike numbers and 

kernels per spike, while fungicides mainly increase kernel weight and kernels per spike. When a 

high nitrogen rate (170 kg N ha-1) was applied along with a fungicide, an average yield increase 

of 1.45 Mg ha-1 was found compared to a lower nitrogen rate (100 kg N ha-1) and no fungicide. 

In conclusion, although N alone may have a minor effect on DON concentration, its effects on 

grain yield are important for increasing farm revenue.  

1.6.2 Crop Sequence 

Fusarium graminearum overwinters and sporulates on host residues. The amount of 

primary inoculum in the subsequent growing season is directly related to the amount of crop 

residue remaining on the soil surface (Dill-Macky & Jones 2000). Therefore, agronomic 

practices that influence crop residue levels, such as crop rotation and tillage, influence FHB.  

Crop rotation considers the species of the preceding crops, their susceptibility, and the 

frequency they appear in the rotation (McMullen et al. 1997). These factors influence the density 

and nutritional value of crop residue in the field, which alters the amount and composition of 

inoculum in the subsequent growing season (Dill-Macky & Jones 2000). In the typical crop 

rotation of wheat-corn-soybean in southern Ontario, the hosts (wheat and corn) comprise two 

thirds of the rotation, which creates a substantial risk of FHB. Dill-Macky and Jones (2000) 

reported 25% lower DON concentrations in wheat following soybean compared to wheat 

following wheat, and 50% lower than wheat following corn. Similarly, a German study by Krebs 

et al. (2000) reported that under a no-till system, wheat following rapeseed had 90% lower DON 
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concentration than wheat following corn. More recently, qPCR analysis of the soil showed that 

F. graminearum was found at highest frequency in plots with continuous wheat rotation, higher 

than continuous soybean or wheat-corn-soybean rotations (Marburger et al. 2015).  

Two potential reasons for crop rotation to affect FHB were proposed. One is that corn 

leaves more residue on the soil surface than wheat or soybean. More residues provide more 

overwintering sites for F. graminearum, which in turn generates more inoculum the following 

year (Teich and Hamilton 1985; McMullen et al. 1997). The second is that the principal 

Fusarium species infecting wheat and corn is F. graminearum, while that for soybean is F. 

sporotrichioides. Rotating with soybean changes the Fusarium species composition and reduce 

the risk to the subsequent wheat (Dill-Macky and Jones 2000).  

As for the importance of crop sequence within the whole management plan, Schaafsma et 

al. (2001) found, through extensive surveys in southern Ontario from 1996 to 2000, that the crop 

planted one year before wheat accounted for 14-28% of grain DON content differences 

depending on the year. Much smaller variation of DON levels (3%) was attributed to crop two 

years before the wheat. Through the same set of surveys, Hooker et al. (2002) reported that 

soybean was the crop one year before wheat for 70% of the fields surveyed. Less than 9% of 

wheat fields had corn or wheat as previous crop, but 76% had either corn or wheat within 3 years 

before the wheat. Thus, crop rotation is a relatively minor but non-negligible influential factor 

for FHB in southern Ontario. 

1.6.3 Tillage 

Tillage is minor factor that influences the abundance of primary inoculum (Schaafsma et 

al 2001). Tillage buries crop residues below the soil surface, leaving fewer overwintering sites 
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for F. graminearum (Teich and Hamilton 1985). Tillage also accelerates the decomposition of 

the crop residue, so that F. graminearum colonizes crop residues for a shorter period and 

produces less inoculum (Pereyra and Dill-Macky 2004). Theoretically, no-till or reduced tillage 

favors disease development. However, the effects of no-till to FHB varies between studies. Dill-

Macky and Jones (2000) found that, compared to moldboard plow, chisel plow and no-till had 

significantly higher FHB incidence, severity, DON levels and lower yield. However, there was 

no significant differences found between no-till and chisel plow in terms of disease incidence or 

severity. They suggested that the movement towards reduced and no till practices contributed to 

the FHB epidemics in the Upper Midwest USA in the 1990s. A recent research in Czech agreed 

with their results (Marburger et al. 2015).  

Different results were found by Miller et al. (1998) through a 3-year plot research with 

artificial inoculation in the first year. They found that compared to no-till, conventional tillage 

caused lower levels of kernel infection by two introduced F. graminearum strains; however, no 

differences were observed on the overall disease incidence or kernel infection across tillage 

systems. Comparable results were reported by Schaafsma et al. (2001), who found that less than 

3% of the variation in DON levels was attributed to tillage. Both studies suggest that the effect of 

tillage in reducing inoculum level is small compared to the effect of favorable environmental 

conditions, especially after corn.   

Reduced tillage and no-till systems have been common practices for two decades. In the 

late 1990s, 70% of the fields in southern Ontario have adopted either no till or reduced till, which 

leaves >20% of the soil surface covered with residue (Hooker et al. 2002). Growers adopt 

reduced till or no till to improve soil organic matter content, soil structure, reduce erosion, soil 

carbon loss and to help fertilizer management (AAFC 2014). It is not practical for farmers to 
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shift to conventional tillage for reducing FHB, although the effect is limited. The ascospores of 

F. graminearum are air-borne and disperse both locally and more distantly (Keller et al. 2014). 

As a result, southern Ontario currently has an abundance of inoculum regardless of the 

agronomic practices. This situation is not likely to change in the short term and should be 

considered during research.  

1.6.4 Conclusion of Cultural Practices 

Cultural practices have complex effects on Fusarium head blight. They are usually 

interrelated in terms of their influence on FHB development. They influence crop density, 

canopy characteristics, plant height, residue level, nutrient richness in the residue etc. In some 

cases, two or more cultural practices favor or inhibit FHB together. In other cases, the cultural 

practices have opposite effect on FHB. In total they generally have minor effects on FHB, 

accounting for less than 10% in the variation of DON (Schaafsma et al. 2001). However, in FHB 

epidemic, they have impact on farm revenue by affecting wheat performance, especially grain 

yield.  

1.7 Modeling Economic Impacts of FHB 

 The economic impact of FHB mainly consists of yield losses, grain grade reduction and 

the health issues imposed by mycotoxins on human and animals (Wu 2007). Being the most 

difficult to estimate, economic costs of mycotoxins to human and animals are still being 

developed. Currently in North America, with the regulations on the mycotoxins, the losses 

related to human and animal health are relatively minor compared to the trade losses (grain 

rejection at the market place), making trade losses more important to estimate. One example of 

trade loss estimation is Salgado et al. (2014) who estimated farm gross cash income (GCI) and 

net cash income (NCI) from various FHB management strategies. They assumed three levels of 



 

 

23 

 

FHB index as low (5%), medium (10%) and high (15%) FHB pressure. Grain yield, test weight, 

DON concentration and FDK were predicted through FHB index. Grain sales price at the 

elevator were predicted using grain price and the sum of the discounts originated from test 

weight, FDK and DON. They found that using the combination of cultivar resistance and 

fungicide generated the highest GCI and NCI, making it the most profitable FHB management 

during an epidemic.  

1.8 Limitations on Current FHB Management Methods 

The management of FHB, mainly through the use of fungicides and genetic resistance, 

has advanced considerably in the past two decades. However, there are still limitations and room 

for improvement. The efficacy of current fungicides is inconsistent and limited. Fungicide 

efficacy is influenced by the aggressiveness of the pathogen, susceptibility of the host, 

application methods and timing, and various environmental factors. Growers face many 

uncertainties with the outcome of fungicide applications (McMullen et al. 2012).  All fungicides 

registered for suppressing FHB and DON, except for adepidyn + propiconazole which is still in a 

product development phase, have the same DMI-inhibitor mode of action (FRAC 2018). DMI 

inhibitors have a single-site mode of action and a moderate risk of being overcome by the 

pathogen (OMAFRA 2013a). Fungicide-resistant F. graminearum isolates have not been found 

in North America. However, the risk of developing resistance to fungicides has been reported by 

studies in Europe. When challenged in vitro using a strongly growth-reducing but sub-lethal dose 

of tebuconazole, F. graminearum developed azole-specific cross-resistance or multidrug 

resistance. The resistant strains produced higher levels of nivalenol in the spikelet per fungal 

biomass than the original strain (Becher et al. 2010). A later study conducted in Switzerland 

agreed with their findings. Across 224 F. graminearum isolates collected from German, UK, 
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Italy and US, the EC50 values to propiconazole ranged from 5.4 to 62.2 mg L-1, with 80% of the 

variation from the populations within individual fields. Adding that propiconazole sensitivity has 

a high heritability (H2 = 0.97), it was suggested that there is significant potential for the pathogen 

to develop resistance to fungicides at a field scale (Talas and McDonald 2015). Based on the 

limitations, the future research on fungicides would target developing new modes of action, and 

more judicious application practices to prevent the resistant strains from being developed.  

The most important genetic resistance in current moderately resistant cultivars share 

narrow genetic sources, mainly from Sumai 3 and Frontana. Despite that many QTLs 

contributing FHB resistance have been identified from cultivars and landraces from around the 

world, surprisingly, only a few lines of elite germplasm or registered cultivars have been 

commercialized (Buerstmayr et al. 2009). The nature of FHB resistance is also quantitative. The 

resistance is sometimes source from fortuitous combinations of alleles, which require pyramiding 

to achieve higher resistance levels. In addition, the undesired negative alleles introduced along 

with the desired resistance alleles can reduce yield, thousand kernel weight, protein content and 

other quality traits. This “linkage drag” makes breeders hesitate when using non-adapted 

germplasm in breeding commercial cultivars (Salameh et al. 2011). As a result, there is a clear 

contrast between the abundance of identified QTL and the lack of resistant cultivars on the 

market. Currently, the wheat seed market in southern Ontario still has a mixture of susceptibility 

classes. More recently, there is little evidence that the linkage drag exists in a few modern MR 

and high-yielding cultivars, but the general trend for more cultivars with resistance still requires 

time and research (OCCC 2018). There are no cultivars with complete resistance, thus the use of 

fungicides is often required for effective FHB control in favorable environments. The future 

development of resistance breeding would rely on finding more sources of resistance, and 
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improving the molecular methods to pyramid FHB resistance QTLs without compromising 

agronomic traits.  

Certain cultural practices, such as crop rotation, reduce FHB infection and economic 

losses, but are of limited efficiency and consistency. More importantly, when growers make 

decisions about cultural practices, factors such as soil conservation, nutrient management and 

economic benefit are usually more important than FHB management. This makes some of 

cultural management methods such as rotating away from FHB hosts or clean plowing non-

practical, at least in the short term. The cultural practices might play a minor role in directly 

reducing FHB or DON, but they are crucial for achieving best economic benefits. Research on 

improving cultural practices to better mitigate the economic loss caused by FHB is still 

important. 

Other methods such as induced resistance (Zhang et al. 2007) and the use of biological 

controls (Palazzini et al. 2016) have met with limited success in lowering disease severity, DON 

concentrations and preventing yield losses to FHB. These tend to serve as aiding FHB 

suppression than being alternative methods besides cultivar resistance and fungicide (Gilbert and 

Haber 2013). Consequently, they are not common practices amongst growers.  

All the above potential improvements require tremendous amounts of time, energy, 

resources and research investments to realize. Research funding and resources are usually scarce, 

which raises the question of how to allocate the resources in the most judicious way for the best 

outcome. There are several reviews about the overall improvement on the IPM of FHB (Gilbert 

and Haber 2013; McMullen et al. 2012), as well as reviews on each aspect especially resistance 

breeding. However, few studies have estimated the economic impacts of FHB management 
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methods (Salgado et al. 2014; Cowger et al. 2016). In addition, no studies have been conducted 

in Ontario to estimate the economic impacts of the changes in cultivar FHB resistance, fungicide 

and nitrogen rate in the past two decades. Having such quantitative economic estimate will be 

beneficial to both growers in making FHB management decision, and to researchers in allocating 

research resources.  

The goal of the present study was to assess the economic impacts of the improvements on 

fungicides, cultivar resistance and nitrogen fertilization in the past two decades since the 1996 

FHB epidemic, and to provide information for future research investments. The objectives were: 

1) to quantify the progress of management strategies in the past two decades for suppressing 

FHB and DON and improving wheat performance; and 2) estimate the impact of the progress of 

management strategies to farm revenue and profit. 
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2 CHAPTER 2           EFFECTS OF CULTIVAR GENETIC RESISTANCE, 

FUNGICIDE ADEPIDYN + PROPICONAZOLE AND NITROGEN RATES ON 

FUSARIUM HEAD BLIGHT INFECTION, GRAIN YIELD AND GRAIN QUALITY  

2.1 Abstract 

Fusarium head blight (FHB), mainly caused by Fusarium graminearum (Schwabe) in 

North America, causes yield loss, quality reduction and mycotoxin contamination 

(predominately deoxynivalenol a.k.a. DON) on wheat. The objective of this study was to 

quantify the progress of agronomic and FHB management strategies in the past two decades for 

FHB suppression and for improving winter wheat performance. Field experiments, conducted in 

2017 and 2018, consisted of treatments representing agronomic and FHB management practices 

used in 1996 compared with those used in 2016 including: 2 nitrogen rates, 6 winter wheat 

cultivars representing varying levels of susceptibility to FHB, and a fungicide applied at 

flowering (adepidyn + propiconazole & control). Plots were challenged at 50% anthesis with F. 

graminearum macroconidia suspension followed by mist irrigation. Since the 1996 era, the 

combination of an improvement in cultivar resistance and fungicides reduced total DON by 67%, 

reduced FDK by 49%, reduced FHB Index by 86% and increased grain test weight by 11%; 

grain yield was increased by 32% with an improvement in cultivar resistance, fungicide and 

increase in N rate to 170 kg N ha-1. These findings can be used to perform an economic 

assessment of the return on investment for the improvements in cultivars, fungicide use and 

nitrogen application. 
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2.2 Introduction 

Fusarium head blight (FHB), caused mainly by Fusarium graminearum (Schwabe) in 

North America, has caused yield loss (McMullen et al. 1997; Paul et al. 2010), grade reductions 

(McMullen et al. 1997; Schaafsma et al. 2001; Dexter et al. 1996), and most importantly, 

mycotoxin-contaminated grain (Hooker et al. 2002; Miller et al. 2014; Champeil et al. 2004). 

southern Ontario experienced a severe epidemic in 1996 because management strategies were 

not available when conditions were highly favorable for infection and disease development. It 

was estimated that the epidemic caused over $100 million loss to wheat growers in Ontario due 

to yield losses and grade reductions (Schaafsma 2002). Since 1996, it has been postulated that 

technological innovations have reduced the risk for FHB epidemics; nevertheless, epidemics still 

occur. In at least localized regions across Ontario, epidemics have occurred in 2000, 2004, 2008, 

2010, 2013 and 2015 (Schaafsma 1999; Tamburic-Ilincic 2011; Dr. A.W. Schaafsma, University 

of Guelph, personal communication). Currently, the most effective management strategy to 

reduce the risk of FHB and DON is to plant modern wheat cultivars with some resistance and to 

apply an effective fungicide (Schaafsma and Hooker 2007). Other methods such as biocontrol 

have been investigated, but results have been ineffective or variable under field conditions 

(McMullen et al. 2012). 

Fusarium damaged kernels (FDK) are usually bleached, shrivelled and less dense than 

kernels not infected. This leads to lower test weight and protein content, which subsequently 

results in lower grain grade (Dill-Macky 2010; CFIA 2018). Up to 30% yield loss has been 

reported due to floret sterility and poor seed filling (Dill-Macky 2010). But the major concern of 

FHB is the production of mycotoxins in harvested grain. The major mycotoxins produced by F. 

graminearum include: deoxynivalenol (DON), zearalenone (ZON), and the DON derivatives 
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deoxynivalenol-3-glucoside (D3G), 3-acetyl-deoxynivalenol (3ADON) and 15-acetyl-

deoxynivalenol (15ADON) (Limay-Rios & Schaafsma 2018). Deoxynivalenol, the predominant 

mycotoxin, can cause vomiting, diarrhea, weight loss, immunosuppression, and in some cases 

death when animals consume excessive amounts (da Rocha et al. 2014; Pestka & Bondy 1994). 

In summary, FHB causes yield loss, lowered market grade, and most importantly mycotoxin 

contamination, which causes further economic losses through reduced livestock production, 

health care, veterinary care and regulatory costs (Hussein & Brasel 2001).  

Fusarium graminearum overwinters as mycelia or spores on crop residues (Dill-Macky 

2010). Mycelia develop into perithecia, the sexual reproduction structure, with moderate 

temperature, rain events or high relative humidity (RH) and the presence of light (Champeil et al. 

2004). Once perithecia mature, rain events or high RH trigger the primary inoculum –ascospores 

-- to be released from perithecia (Trail et al. 2002). Ascospores land on wheat spikes by wind or 

rain splash (McMullen et al. 1997). Wheat heads are most susceptible to infection during 

anthesis (Zadoks growth stage 60 to 69; ZGS 60-69) (Champeil et al. 2004).  

 Genetic resistance against FHB is a quantitative trait involving complex mechanisms that 

can be categorized into three main types (Bai & Shaner 2004; Schroeder and Christensen 1963; 

Miller et al. 1985; Wang & Miller 1988; Mesterházy 1995). Among them, the major resistance 

mechanisms used in current commercial cultivars resistant to FHB are type I and type II 

resistance. The former is resistance to initial infection, and the latter is resistance to spread of the 

disease within the spike by the formation of a protective layer between infected and healthy 

tissue (Schroeder and Christensen 1963). Type II resistance in wheat has been found to be more 

stable and less affected by non-genetic factors than type I resistance (Bai & Shaner 1994). Most 
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of the resistance in cultivars currently in North America is obtained from the Chinese cultivar 

Sumai 3 (type II) or its derivatives, and/or from the Brazilian cultivar Frontana (type I and minor 

type II) (Bai & Shaner 2004; Steiner et al. 2017). More recently, QTL Fhb1 from Sumai 3 has 

been incorporated into locally adapted cultivars carrying minor FHB resistance. The resulting 

cultivars have shown high levels of resistance (Bai et al. 2018). 

One of the challenges in FHB resistance breeding is “linkage drag”, where undesirable 

yield or quality traits are introduced when incorporating resistance quantitative trail loci (QTL) 

(Salameh et al. 2011). This challenge is the reason for the relatively narrow source of FHB 

resistance in commercial cultivars compared to the abundance of resistance QTLs found in 

wheat. More recently, molecular methods such a marker-assisted backcrossing aided in 

introducing FHB resistant QTLs into cultivars with less linkage drag. Salameh et al. (2011) 

found that after introducing FHB resistant QTLs derived from spring wheat into winter wheat, no 

systemic negative effect was found on grain yield, kernel weight, test weight and protein content. 

Because of the quantitative nature of FHB resistance, the highest FHB resistance level achieved 

in commercial cultivars is moderately resistant (MR) (OCCC 2018). In southern Ontario, 

between 1999 and 2015, the proportion of highly susceptible (HS) cultivars available to growers 

dropped from 40% to zero, and the proportion of moderately resistant (MS) and MR cultivars 

increased from 28% to 56% (Dr. David C. Hooker, University of Guelph, personal 

communication). Genetic resistance has been proven to be an effective tactic in reducing FHB 

and DON, with some remaining challenges and room to improve.  

 A fungicide application at anthesis (ZGS 65) is another key FHB management method 

developed in the past two decades. The fungicide products currently available for reducing DON 

include Folicur® (tebuconazole), Proline® (prothioconazole), Prosaro® (prothioconazole and 
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tebuconazole) from Bayer CropScience, and Caramba® (metconazole) from BASF. These 

fungicides are all triazole fungicides, belonging to Group 3 (FRAC 2018). Group 3 fungicides 

are demethylation inhibitors (DMI), which inhibit the biosynthesis of sterols in fungi. Sterols are 

components of fungal cell membranes that regulate stability and permeability of the membrane 

(Ziogas and Malandrakis 2015). More recently, a fungicide formulation containing adepidyn and 

propiconazole as active ingredients is being developed by Syngenta (2018). Adepidyn is a new 

active ingredient in the carboxamide chemical class (Group 7). It acts as a succinate 

dehydrogenase inhibitor that inhibits cellular respiration of fungi (FRAC 2018). Propiconazole is 

a DMI, belonging to Group 3 (FRAC 2018). This new combination is now being tested in the 

public sector.  

 According to a meta-analysis of fungicide trials conducted in the US public sector, all 

commercial triazole fungicides registered for use against FHB reduce DON and FHBI (FHB 

index, the multiplication of FHB incidence and severity), and increased yield and test weight 

compared to the untreated check. In the meta-analysis, Prosaro®, Caramba®, Proline® and 

Folicur® reduced FHBI by 40-52%. The former three reduced DON by 42-45%, and Folicur® 

reduced DON by 23% (Paul et al. 2008). All fungicides increased grain yield by around 14% and 

increased test weight around 2.6%, except for Folicur® which increased yield by only 9% and 

test weight by 1.4% (Paul et al. 2010). In other experiments, fungicides were applied most 

effectively for reducing FHB and DON using Turbo TeeJet® nozzles arranged backward-

forward pointing, or alternating Turbo FloodJet nozzles for best spray coverage (Hooker et al. 

2005). The recommended application timing for highest efficacy is ZGS 61-65, which is between 

the start of anthesis and full flowering (Bayer CropScience 2016d).  

 It has been argued that much progress has been made in managing FHB and DON in 
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winter wheat since the 1996 epidemic, but no strategy has achieved complete suppression of 

FHB and DON. Genetic resistance against FHB can still be improved; however, high yields and 

quality challenges remain an obstacle because the undesirable yield and quality traits are usually 

introduced along with FHB resistance (Bai and Shaner 2004, Salameh et al. 2011). Moreover, 

since triazole fungicides have the same mode of action, there is potential for the pathogen to 

develop resistance to the fungicides (FRAC 2018).  The adepidyn-containing product introduces 

a unique mode of action that should help delay the development of fungicide resistance 

(Syngenta 2018). While progress has been made in reducing FHB and DON since the 1996 era, it 

has not been quantified in terms of grain productivity and quality.   

The hypothesis of this study was that FHB and DON has been reduced using a 

combination of modern cultivars that show some resistance and fungicides. The primary 

objective was to quantify the progress of management strategies since the 1996-era for reducing 

FHB/DON and for improving winter wheat performance in favorable conditions for disease 

development. This will provide the inputs for a future study of the direct economic impact of the 

progress made in FHB management.  

 

2.3 Materials and Methods 

2.3.1 Experimental Design and Treatments 

 Two field experiments were conducted on separate fields at Ridgetown, ON; one in the 

2017 growing season and the other in 2018. Plots were inoculated and mist-irrigated to favour 

FHB infection and development. In each experiment, treatments were arranged in a split plot 

design with three levels of nitrogen (N) rates as the whole plot and 12 levels of cultivar-fungicide 
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combinations as the sub plot with four replications. Levels of all factors were selected to 

represent and compare typical FHB and agronomic management used in the eras of 1996 

(referred to as old practice) and 2016 (referred to as modern practice) (Dr. A.W. Schaafsma and 

Dr. D.C. Hooker, personal communication). The winter wheat cultivars and their FHB 

susceptibility to FHB are listed in Table 2.1. Seed for AC Ron (the most popular cultivar in 

1996) was unavailable during the first year of the study, but it was included in the second year. 

AC Mountain is a white wheat from the 1996 era with similar characteristics as AC RON and is 

also highly susceptible to FHB. The N rate of 100 kg N ha-1 represented the 1996 standard 

practice, and 170 kg N ha-1 represented the normal practice used in the 2016 era. A zero N check 

treatment was included mainly to estimate wheat responsiveness to N on the field sites. 

Fungicide treatments included no fungicide (untreated), which represented the normal practice in 

the 1996 era when no fungicides were used or available, and the adepidyn-containing product 

A21573C (150 g a.i. L-1 adepidyn + 125 g a.i. L-1 propiconazole) representing a fungicide in the 

2016 era. Plot size was 4 m in length by 1.15 m in width. Different nitrogen rates were separated 

by a guard plot or a 1-m-wide path.  

2.3.2 Planting, Fertilization and Plot Maintenance 

In both years, the fields that were selected were in a crop rotation of winter wheat-corn-

soybean, which is a typical crop rotation in southern Ontario. The fertilizer 6-24-24 was 

broadcast at a rate of 336 kg ha-1 and incorporated before planting. The 2017 and 2018 sites were 

planted on 24 October 2016 and 26 October 2017, respectively, using a Wintersteiger TRIM 

planter (Laval, QC, Canada) with 6 rows spaced 19 cm apart. The target seeding rate was 450 

seeds m-2. Seed for individual plots were counted with Seedburo 801 Count-A-Pak ® (Seedburo 

Equipment Company, Des Plaines, IL, USA). Nitrogen fertilizer treatments were split-applied on  
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Table 2. 1 Factors included in experimental design, representing FHB and agronomic 

management practices in 1996 era and 2016 era 

Era 

Factors 

Cultivars (susceptibility)a Nitrogen rates  Fungicide 

. . 0 kg N ha-1 . 

Representing 1996 

AC Mountain (HS)b 

AC Ron (HS)b 

100 kg N ha-1 None 

Representing 2016 

Ava (MR)c 

25R46 (MR)d 

25W31 (MS)d 

25R40 (S)d 

170 kg N ha-1 A21573Ce 

a Cultivar susceptibility, from most susceptible to most resistant: HS, highly susceptible; S, susceptible; 

MS, moderately susceptible; MR, moderately resistant  

b AC Ron and AC Mountain (both awnless), distributed by SeCan Association (Ottawa, ON). 

c Ava (awnless), distributed by Brevant Seeds (Calgary, AB). 

d 25W31, 25R46 and 25R40 (all awned), distributed by Pioneer Hi-Bred (Chatham, ON) 

e Fungicide A21573C is manufactured by Syngenta (Guelph, ON). It is consisted of 150 g a.i. L-1 

adepidyn, and 125 g a.i. L-1 propiconazole. 
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the 170 kg N ha-1 treatments at rates of 100 and 70 kg N ha-1, using calcium ammonium nitrate 

(CAN) (27-0-0), on 21 April and 9 May in 2017, and 19 April and 15 May in 2018. Sulphur (11 

kg S ha-1) was broadcasted using a spinner spreader to all plots in the form of calcium sulphate 

(gypsum; 0-0-0-17% sulphur) on 10 May 2017 and 15 May 2018. Broadleaf weeds were 

controlled with Refine® SG herbicide (33.35% thifensulfuron methyl and 16.65% tribenuron 

methyl. FMC corporation, Philadelphia, PA, USA) applied on 3 May 2017, and with Refine® 

SG and Buctril M herbicide (280 g L-1 bromoxynil and 280 g a.e. L-1 MCPA) (Bayer 

CropScience, Guelph, ON) on 23 May 2018.  

2.3.3 Fungicide Application, Inoculation and Mist Irrigation 

The fungicide A21573C (150 g a.i. L-1 adepidyn + 125 g a.i L-1 propiconazole) was 

applied at a rate of 1 L product ha-1 to each cultivar in designated plots when they reached ZGS 

65 (dates and weather conditions at time of spray as shown in Table 2.2), otherwise known as the 

T3 timing. The fungicides were applied using a CO2 sprayer, equipped with a boom 100 cm wide 

with 2 nozzle configurations spaced 50 cm apart. Each nozzle configuration consisted of two 

Turbo TeeJet TT11001 nozzles (TeeJet Technologies, IL, USA) on a double swivel Quick TeeJet 

nozzle body (QJ8600-2-1/4-NYB, TeeJet Technologies, IL, USA); one nozzle was fitted to point 

forward in the direction of travel and angled 45 degrees from horizontal, and the other nozzle 

was adjusted to point backward and angled 45 degrees from horizontal. The nozzles were 

positioned approximately 35 cm above the canopy of each cultivar during spraying. The sprayer 

was calibrated to deliver 200 L ha-1 with 240 kPa pressure at a travelling speed of 3.6 km h-1.  

In 2018, all plots were sprayed with 0.3 L ha-1 of the foliar fungicide Headline® EC (250 

g L-1 pyraclostrobin. BASF, Mississauga, ON) at ZGS 39 (flag leaf fully emerged) for 
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controlling stripe rust that would otherwise confound the experimental objectives that focuses on 

FHB. The fungicide was applied using a CO2 sprayer equipped with a boom 100-cm wide and 

two air bubble jet nozzles NNB003002 (BFS, Brandon, MB) spaced 50-cm apart and angled 90 

degrees from horizontal.  It was calibrated to deliver 200 L ha-1 with 240 kPa pressure. In 2017, 

no fungicide was applied at ZGS 39 (flag leaf fully emerged) because the potential for foliar 

disease was low.  

In both years, plots were inoculated with F. graminearum from two sources: 1) infected 

corn stalks collected from a commercial corn field, consisting of 5 infected stalks scattered on 

the ground in each plot around ZGS 31, and 2) a spore suspension prepared in liquid culture 

according to Hamilton et al. (1997). Briefly, the spore suspension was a mixture of multiple 

isolates containing both 3ADON and 15ADON chemotypes. Suspensions of each isolate were 

filtered separately using cheese cloth. Before inoculation, suspensions of all the isolates were 

mixed, and spore concentration adjusted to 5×104 macroconidia mL-1 using a hemocytometer. In 

2017, five isolates, DAOM 251952, 251953, 251954, 251955, 251956 (Canadian Collection of 

Fungal Cultures, Ottawa, ON), representing both 3ADON (DAOM 251952, 251953, and 

251956) and 15ADON (DAOM 251954 and 251955) chemotypes were used. Each plot was 

spray-inoculated twice using 225 mL spore suspension (Tamburic-Illincic et al. 2011). The first 

spray inoculation was within 24 h after the fungicide application at ZGS 65, and the second 48h 

after the first. Plots were mist-irrigated using overhead mist-irrigation system in a one-minute 

interval every 8 min from 10:00 to 17:00, delivering about 7.5 mm water per day, from 2 June to 

26 June to favor FHB development (Tambric-Illincic et al. 2007). In 2018, plots were spray-

inoculated with only three F. graminearum isolates -- DAOM 251953 (3ADON), 251955 

(15ADON) and 251956 (3ADON) -- because DAOM 251952 and 251954 lacked vigor in 
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producing macroconidia. The mist irrigation system was turned on from 4 June, after the first 

inoculation, to 14 June, when first FHB symptom appeared.  

Table 2. 2 Weather conditions at all fungicide application timings 

a ZGS 39: flag leaf unrolled; ZGS 61-65: early to full flowering 

 

2.3.4 Visual Disease Assessment, NDVI and Post-harvest Data Collection 

In both years, FHB and flag leaf disease assessments were conducted 21± 2 days after the 

fungicide treatment at ZGS 65. FHB was assessed by randomly selecting 20 heads per plot and 

recording the severity of infection on each head using a visual scale, as described by Stack and 

McMullen (1998). In each plot, FHB incidence and severity were used to calculate the FHB 

index (FHBI) (Paul et al. 2005a). Similarly, flag leaf diseases were assessed by randomly 

Year Cultivar 

Spray 

timinga 

(ZGS) 

Spray 

date 
Time 

Wind speed 

(km h-1)  

Temp 

(°C) 

2017 

25R46 

61-65 

05-31 20:00-20:15 12 17.9 

25R40 06-02 7:45-8:00 7 13.6 

25W31 06-03 6:00-6:15 3 12.1 

AC Mountain 06-03 20:30-20:45 12 16.6 

Ava 06-05 6:30-6:45 12 13.4 

2018 

All cultivars 39 05-24 7:40-8:25 5 19.5 

All cultivars 61-65 06-02 18:30-19:15 14 16.8 
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selecting 10 flag leaves per plot and recording the severity on each leaf using the rating scales by 

GoCereals. A flag leaf disease index (FLI) was calculated using disease ratings and incidence.  

Normalized difference vegetation index (NDVI) value is an indicator of density of green. 

In area containing vegetation, NDVI ranged from 0 to 1 with the higher value indicating denser 

and greener canopy. It has been used extensively to assess crop condition and yield (Mikhabela 

et al. 2011). In both years, NDVI values were recorded using a hand-held GreenSeeker (Trimble 

Inc. CA, USA) when the crop reached ZGS 61-65, the peak canopy greenness. In 2018, at ZGS 

85, when flag leaf senescence started, differences in stay green were noted amongst plots and an 

additional measurement of NDVI was taken. The decrease of NDVI values from ZGS 65 to ZGS 

85 (ΔNDVI) was calculated to estimate the rate of canopy senesce at the end of the grain filling 

stage near physiological maturity.  

Plots were harvested on 20 July in both years with a small plot combine. Grain moisture 

was measured using a moisture meter (Nuclear Enterprises LTD. Winnipeg, MB, Canada). Grain 

yields were adjusted to Mg ha-1 at 14% moisture. Test weight was measured using a standard 

0.5-L test weight cup and filling hopper that is approved by the Canadian Grain Commission. 

The percentage of Fusarium damaged kernels (FDK, w/w %) was estimated with near infrared 

spectroscopy (Unity Scientific, MA, USA) using the method developed by Limay-Rios et al. 

(2012). The FDK values reported were an average of three scanned repacks for each subsample.  

2.3.5 Mycotoxin Analysis 

Sample preparation 

To collect a representative subsample for mycotoxin analysis, 500 g of grain was 

subsampled using a commercial grain sample splitter. This portion of grain was coarsely ground 
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(pass through 10 mesh sieves) through a Romer grinding mill (Romer Labs Inc. Newark, DE, 

USA) and divided into three more subsamples of 150-175 g each. One of these was finely 

ground using a Stein Laboratory Mill (The Steinlite Corporation, Atchison, KS, USA), until 90% 

of the ground material passed through 20 mesh sieves. Ten grams of the fine ground flour was 

weighed in a 50 mL centrifuge tube. Forty mL mycotoxin extraction solvent (79% acetonitrile, 

20% water and 1% acetic acid) was added to the 10-g flour sample and shaken on an Eberbach 

shaker for 90 min. The mixture was centrifuged at 3000 revolutions min-1 for 3 min. Then 200 

µL of supernatant was transferred into a test tube and diluted with 1.8 mL mycotoxin extraction 

solvent. Two hundred µL of the diluted sample was transferred to a new test tube, together with 

100 µL of internal standard dilution solvent. The mixture was dried under a nitrogen stream and 

reconstituted with 400 µL mycotoxin dilution solvent (45.5% H2O, 53.5% MeOH, 1% acetic 

acid, and 5 mM ammonium acetate). The 400 µL sample was transferred to vials with inserts and 

stored at 4°C until analyzed.  

LC-MS/MS 

The procedure used for mycotoxin LC-MS/MS quantification has been described in 

Limay-Rios and Schaafsma (2018) with minor modifications. In 2017, the limits of detection 

(LOD) for deoxynivalenol (DON) and DON derivatives deoxynivalenol-3-glucoside (D3G), 15-

acetyl-deoxynivalenol (15ADON) and 3-acetyl-deoxynivalenol (3ADON) were 23.3, 5.73, 

76.26, and 11.64 ppb respectively. In 2018, the LODs were 3.36, 0.03, 1.52 and 4.13 ppb 

respectively. The LODs were lower in the second year because of the improvement in analysis 

and quantitation methods (Dr. V. Limay-Rios, University of Guelph, personal communication). 
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Total DON concentration (TDON) was calculated as the sum of DON, D3G, 15ADON and 

3ADON. 

2.3.6 Statistical Analysis 

Data analysis was conducted using SAS Ver. 9.4 (SAS Institute, Cary, NC). Data from 

the 2017 and 2018 agronomy experiments were pooled across years, as year by treatment 

interactions were not significant. The PROC UNIVARIATE procedure was used to test the 

assumptions of normality of the residuals. The best distribution for each dependent variable was 

determined through residual analysis. Outliers were identified by distribution and probability plot 

for studentized residuals. If the absolute value of a studentized residual was larger than 3.4, the 

data point was identified as a putative outlier and removed if it did not affect the results (Bowley 

2015).  

PROC GLMM was used to conduct variance analysis for a split-plot design pooled across 

years. The cultivars in the experiments were grouped into cultivar eras representing FHB 

susceptibility in each era: 1) 1996 HS: AC Ron and AC Mountain; 2) 2016 S/MS: 25R40 and 

25W31; and 3) 2016 MR: 25R46 and Ava. Fixed effects included cultivar era, nitrogen rate, and 

fungicide application; random effects included year, replication block nested within year, and 

nitrogen by replication block nested within year. 

First, the responsiveness of wheat to nitrogen, measured by FHB (TDON, FDK, FHBI) 

and wheat performance (yield, test weight and NDVI at ZGS 65 and 85) were tested by variance 

analysis. Least square means were separated using Tukey’s test. The impact of N deficiency to 

FHB and wheat performance were investigated by comparing the least square means of zero 

nitrogen with that of 100 and 170 kg N ha-1. If the least square means of zero nitrogen were 
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significantly different from 100 and 170 kg N ha-1, wheat in this study was confirmed to be 

responsive to nitrogen. 

Then, for the main variance analysis, the zero-N control treatments were removed from 

the data set, so the changes on agronomic and FHB management practices between the eras of 

1996 and 2016 could be compared. The statistical significance of the fixed effects was tested on 

total DON concentration, percentage FDK, FHBI, yield, test weight, and NDVI at ZGS 65 and 

85, and the ΔNDVI from the two growth stages. For yield and test weight, FLI was included as a 

covariate to test the effect of flag leaf diseases. Least square means of the significant effects were 

generated. Least square means were separated using the Tukey’s test. The level of significance 

used for statistical analyses was P = 0.05. 

 

2.4 Results 

As expected, the inclusion of a zero-N control treatment indicated that grain yield was 

responsive to N fertilizer at both sites in 2017 and 2018; grain yield increased by 2.11 to 2.74 Mg 

ha-1 with the addition of 100 kg N ha-1 (Appendix Table 2). When including the zero N rate, 

cultivar era interacted with N rate on total DON, grain yield and canopy NDVI at ZGS 65 and 

85, while fungicide interacted with N rate on grain yield, test weight and canopy NDVI at ZGS 

85 (Appendix Table 1). These interactions were caused primarily by differences between zero N 

and the two N rates (100 and 170 kg N ha-1) used in the study. Because the focus of this study 

was not on the effect of zero N, differences among treatments with zero N are presented and 

discussed in Appendix Table 2 and 3.  
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2.4.1 Effect of the Changes in Cultivar FHB Susceptibility, Nitrogen Rate and Fungicide 

between 1996 and 2016 to Total DON Concentration, Fusarium Damaged Kernel, 

and FHB Visual Symptoms 

One of the primary objectives of the study was to investigate the simple effects and 

interactions among N rates of 100 and 170 kg N ha-1, with and without fungicide, across cultivars 

that represent practices during an early era (1996) and a modern era (2016). Therefore, variance 

analysis of these effects and interactions was performed in a reduced dataset excluding the zero 

N rate data. The total DON (DON and its derivatives D3G, 3ADON and 15ADON), FDK and 

FHBI were different across cultivar susceptibility eras and fungicide treatments (P<0.0001; 

Table 2.3); the magnitude of DON and FHBI response to cultivar era depended on whether a 

fungicide was applied at ZGS 65 or not, which produced a significant cultivar era by fungicide 

interaction (P=0.0093 for TDON; P=0.0344 for FHBI; Table 2.3). The average total DON in the 

HS cultivars from the 1996 era (referred to as “old HS cultivars”) was reduced from 19.0 to 10.6 

ppm with the application of a fungicide at flowering, or a reduction of 8.4 ppm or 44% 

(P<0.0001; Table 2.4).  In contrast, for MR cultivars from the 2016 era (referred to as “modern 

MR cultivars”), the fungicide reduced total DON from 10.2 to 6.3 ppm, or a reduction of 3.9 

ppm or 39% (P=0.0004; Table 2.4).  In other words, the use of the modern practice of modern 

MR cultivars, combined with a fungicide application at flowering, reduced the total DON by 

67% or 12.7 ppm compared with the practice of using old HS cultivars with no fungicide (Table 

2.4). Similarly, in S/MS cultivars from the 2016 era (referred to as “modern S/MS cultivars”), a 

fungicide reduced total DON from 16.8 to 9.0 ppm, a 47% reduction (Table 2.4). Modern S/MS 

cultivars had similar total DON compared with the old HS cultivars with and without a 

fungicide. Modern MR cultivars consistently resulted in 41% and 44% lower total DON 
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accumulating than the old HS cultivars, with and without a fungicide application, respectively 

(Table 2.4).  

When visual FHB symptoms were measured, the average FHB index (FHBI) for the old 

HS cultivars with no fungicide applied was 17.8% (Table 2.4). The use of a fungicide on the old 

HS cultivars reduced FHBI from 17.8 to 4.6%, which is a reduction of 74% (P<0.0001; Table 

2.4). The average FHB index was reduced to 5.4% when using modern MR cultivars, a 70% 

reduction compared to using old HS cultivars. When using modern FHB management practices 

of planting MR cultivars combined with a fungicide, FHBI was reduced to 1.5%, which was 86% 

lower compared to the old practice of planting HS cultivar with no fungicide. (Table 2.4). 

Modern S/MS cultivars resulted in FHB indices of 7.3 and 1.5 %, with and without fungicide, 

respectively, which was similar to the modern MR cultivars (5.4 vs 2.6 %, with and without 

fungicides, respectively) (Table 2.4). In susceptible cultivars from both old (1990) and modern 

(2016) eras, the fungicide reduced FHBI at similar magnitudes, 74% reduction for old HS 

cultivars and 80% reduction for modern S/MS cultivars. In contrast, in modern MR cultivars, 

fungicide application resulted in a lower FHBI reduction of 53% (Table 2.4). 

The percentage FDK was different across cultivar era, fungicide and nitrogen treatments, 

with no significant interaction found at P=0.05 (Table 2.3). By using the modern MR cultivars 

instead of old HS cultivars, percentage FDK was reduced by 22% from 6.9 to 5.4 % (P<0.0001). 

A fungicide applied at anthesis reduced percentage FDK from 7.9 to 5.1%, or 35% across 

cultivar eras (P<0.0001). Thus, the use of modern FHB management practices, MR cultivars 

combined with a fungicide application at flowering, reduced percentage FDK from 8.3 to 4.2%, 

or 49% compared with using old HS cultivars with no fungicide (Table 2.4). An increase in 
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nitrogen rate from 100 to 170 kg N ha-1 decreased percentage FDK slightly from 6.8 to 6.1 

across cultivar eras and fungicide treatments (P=0.0361).  

 

Table 2. 3 Fixed effects in mixed model variance analysis of the effects of cultivar era, 

nitrogen rate and fungicide to total DON concentration (ppm), FDK (%) and FHB index. 

      Total DON e FDK FHBI f 

Effects 
Num 

DF 
Den DF F

 a
   Pr > F F

 a
   Pr > F F

 a
   Pr > F 

Cultivar era (Era) b 2 150 35.11 <0.0001 16.73 <0.0001 30.50 <0.0001 

Fungicide (F) c 1 150 105.57 <0.0001 102.84 <0.0001 56.27 <0.0001 

Nitrogen (N) d 1 7 0.88 0.3803 6.70 0.0361 1.07 0.3349 

Era*F 2 150 4.75 0.0100 1.24 0.2930 3.46 0.0344 

Era*N 2 150 0.39 0.6787 0.09 0.9182 0.02 0.9795 

N*F 1 150 0.00 0.9744 0.52 0.4700 0.29 0.5922 

Era*N*F 2 150 0.08 0.9220 0.07 0.9293 0.41 0.6640 

a
  Significant effects (P<0.05) are indicated in bold. 

b Era: era of cultivar indicating FHB susceptibility. 1996 HS (highly susceptible) era represented by AC 

Ron and AC Mountain; 2016 S/MS (susceptible/moderately susceptible) represented by Pioneer 25R40 

and 25W31; 2016 MR (moderately resistant) represented by Pioneer 25R46 and Ava. 
c F: fungicide treatment at ZGS 65. 

d N: nitrogen rate (100 and 170 kg N ha-1).  
e Total DON: sum concentration of deoxynivalenol (DON) and its derivatives: deoxynivalenol-3-

glucoside (D3G), 3-acetyl-deoxynivalenol (3ADON) and 15-acetyl-deoxynivalenol (15ADON) 
f FHBI: FHB index measured at 21 days after fungicide treatment. Two outliers removed based on 

residual analysis: plot 122 in 2017 (Ava + no fungicide + 170 kg N ha-1) and plot 408 in 2017 (25R40 + 

no fungicide + 170 kg N ha-1). 
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Table 2. 4 Least square means of total DON concentration, FDK and FHB index as affected 

by cultivar era and fungicide interaction. 

  Fungicide application at ZGS 65 c       

Cultivar Era b No fungicide Fungicide Difference % change 
P-value; 

fungicide 

Total DON concentration (ppm) e 
 

1996 HS 19.0d a g 10.6 a -8.4 -44.2 <0.0001 

2016 S/MS 16.8 a 9.0 ab -7.8 -46.6 <0.0001 

2016 MR 10.2 b 6.3 b -3.9 -38.6 0.0004 

FDK (%)   

1996 HS 8.3 a 5.6 a -2.7 -32.7 <0.0001 

2016 S/MS 8.8 a 5.4 a -3.3 -38.0 <0.0001 

2016 MR 6.6 b 4.2 a -2.3 -35.6 <0.0001 

FHB Index (%) f  

1996 HS 17.8 a 4.6 a -13.2 -74.2 <0.0001 

2016 S/MS 7.3 b 1.5 a -5.8 -80.0 <0.0001 

2016 MR 5.4 b 2.6 a -2.8 -52.5 0.0230 
a Note: n =32 for each mean, except for 1996 HS which n =24.  

b Era: era of cultivar indicating FHB susceptibility. 1996 HS (highly susceptible) era represented by AC 

Ron and AC Mountain; 2016 S/MS (susceptible/moderately susceptible) represented by Pioneer 25R40 

and 25W31; 2016 MR (moderately resistant) represented by Pioneer 25R46 and Ava. 

c Fungicide A21573C, which was consisted of 150 g a.i. L-1 adepidyn, and 125 g a.i. L-1 propiconazole, 

was applied at ZGS 65 using rate 1 L product ha-1. 

d Standard error of total DON ranged from 1.82-1.88; FDK 1.60-1.61; FHBI 2.44-2.49.  

e Total DON (TDON) is the sum of deoxynivalenol (DON) and its derivatives: deoxynivalenol-3-

glucoside (D3G), 3-acetyl-deoxynivalenol (3ADON) and 15-acetyl-deoxynivalenol (15ADON). 

f FHBI: FHB index measured at 21 days after fungicide treatment. Two outliers removed based on 

residual analysis: plot 122 in 2017 (Ava + no fungicide + 170 kg N ha-1) and plot 408 in 2017 (25R40 + 

no fungicide + 170 kg N ha-1). 

g  Means with the same letter within fungicide treatment and dependent variable are not statistically 

different according to the Tukey-Kramer test (P=0.05). 
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2.4.2 Effect of the Changes in Cultivar FHB Susceptibility, Nitrogen Rate and Fungicide 

between 1996 and 2016 on Wheat Performance.  

The other main objective of this study was to investigate wheat performance as affected 

by simple effects and interactions among N rates of 100 and 170 kg N ha-1, with and without 

fungicide application at ZGS 65, and across cultivars that represent the 1996 and 2016 eras. 

Wheat performance was assessed by three measurements: 1) grain yield; 2) test weight, which is 

an indicator of grain quality and 3) the decrease of NDVI value between ZGS 65 and 85, which 

reflects photosynthetic potential during grain filling (Thomas and Smart 1993; Thomas and 

Howarth 2000). Flag leaf diseases were generally at low levels (data not shown) and FLI did not 

have effect on grain yield (P=0.2658) or test weight (P=0.4223). Thus, it was removed from the 

model in the following analysis. Grain yield was different across cultivar eras and fungicide 

treatments (P<0.0001; Table 2.5); however, the magnitude of yield response to nitrogen 

depended on whether a fungicide was applied or not, which produced a significant nitrogen by 

fungicide interaction (P=0.0288; Table 2.5). Across cultivar eras, grain yield responded to an 

increase of nitrogen from 100 to 170 kg N ha-1 only when a fungicide was applied. In this case, 

yield increased by 0.53 Mg ha-1 or 11% (P=0.0246; Table 2.7) with a fungicide application. 

Similarly, the magnitude of fungicide effect on yield varied across nitrogen rates. At the 100 kg 

N ha-1 nitrogen rate, fungicide applied at anthesis increased yield by 10 to 18% depending on 

cultivar eras, or 13% (0.61 Mg ha-1) across cultivar eras (P<0.0001). At the 170 kg N ha-1 

nitrogen rate, fungicide increased yield by 19 to 26% depending on cultivar eras, or 21% (1.03 

Mg ha-1) across cultivar eras (P<0.0001; Table 2.6 and 2.7). It is noteworthy that old HS 

cultivars and modern MR cultivars had similar yields, both with (5.24-5.40 Mg ha-1) and without 

fungicide (4.29-4.66 Mg ha-1). In contrast, modern S/MS cultivars yielded 5.28 Mg ha-1 without 
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fungicide and 6.05 Mg ha-1 with a fungicide, in both cases higher than yields for either old HS 

cultivars or modern MR cultivars (Table 2.6).  

Test weight was affected by the simple effects of cultivar era and fungicide treatment 

(P<0.0001), with no interaction at P=0.05 (Table 2.5). Across cultivar eras, the average test 

weight increased from 72.0 to 75.6 kg hL-1 or 5.0% by a fungicide application (P<0.0001). Using 

modern MR cultivars, along with a fungicide, increased test weight by 7.7 kg hL-1 or 11% 

compared to the old practices of using HS cultivars and no fungicide (Table 2.6). Modern S/MS 

cultivars had test weights of 76.4 and 72.8 kg hL-1, with and without fungicide, respectively, both 

equivalent to that observed in modern MR cultivars (76.9 vs 73.9 kg hL-1) (Table 2.6).   

The progression of canopy senescence during grain filling, as reflected by the decrease in 

NDVI value (ΔNDVI) between full anthesis (ZGS 65) and soft dough (ZGS 85), was different 

across cultivar eras (P<0.0001), fungicide treatment (P<0.0001) and nitrogen rate (P=0.0017). 

However, the magnitude of ΔNDVI response to cultivar era depended on whether a fungicide 

was applied or not, which produced a significant cultivar era by fungicide interaction (P=0.0155; 

Table 2.5). Within old HS cultivars, a fungicide application reduced the ΔNDVI from 0.32 to 

0.21, a 35% reduction (P<0.0001; Table 2.6). Similarly, by using modern MR cultivars instead 

of old HS cultivars, ΔNDVI was reduced from 0.32 to 0.19, a 41% reduction (P<0.0001; Table 

2.6). Thus, compared to using old HS cultivars with no fungicide, the use of modern MR 

cultivars along with fungicide reduced ΔNDVI by 60%, or from 0.32 to 0.13 (Table 2.6). The 

modern S/MS cultivars had similar ΔNDVI as MR cultivars from the same era, with (0.14) or 

without (0.21) fungicide (Table 2.6). The magnitude of ΔNDVI response to nitrogen depended 

on cultivar era and produced a significant cultivar era by nitrogen interaction (P=0.0109; Table 
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2.5). The average ΔNDVI in old HS cultivars decreased from 0.29 to 0.23 when the nitrogen rate 

increased from 100 to 170 kg N ha-1, a 21% reduction (P<0.0001 Table 2.7). In contrast, within 

modern MR cultivars, the increase in nitrogen rate reduced ΔNDVI from 0.19 to 0.13, a 

reduction of 32% (P<0.0001; Table 2.7).  In this case, the use of modern MR cultivars, combined 

with 170 kg N ha-1, reduced ΔNDVI by 55% or 0.16 compared with the use of old HS cultivars 

and 100 kg N ha-1 (Table 2.7). Interestingly, modern S/MS cultivars were the most responsive to 

the increase in nitrogen rate. The average ΔNDVI in modern S/MS cultivars was 0.22 at 100 kg 

N ha-1, higher than that of MR cultivars from the same era (0.19). When the nitrogen rate 

increased to 170 kg N ha-1, the average ΔNDVI was decreased by 45% to 0.12, similar with 

modern MR cultivars (0.13) (Table 2.7).  
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Table 2. 5 Fixed effects in mixed model variance analysis of the effects of cultivar era, nitrogen rate and fungicide to yield (Mg ha -1), 

test weight (kg hL-1), canopy NDVI at ZGS 65 and ZGS 85 and their difference. 

      Grain yieldf Test weight ΔNDVIg NDVI ZGS 65 NDVI ZGS 85 

Effect 
Num 

DF 

Dene 

DF 
F

 a
   Pr > F F

 a
   Pr > F F

 a
   Pr > F F

 a
   Pr > F F

 a
   Pr > F 

Cultivar era (Era b) 2 150 32.07 <0.0001 47.09 <0.0001 105.49 <0.0001 7.28 0.0010 89.04 <0.0001 

Fungicide (F)c 1 150 75.43 <0.0001 109.92 <0.0001 146.59 <0.0001 0.29 0.5897 124.01 <0.0001 

Nitrogen (N)d 1 7 2.27 0.1756 1.40 0.2757 115.60 0.0017 12.05 0.0104 133.19 0.0014 

Era*F 2 150 0.41 0.6677 1.10 0.3344 4.40 0.0155 0.12 0.8894 4.47 0.0145 

Era*N 2 150 0.03 0.9753 0.77 0.4655 4.79 0.0109 0.35 0.7080 4.57 0.0133 

N*F 1 150 4.88 0.0288 2.01 0.1588 0.46 0.4998 0.02 0.8765 0.24 0.6243 

Era*N*F 2 150 0.15 0.8629 0.03 0.9708 0.04 0.9602 0.97 0.3804 0.38 0.6835 

a Significant effects (P<0.05) are indicated in bold. 
b Era: era of cultivar indicating FHB susceptibility. 1996 HS (highly susceptible) era represented by AC 

Ron and AC Mountain; 2016 S/M (susceptible/moderately susceptible) represented by Pioneer 25R40 and 

25W31; 2016 MR (moderately resistant) represented by Pioneer 25R46 and Ava. 
c F: Fungicide treatment at ZGS 65. 
d N: nitrogen rate (100 and 170 kg N ha-1) 
e Denominator DF=150 and 7 for grain yield, test weight and NDVI ZGS 65. Denominator DF=78 and 3 for 

ΔNDVI and NDVI ZGS85. 
f Grain yield adjusted to 14% moisture. 

g ΔNDVI was the difference between NDVI values at ZGS 65 (full anthesis) and ZGS 85 (soft dough). 
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Table 2. 6 Least square means of grain yield, test weight, canopy NDVI at ZGS 65 and ZGS 85 

and their difference as affected by cultivar FHB susceptibility and fungicide interaction. 

  Fungicide application at ZGS 65d 
      

Cultivar erac No fungicide Fungicide Difference 
% 

change 

P-value; 

fungicide 

Yield (Mg ha-1) across nitrogen rates  

1996 HS 4.29ab bf 5.24 b 0.94 22.0 <0.0001 

2016 S/MS 5.28 a 6.05 a 0.77 14.6 <0.0001 

2016 MR 4.66 b 5.40 b 0.74 15.9 <0.0001 

Yield (Mg ha-1) at 100 kg N ha-1  

1996 HS 4.27 b 5.02 b 0.75 17.6 0.0023 

2016 S/MS 5.25 a 5.75 a 0.50 9.5 0.0178 

2016 MR 4.57 b 5.16 ab 0.59 12.9 0.0057 

Yield (Mg ha-1) at 170 kg N ha-1  

1996 HS 4.33 b 5.47 b 1.14 26.3 <0.0001 

2016 S/MS 5.31 a 6.36 a 1.05 19.8 <0.0001 

2016 MR 4.75 ab 5.65 b 0.90 18.9 0.0003 

Test weight (kg hL-1)  

1996 HS 69.2 b 73.5 b 4.3 6.2 <0.0001 

2016 S/MS 72.8 a 76.4 a 3.5 4.8 <0.0001 

2016 MR 73.9 a 76.9 a 3.0 4.1 <0.0001 

ΔNDVIe 
 

1996 HS 0.32 a 0.21 a -0.11 -34.6 <0.0001 

2016 S/MS 0.21 b 0.14 b -0.07 -32.9 <0.0001 

2016 MR 0.19 b 0.13 b -0.06 -32.4 <0.0001 

NDVI ZGS 65  

1996 HS 0.76 b 0.77 a 0.00 0.6 0.5250 

2016 S/MS 0.78 a 0.78 a 0.00 0.0 1.0000 

2016 MR 0.77 ab 0.77 a 0.00 0.2 0.8023 

NDVI ZGS 85  

1996 HS 0.43 b 0.54 b 0.11 25.6 <0.0001 

2016 S/MS 0.55 a 0.61 a 0.06 10.9 <0.0001 

2016 MR 0.55 a 0.62 a 0.07 12.7 <0.0001 
a Note: n=32 for each FHB susceptibility interaction, except for 1996 HS which n=24.  
b Standard error of grain yield 0.270- 0.278; test weight 2.06-2.08; ΔNDVI 0.007; NDVI ZGS 65 0.024; NDVI 

ZGS 85 0.010.  
c Era: era of cultivar indicating FHB susceptibility. 1996 HS (highly susceptible) era represented by AC Ron and 

AC Mountain; 2016 S/MS (susceptible/moderately susceptible) represented by Pioneer 25R40 and 25W31; 2016 

MR (moderately resistant) represented by Pioneer 25R46 and Ava. 
d Fungicide A21573C, which was consisted of 150 g a.i. L-1 adepidyn, and 125 g a.i. L-1 propiconazole, was 

applied at ZGS 65 using rate 1 L product ha-1. 
e ΔNDVI was the decrease of NDVI value between ZGS 65 (full anthesis) and ZGS 85 (soft dough).  
f Means with the same letter within the same fungicide treatment and dependent variable are not statistically 

different according to the Tukey-Kramer test (P=0.05).   
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Table 2. 7 Least square means of yield, test weight, canopy NDVI at ZGS 65 and ZGS 85 and 

their difference as affected by nitrogen and fungicide interaction. 

  Nitrogen rate (kg N ha-1)       

Fungicide at 

ZGS 65c; or 

cultivar erad 

100 170 Difference 
% 

change 

P-value; 

nitrogen 

Grain yield (Mg ha-1)            

No fungicide 4.69ab bf 4.80 b 0.11 2.4 0.6315 

Fungicide 5.30 a 5.83 a 0.53 10.0 0.0246 

Difference 0.61  1.03     

% change 13.0  21.4     

Test weight (kg hL-1)       

No fungicide 72.6 b 71.4 b -1.2 -1.7 0.0848 

Fungicide 75.7 a 75.5 a -0.4 -0.3 0.7594 

Difference 3.1  4.1     

% change 4.3  5.7     

ΔNDVI        

No fungicide 0.27 a 0.20 a -0.07 -25.9 <0.0001 

Fungicide 0.20 b 0.12 b -0.08 -40.0 <0.0001 

Difference -0.07  -0.08     

% change -25.9  -40.0     

ΔNDVIe 
       

1996 HS 0.29 a 0.23 a -0.06 -20.7 <0.0001 

2016 S/MS 0.22 b 0.12 b -0.10 -45.5 <0.0001 

2016 MR 0.19 c 0.13 b -0.06 -31.6 <0.0001 

NDVI ZGS 65        

1996 HS 0.76 b 0.77 b 0.01 1.4 0.1497 

2016 S/MS 0.77 a 0.79 a 0.02 2.3 0.0056 

2016 MR 0.77 a 0.78 a 0.01 1.5 0.0654 

NDVI ZGS 85        

1996 HS 0.45 b 0.52 b 0.07 15.6 <0.0001 

2016 S/MS 0.53 a 0.64 a 0.11 20.8 <0.0001 

2016 MR 0.55 a 0.62 a 0.07 12.7 <0.0001 
a n=44 for each grain yield, test weight and NDVI ZGS 65, n=24 for ΔNDVI and NDVI ZGS85. 
b Standard error of grain yield was 0.281; test weight 2.06; ΔNDVI 0.006; NDVI ZGS 65 0.024; NDVI ZGS 85 

0.010. 
c Fungicide A21573C, which was consisted of 150 g a.i. L-1 adepidyn, and 125 g a.i. L-1 propiconazole, was 

applied at ZGS 65 using rate 1 L product ha-1. 
d Era: era of cultivar indicating FHB susceptibility. 1996 HS (highly susceptible) era represented by AC Ron and 

AC Mountain; 2016 S/MS (susceptible/moderately susceptible) represented by Pioneer 25R40 and 25W31; 2016 

MR (moderately resistant) represented by Pioneer 25R46 and Ava. 
e ΔNDVI was the decrease of NDVI value between ZGS 65 (full anthesis) and ZGS 85 (soft dough). 
f Means with the same letter within the same fungicide treatment and dependent variable are not statistically 

different according to the Tukey-Kramer test (P= 0.05).  
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2.5 Discussion 

In southern Ontario, between the 1996 FHB epidemic and 2016, three major 

improvements on FHB and agronomic management have been made in winter wheat: 1) genetic 

resistance to FHB has improved in commercial cultivars; 2) most farmers have begun to apply 

fungicides at ZGS 65 to protect wheat against FHB; and 3) application rates for nitrogen 

increased from 100 to 150-170 kg N ha-1. The purpose of this study was to assess the impact of 

these improvements on FHB, DON and wheat performance, and to provide information for 

estimating the economic impacts of these improvements.  

To our knowledge, the present study is the first to compare common agronomic and FHB 

management practices from the 1996 era to the ones from the 2016 era to assess the 

improvements on them. This study showed that the improvements on cultivar FHB resistance 

and fungicide have effectively enhanced FHB control in environments favorable for FHB 

development and DON accumulation. In combination with an increase in nitrogen rate, the 

improvements in FHB management have led to better wheat performance as measured by yield 

and quality. Specifically, modern MR cultivars resulted in 44% lower total DON accumulation 

and 22% lower FDK compared with old HS cultivars, while modern S/MS cultivars still had 

similar total DON and FDK as old HS cultivars. The results agreed with Tamburic-Ilincic et al. 

(2011) who found that, under a mist-irrigated environment, the average DON in MR cultivars 

was 9.2 ppm, or 50% lower than that of HS and S cultivars combined (18.4 ppm). A slightly 

higher DON reduction was found by McMullen et al. (2008) under natural infestation (1.7 to 0.6 

ppm or 65%). The difference in percentage DON reductions between studies was likely caused 

by environment. The present study and the study by Tamburic-Ilincic et al. (2011) were 

conducted under mist irrigation system with artificial inoculation; while the study by McMullen 
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et al. (2008) was conducted under natural infection. Inconsistent results have previously been 

found during FHB resistance testing because of genotype and environment interactions and 

heterogeneous sources of resistance parents (Kolb et al. 2001). However, the present study 

confirmed that MR cultivars can reduce DON by at least 45-50%, even under environments 

highly favorable to FHB.   

An unexpected observation from this study was that modern cultivars, regardless of FHB 

susceptibility, had 60-70% lower FHB visual symptom than old HS cultivars. The reason for this 

observation was likely the awned/awnless trait in the cultivars. The modern S/MS cultivars 

(25R40, 25W31) are both awned, while the old HS cultivars (AC Ron, AC Mountain) are 

awnless. This trait can affect FHB index in two ways. One of them, according Campbell and 

Lipps (1998), was that awns may affect a rater’s perception of FHB severity on spike and create 

inaccuracy. The other way is through physical protection. Awns provided physical protection and 

helped spikelets to avoid the infection. It can be categorized as passive Type I resistance which is 

the resistance to initial infection (Champeil et al 2004; Schroeder & Christensen 1963). The 

other major type of resistance in commercial cultivars is Type II, the resistance to propagation of 

the pathogenic agent in the tissues (Schroeder & Christensen 1963). The source of FHB 

resistance for the cultivars in North America come largely from the Chinese cultivar Sumai 3 or 

its derivatives, and the Brazilian cultivar Frontana. The former carries mainly Type II resistance, 

while the latter carries mainly Type I and minor Type II (Bai and Shaner 2004). Because of 

them, the modern cultivars have improved significantly in Type I and Type II resistance, as 

reflected by lower FHB index. However, despite having lower FHB index, the modern S/MS 

cultivars still had similar total DON concentration to the old HS cultivars. Considering the 

significance of mycotoxins to the wheat-related industry, the finding in the present study 
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suggested room for improvement in other types of resistance, including Type III, the resistance 

to DON accumulation by degrading DON (Miller et al. 1985); Type IV, the tolerance to high 

concentrations of deoxynivalenol (apparent insensitivity to trichothecenes) (Wang and Miller 

1988); and Type V, the resistance to grain infection (Mesterházy 1995). 

In addition to FHB and DON reduction, modern cultivars also had better wheat 

performance compared to the old cultivars. When environment is favorable to FHB, modern 

S/MS and MR cultivars had similar test weights, both higher than that of old HS cultivars (Table 

2.6). This observation coincided with that of FHB index, where modern cultivars had lower FHB 

index than that of old HS cultivars (Table 2.4). Test weight was found by Salgado et al. (2015) to 

have a negative correlation with FHB index. With each unit increase of FHB index, the test 

weight was reduced by 0.32- 0.39%. In the present study, with no fungicide application, old HS 

cultivars had FHB index 10.5% higher than that of modern S/MS cultivars. Using the slope 

found by Salgado et al. (2015), the 10.5% FHB index difference translated to a 3.4- 4.1% test 

weight difference, which was similar to the 5.4% difference observed in the present study. Thus, 

modern cultivars had lower FHBI than old cultivars, which helped them to be less susceptible to 

test weight reduction under FHB pressure.  

Modern S/MS cultivars had higher yield than both old HS cultivars and modern MR 

cultivars, for two different reasons. The first was that modern S/MS cultivars had around 60% 

lower FHB index than old HS cultivars. According to Madden and Paul (2009), yield was 

negatively correlated with FHB index with a 0.038 Mg ha-1 drop for each unit increase of FHB 

index. In the present study, FHB index of old HS cultivars was 10.5% higher than that of modern 

S/MS cultivars, which translated to 0.4 Mg ha-1 yield difference using the slope reported by 
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Madden and Paul (2009). The other reason for the yield difference between susceptible cultivars 

in old and new eras was the difference in canopy senescence progression observed in this study. 

Between anthesis (ZGS 65) and soft dough (ZGS 85), canopy NDVI of old HS cultivars 

decreased by 0.32, while that of modern S/MS cultivars only reduced by 0.21 (Table 2.6), which 

indicates that modern cultivars maintain canopy greenness for a longer period after anthesis. The 

effect of stay green contributes to grain yield by maintaining photosynthesis during grain filling 

stage (Thomas and Smart 1993; Thomas and Howarth 2000). In contrast, modern MR cultivars 

had similar FHB index and canopy senescence progression to the S/MS cultivars from the same 

era. The reason for the yield difference between modern MR and S/MS cultivars might be 

linkage drag, where undesirable yield traits are introduced when incorporating resistance 

quantitative trail locus (QTL) (Salameh et al. 2011). As only two MR cultivars were included in 

the present study, it might require the inclusion of more MR cultivars to confirm the effect of 

linkage drag. Compared with old HS cultivars, modern MR cultivars have improved significantly 

on reducing FHB, increasing test weight and have developed stay-green phenology for better 

yield potential. However, more effort is required to reduce the potential linkage drag for MR 

cultivars to achieve similar yield with S/MS cultivars in the same era.  

The fungicide used in this study contained adepidyn + propiconazole, which has an 

additional mode of action (Group 7) than the triazole fungicides (Group 3) (FRAC 2018). 

Compared with the common practice of no fungicide in the 1996 era, adepidyn + propiconazole 

fungicide reduced total DON by 39 to 47%, FDK by 35%, and FHB index by 52 to 80% 

depending on cultivar. According to a meta-analysis by Paul et al (2008), triazole fungicides 

(metconazole, prothioconazole and tebuconazole + prothioconazole) achieved 42-45% DON 

reduction and 48-52% FHB index reduction. Thus, the new fungicide adepidyn + propiconazole 
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provided similar efficacy on FHB and DON reduction to the triazole fungicides. The adepidyn 

fungicide also improved wheat performance compared to the common practices from 1996 era, 

which is no fungicide application at anthesis stage. Test weight was increased by 5% or 18.0 g 

0.5 L-1, which was slightly higher than 2.5- 2.8% found by Paul et al. (2010) using triazole 

fungicides. Across nitrogen rates, the adepidyn-containing fungicide increased yield by 15-22%, 

slightly higher than the 14-15% found by Paul et al. (2010), where only triazole fungicides were 

used. The adepidyn-containing fungicide had similar efficacy to the triazole fungicides in 

controlling FHB and slightly higher efficacy in improving wheat performance. This fungicide 

can serve as an additional choice of FHB-controlling fungicides.   

Most importantly, adepidyn + propiconazole contains a new mode of action which 

creates possibilities for fungicide resistance management. The current fungicides for managing 

FHB are all triazoles, which are DMI inhibitors belonging to Group 3 (FRAC 2018). They are 

single-site mode of action, which have a moderate risk of being overcome by the pathogen 

(OMAFRA 2013a). Though fungicide resistant F. graminearum has not been found in North 

America, in vitro studies have detected strains with higher EC50 values and produce higher levels 

of nivalenol (Becher et al. 2010; Talas and McDonald 2015). Adepidyn, a succinate 

dehydrogenase inhibitor belonging to Group 7, provides an alternative mode of action which is 

crucial for resistance management, where fungicides can be rotated or tank mixed (Brent and 

Hollomon 2007). 

Similar to the findings by Krnjaja et al. (2015), in the present study, the increase in 

nitrogen rate from 100 kg N ha-1 (the common rate in 1996 era) to 170 kg N ha-1 (the common 

rate in 2016 era) had no effect on FHB, total DON or test weight (Table 2.3, 2.5). However, 
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nitrogen and fungicide had synergistic effect on grain yield, where additional yield is generated 

when a high nitrogen rate was applied with fungicide (Brinkman et al. 2014). In the present 

study, the increase in nitrogen rate from 100 to 170 kg N ha-1 did not increase yield unless a 

fungicide was applied in combination, where a 10% (5.30 to 5.83 Mg ha-1) yield increase was 

found (Table 2.7), which agreed with Brinkman et al. (2014). When looking at fungicide by 

nitrogen synergism in individual cultivar eras, the adepidyn-containing fungicide generated a 

higher magnitude of yield increase (19-26%) at 170 kg N ha-1, the common nitrogen rate in 2016 

era, compared to 10-18% at 100 kg N ha-1, the common nitrogen rate in 1996 era (Table 2.6). 

The possible reason for this observation was that both nitrogen and fungicide had an additive 

effect on delaying canopy senescence progress. Across cultivars, canopy NDVI decreased by 

0.27 when the old practice of no fungicide and 100 kg N ha-1 nitrogen was used. By using either 

the adepidyn-containing fungicide, 170 kg N ha-1 or both practices, the change in NDVI was 

reduced to 0.20, 0.20 and 0.12, respectively (Table 2.7). The improvements in cultivar, fungicide 

and increase in nitrogen rate all positively influence the stay-green effect which contributed to 

yield increase. A maximum of 32% yield increase was observed in this study, which agreed with 

the 32% yield increase shown in provincial 5-year average yield between 1992-1996 and 2012-

2016 (OMAFRA 2019b). 

In conclusion, the improvements on cultivar genetic resistance and fungicide were 

effective in suppressing FHB and reducing DON. Compared to using a HS cultivar with no 

fungicide in the 1996 era, the use of modern MR cultivars and a fungicide reduced TDON by 

67%, reduced FDK by 49%, reduced FHBI by 86%, increased test weight by 11%. The use of 

modern MR cultivars, a fungicide, and a higher N rate increased yield by 32% compared to using 

old HS cultivar, no fungicide and a lower N rate. The findings in this study met the objective of 
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assessing the improvements of FHB and agronomic management on FHB, DON and wheat 

performance. These findings can be used to inform an economic assessment of the return on 

investment for the improvements in cultivars, fungicide use and nitrogen application. 
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3 CHAPTER 3          ECONOMIC IMPACT OF THE IMPROVEMENTS ON 

FUSARIUM HEAD BLIGHT AND AGRONOMIC MANAGEMENT ON FARM 

REVENUE AND PROFIT  

3.1 Abstract 

Fusarium head blight (FHB) caused over $100 million economic losses in 1996 in 

southern Ontario by decreasing grain yield, grain quality, and causing mycotoxin contamination 

in wheat (Schaafsma et al. 2002). The objective of this study was to assess the economic impacts 

brought on by improvements in key agronomic and FHB management practices since the 

epidemic in 1996. The impacts of four hypothetical FHB management scenarios on total DON 

concentration and grain yield were estimated in two nitrogen rates using the field experiments 

conducted in 2017 and 2018. These scenarios included combinations of the common cultivar 

susceptibility to FHB, fungicide application and nitrogen rates in old (1996) and modern (2016) 

eras. These impacts were applied on farm survey data collected in 1996 to estimate the revenue 

and profit. A similar economic estimate was conducted for the recent FHB epidemic in 2013. If a 

modern MR cultivar, a modern fungicide, and the combination were deployed in the epidemic of 

1996, the data shows that farm revenue would have increased by 26-32%, 23-37% and 46-58%, 

and profit increased by $97.86-164.71, $45.43-58.49 and $166.36-206.55 ha-1, respectively, 

depending on the nitrogen rate. Up to $65 million of revenue losses could have been avoided in 

1996 with the use of the agronomic and FHB management practices from the modern era; 

however, $56-69 million of revenue losses were not mitigated by these practices. These findings 

have quantified some of the major advances in managing FHB and DON since 1996, but has also 

indicated the need for further research to develop better cultivars and management strategies 

when environmental conditions favor FHB and DON accumulation.  
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3.2 Introduction 

Fusarium head blight (FHB) is one of the most destructive diseases of wheat (Placinta et 

al. 1999). From 1993 to 2001, FHB caused an estimated $2.0 billion in losses to wheat 

production in the USA (Nganje et al. 2004). In Canada, the sum of losses for Quebec, Ontario 

and Manitoba in the 1990s was around $520 million (Windels 2000). In southern Ontario, a 

severe FHB epidemic in 1996 resulted in over $100 million in economic loss (Schaafsma 2002).  

 FHB causes economic loss to growers in three main ways: 1) grain yield reduction 

(McMullen et al. 1997; Paul et al. 2010), 2) grain grade reduction (McMullen et al. 1997; 

Schaafsma et al. 2001; Dexter et al. 1996) and 3) mycotoxin contamination (Hooker et al. 2002; 

Miller et al. 2013; Champeil et al. 2004). Up to 30% yield losses have been reported due to floret 

sterility and poor seed filling (Dill-Macky 2010). Fusarium head blight decreases grain grade by 

increasing the percentage of Fusarium damaged kernels (FDK) and decreasing test weight, which 

are primary grading factors in Canada (CFIA 2019). Fusarium head blight also causes mycotoxin 

accumulation in grain. Deoxynivalenol (DON), the most prevalent mycotoxin in the wheat 

growing regions of North America, can cause health issues when ingested by human or animals 

(da Rocha et al. 2014; Placinta et al. 1999). Thus, regulations of DON have been established in 

many countries. In Canada, for human consumption, the limit is 2 parts per million (ppm) in 

domestic uncleaned soft wheat, and 1 ppm in uncleaned soft wheat for infants (Health Canada 

2016). In grain designated to animal feed, the limit is 5 ppm for cattle and poultry, and 1 ppm for 

swine, calves and dairy cattle (CFIA 2017). To meet these requirements, grain elevators in 

Ontario have established various systems that conduct grain testing and assign price discounts to 

growers depending on either FDKs in the sample or DON concentrations (Denise Shanks, 

Agricultural Consultant, Thompsons Limited, Blenheim, ON, personal communication). 
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 In 1996, southern Ontario experienced one of the most severe FHB epidemics on record, 

mainly because of frequent rain events during anthesis and grain filling stage, and ineffective 

management strategies (Hooker et al. 2002). Around 60% of the winter wheat growing regions in 

southern Ontario had DON concentrations higher than 5 ppm (Schaafsma and Hooker, 2007). 

Since then, over the last two decades, three major changes have occurred in winter wheat 

management: 1) a greater adoption of more resistant cultivars; 2) fungicides efficacious against 

FHB (Gilbert and Haber 2013) and 3) an increase of typical nitrogen rate from 100 to 150-170 

kg N ha-1 (Dr. David C. Hooker, University of Guelph, personal communication). An increase of 

genetic resistance against FHB can reduce grain mycotoxin concentration, percentage FDK, and 

visual FHB incidence and severity (Gautam and Dill-Macky 2012). A challenge has been that 

cultivars with more genetic resistance to FHB and DON tend to have lower yield potential 

because of “linkage drag” (Salgado et al. 2015; Salameh et al. 2011). The triazole group of 

fungicides including metconazole, prothioconazole and tebuconazole + prothioconazole, 

according to a meta-analysis, has shown that grain mycotoxin concentrations can be reduced by 

41.7 to 45.1%, FHB index reduced by 48.3 to 51.8%, yield increased by 13.8 to 15.0%, and test 

weight increased by 2.5 to 2.8% (Paul et al. 2008; Paul et al. 2010). One other agronomic change 

from 1996 includes a higher N rate coupled with a fungicide application. Research has shown a 

synergistic effect on grain yield; the use of high nitrogen (N) rates (170 vs 100 kg N ha-1) in 

combination with a subsequent fungicide at flowering increased wheat yields by 26%, which was 

greater than the sum of response from high N rate and fungicide used alone (Brinkman et al. 

2014).  

  An earlier study was conducted by Hollingsworth et al. (2008) in Minnesota and North 

Dakota to assess the economic impact of FHB management methods. They found that MR and 
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MS cultivars had similar net revenue (revenue minus fungicide cost), except for in low FHB 

environment, where MS cultivars had higher net revenue than MR cultivars because one of the 

MR cultivars had lower grain protein content and grade. The fungicide tebuconazole increased 

net revenue by 5%, although it had no effect on DON accumulation.  

 Since Hollingsworth et al. (2008), three more fungicides were registered and available to 

suppress FHB: metconazole, prothioconazole and prothioconazole + tebuconazole (Health 

Canada 2019 a, b, c). They provided a greater suppression of FHB compared to tebuconazole, 

improving profitability (Paul et al. 2008). For example, Salgado et al. (2014) found that 

fungicide prothioconazole + tebuconazole used alone had consistently higher economic benefit 

than moderately resistant cultivars used alone. The combination of a MR cultivar and fungicide 

achieved the highest cash income and economic benefit across varying FHB environments, 

ranging from $250 to 1038 ha-1, and $70 to 272 ha-1, respectively, making it the most 

economically beneficial strategy. Cowger et al (2016) agreed with Salgado et al (2014) that the 

combination of a moderate resistant cultivar and fungicide was the most effective in reducing 

grain DON concentrations and was the most profitable, except in environments where FHB was 

not favorable. However, they found that MR cultivars consistently achieved equivalent or higher 

profits compared to fungicide only. In addition, Cowger et al. (2016) found that the decision to 

apply fungicide as directed by the forecast system (www.wheatscab.psu.edu) was profitable 33-

67% of the time, depending on the flexibility of the market to Fusarium-damaged grain. The 

fungicide applications were not always profitable because DON concentration in harvested grain 

was not well correlated with FHB index (FHBI), which was used as the indicator in the forecast 

system. It also suggested a limitation in the study by Salgado et al. (2014), which used FHBI to 

predict DON, FDK and test weight for economic estimates.  
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 The economic contributions of the use of MR cultivars and fungicides in terms of 

improving profits to wheat growers have not been thoroughly investigated. The overall economic 

benefit of these tools would be an important statistic in years of FHB epidemics. Such an 

economic assessment has not been conducted in southern Ontario, where improvements in winter 

wheat FHB and agronomic management have been made during the past two decades. The 

hypothesis of this study was that improvements in FHB management and the modernization of 

agronomic practices, namely moderately resistant cultivars, fungicide and nitrogen rates, have 

increased farm revenues significantly during years when environments favor FHB disease 

development. Therefore, the objectives were to: 1) estimate the economic benefit if agronomic 

and FHB management practices from the modern era were used in 1996 FHB epidemic; and 2) 

estimate the economic benefit of using FHB management strategies in 2013 FHB epidemic, one 

of the most recent epidemics.  

 

3.3 Materials and Methods 

3.3.1 Field Experiments Assessing the Efficacy of FHB and Agronomic Management 

Scenarios in Reducing TDON Concentration and Increasing Grain Yield 

3.3.1.1 Predicting Percentage TDON Reduction and Grain Yield Increase in Hypothetical 

Management Scenarios  

 The field experiments assessing the efficacies of MR cultivars and fungicide in FHB 

suppression and yield increase were described in Chapter 2. Briefly, levels of cultivar, fungicide 

and N rate were selected to represent and compare common FHB and agronomic management 

used in the 1996 era (referred to as old practices) with those in 2016 era (referred to as modern 
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practices). The significance of the factors was tested on Total DON concentration (TDON1) and 

grain yield. Least square means of TDON and yield were estimated for each combination of 

cultivar era (HS cultivars from the old (1996) era vs. MR cultivars from the modern (2016) era), 

nitrogen rate (100 vs 170 kg N ha-1) and fungicide treatments (with and without), which 

corresponds to eight hypothetical FHB management scenarios (Table 3.1). The common FHB 

and agronomic management practices used in 1996 was designated as Scenario 1 (100 kg N ha-1 

of N, no fungicide and a HS cultivar; Table 3.1). For Scenarios 2-8, the percentage of TDON 

reduction (TDONR), compared to Scenario 1, was estimated from the least square means of 

TDON using Equation 1: 

 
𝑇𝐷𝑂𝑁𝑅𝑖 = (

𝑇𝐷𝑂𝑁𝑆1 − 𝑇𝐷𝑂𝑁𝑖

𝑇𝐷𝑂𝑁𝑆1
) ∗ 100% 

(1) 

TDONRi : percentage TDON reduction of Scenario i, compared to management Scenario 1, 

which is the common practices from the 1996 era  

TDONS1: TDON concentration least square mean (ppm) in the agronomic field experiment using 

management Scenario 1, which is the common practices from the 1996 era. 

TDONi : TDON concentration least square mean (ppm) in field experiment using management 

scenario i. 

Similarly, the percentage yield increase of Scenarios 2 to 8 was estimated from the least 

square means of yield using Equation 2: 

                                            

1  TDON concentration (TDON) is the sum concentration of deoxynivalenol (DON) and DON derivatives: 
deoxynivalenol-3-glucoside (D3G), 15-acetyl-deoxynivalenol (15ADON) and 3-acetyl-deoxynivalenol (3ADON). 
TDON concentration better reflected the DON results in 1996, tested using ELISA kit (Diagnostix Ltd, Mississauga, 
ON) which cross reacts with DON derivatives (unpublished study). 
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 𝑌𝐿𝐷𝐼𝑖 = (
𝑌𝐿𝐷𝑆1 − 𝑌𝐿𝐷𝑖

𝑌𝐿𝐷𝑆1
) ∗ 100% (2) 

YLDIi : percentage yield increase of Scenario i, compared to management Scenario 1 when using 

scenario i, as predicted from the agronomic field experiment. 

YLDS1:  least square mean yield (Mg ha-1) in Scenario 1, which is the common practices from the 

1996 era. 

YLDi : least square mean yield (Mg ha-1) in Scenario i. 

 

 

Table 3. 1 Hypothetical agronomic and Fusarium head blight management scenarios to be 

tested in 1996 FHB epidemic for wheat yield performance and TDON.   

FHB management 

scenario 

Nitrogen rate a 

(kg N ha-1) 

Cultivar era b 

(FHB susceptibility) Fungicide c 

1 100 1996 HS None 

2 100 2016 MR None 

3 100 1996 HS Fungicide 

4 100 2016 MR Fungicide 

5 170 1996 HS None 

6 170 2016 MR None 

7 170 1996 HS Fungicide 

8 170 2016 MR Fungicide 

a Nitrogen rate 100 and 170 kg N ha-1 represent common old and modern practices, respectively. 
b 1996 HS represented the old HS cultivars, while 2016 MR represented the modern MR cultivars.  
c No fungicide at ZGS 65 was a common old practice, while fungicide application is a common modern 

practice. The fungicide A21573C (150 g a.i. L-1 adepidyn, and 125 g a.i. L-1 propiconazole) was applied at 

ZGS 65 using the rate of 1 L product ha-1.  
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3.3.1.2 Estimation of Fusarium Damaged Kernels Using TDON Concentrations 

Wheat price discounts at grain elevators for DON and FDK-contaminated wheat in 

Ontario are typically applied using FDK values; however, the survey conducted in 83 farm 

locations in 1996 measured TDON concentration instead of FDK. In order to predict the price 

discounts for surveyed wheat samples, FDK was estimated using TDON. The data set used to 

describe the relationship between FDK and TDON was sourced from the artificially-inoculated 

field experiment treated with 100 and 170 kg N ha-1 nitrogen in 2017 and 2018, which contained 

176 data points, plus 60 data points from natural infested field experiment located in commercial 

wheat fields in 2018 (TDON ranged from 0.01 to 0.35 ppm). The data points from the natural 

infected fields were included in the development of the FDK-TDON relationship to increase the 

robustness of the dataset, mainly because most FDKs from the inoculated field experiments were 

relatively higher. Data analysis was conducted using SAS Ver. 9.4 (SAS Institute, Cary, NC). 

PROC REG procedure was used to generate three equations describing the estimation of FDK 

from TDON; the three equations would describe the lower boundary, midpoint and upper 

boundary of the 95% confidence interval. The model included the response of FDK to both linear 

and quadratic TDON values, and only those that have significant effect on FDK were retained in 

the model. The level of significance used for statistical analyses was P = 0.05. 

3.3.2 Economic Impact of FHB Management Methods and Nitrogen Rate on 1996 FHB 

Epidemic. 

3.3.2.1 Overall Design of Economic Modelling 

An economic assessment of the 1996 FHB epidemic in southern Ontario was conducted 

using farm survey data collected from 83 fields in that year (Schaafsma et al. 2001). This survey 

collected information on location, cultivar and TDON concentration (see footnote 1). TDON was 

estimated using enzyme-linked immunosorbent assay (ELISA) (Diagnostix Ltd, Mississauga, 
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ON). Eight hypothetical agronomic and FHB management scenarios were established to estimate 

the economic return (Table 3.1). The TDON concentration and grain yield of the scenarios were 

compared using field experiments conducted in 2017 and 2018 (Chapter 2). The TDON 

concentration and yield at each farm location for the 1996 survey were estimated under each 

scenario using the change in TDON and yield estimated from the field experiments. Equations 

were generated to describe the estimation of FDK from TDON and price discount was assigned 

based on FDK. The value of grain at each farm location was estimated as provincial average 

market price (obtained from Grain Farmers of Ontario) minus the price discount based on the 

estimated FDK. The revenue at each farm location was estimated using sales price, estimated 

yield and harvested acreage (Table 3.3). The revenues from all surveyed farm locations were 

summed and then converted to average revenue per hectare. The profit in each scenario was 

estimated by subtracting average per hectare revenue with wheat production cost (OMAFRA 

1996) and corresponding FHB management costs (OMAFRA 1996; and Dr. A.W. Schaafsma, 

personal communication). The revenue of each scenario was compared with Scenario 1, the 

common practice in in 1996, to calculate percentage revenue change.  

3.3.2.2 Predicted TDON Concentration and Yield under Various Hypothetical 

Management Scenarios 

 It was assumed that all farm locations in 1996 used the management Scenario 1 (1996 HS 

+ no fungicide + 100 kg N ha-1). The predicted TDON concentrations of each farm location, 

when adopting management Scenarios 2 to 8 were estimated using Equation 3: 

 
𝑇𝐷𝑂𝑁𝑃𝑓𝑖 = 𝑇𝐷𝑂𝑁96𝑓 ∗ (1 − 𝑇𝐷𝑂𝑁𝑅𝑖 ) 

(3) 
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TDONPfi : predicted TDON concentration (ppm) at farm location f, if using management 

Scenario i in 1996 

TDON96f : original TDON concentration (ppm) at farm location f, measured from field survey in 

1996 

TDONRi : percentage TDON reduction of management Scenario i compared to Scenario 1, the 

common practice from the 1996 era, predicted from the field experiments (Chapter 2) 

The impact of each scenario was estimated on a per-county level across southern Ontario. 

The average yields by county in 1996 are presented in Table 3.3 (Michael Smyth, Senior 

Industry Specialist, Agricorp, Guelph, ON, personal communication). The average yield of the 

county was assigned to all farm locations within that county as baseline yield (YLD96k). 

Assuming the baseline yield represented the actual yield achieved on the farm using management 

Scenario 1, then the predicted yields when adopting Scenarios 2 to 8 were estimated using 

Equation 4: 

 𝑌𝐿𝐷𝑃𝑓𝑖𝑘 = 𝑌𝐿𝐷96𝑓𝑘 ∗ (1 + 𝑌𝐿𝐷𝐼𝑖) (4) 

YLDPfik : predicted yield (Mg ha-1) of 1996 at farm location f in county k if using management 

Scenario i. 

YLD96fk : average winter wheat yield (Mg ha-1) in 1996 at farm location f in county k. 

YLDIi : percentage yield increase (%) from the base yield if using management Scenario i, 

predicted from field experiments. 

3.3.2.3 Prediction of FDK and Associated Price Discount  

 The percentage FDK of each farm location under each FHB management scenario, at 

lower boundary, midpoint and upper boundary of 95% confidence interval, was estimated using 
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the FDK/TDON regressions generated from the 2017-18 field experiments (Equations 9a-c). A 

discount schedule is presented in Table 3.2 (Denise Shanks, Agricultural Consultant at 

Thompsons Limited, Blenheim, ON, personal communication); Thompsons Limited is a major 

grain elevator in southern Ontario. According to the elevator, the closest discount schedule for 

1996 was the discount used in August 2004. The discount schedule was applied against each 

FHB management scenario estimated for each survey farm location.   

 

 

Table 3. 2 Price discounts based on percent FDK in soft white winter (SWW), soft red winter 

(SRW) and hard red winter wheat (HRW) in 2004 (similar to 1996) and 2013. 

 2004 (1996) 2013 

FDK in sample 

(% w/w) 

SWW a            

($ Mg-1) 

SRW and HRW b 

($ Mg-1) 

SWW a             

($ Mg-1) 

SRW and HRW b 

($ Mg-1) 

0.0-1.0 0.00 0.00 0.00 0.00 

1.0-1.5 16.17 5.51 16.17 9.92 

1.5-2.0 24.25 11.02 22.05 11.03 

2.0-3.0 29.40 22.05 29.40 22.05 

3.0-5.0 33.07 33.07 33.07 33.07 

5.0-7.0 36.74 36.74 36.74 36.74 

7.0-10.0 55.12 55.12 55.12 55.12 

>10.0 75.33 75.33 99.94 99.94 

a SWW: soft white winter wheat.  
b SRW: soft red winter wheat; HRW: hard red winter wheat.  

Source: Denise Shanks, Agricultural Consultant, Thompsons Limited (Blenheim, ON) 
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3.3.2.4 Total Farm Revenue and Profit under Each Management Scenario 

 Wheat market prices in 1996 were retrieved from an archive showing the best Provincial 

average annual market prices, which were calculated using the data received from Licensed 

Dealers in the commodity purchase reports they are required to complete (Laura Ferrier, 

Agronomist, Grain Farmers of Ontario, Guelph, ON, personal communication). Average market 

prices in 1996 were $158.26, 177.75 and 193.88 Mg-1 for soft white winter (SWW), soft red 

winter (SRW) and hard red winter wheat (HRW), respectively. The grain market price of each 

location under each management scenario was estimated using Equation 5: 

 
𝑃𝑓𝑖𝑗  = 𝑃𝑓𝑗 − 𝑃𝐷𝑓𝑖  

(5) 

Pfij: market price ($ Mg-1) at farm location f with class j wheat, using management Scenario i. 

Pfj: average market price ($ Mg-1) at farm location f planted with class j wheat in 1996 

PDfi: price discount ($ Mg-1) at farm location f using management Scenario i. 

 

Farm revenue of winter wheat across all fields surveyed, under each management 

scenario, was estimated using Equation 6: 

 
𝑅𝑖 =

(∑𝑙𝑜𝑐83
𝑙𝑜𝑐 1 𝑌𝐿𝐷𝑃𝑓𝑖𝑘 ∗ 𝑃𝑓𝑖𝑗 ∗ 𝐹𝑆𝑓)

𝑇𝐻𝐴
 (6) 

Ri: revenue ($ ha-1) using management Scenario i 

YLDPfik: predicted yield (Mg ha-1) of 1996 at farm location f in county k if using management 

Scenario i. 

Pfij: market price ($ Mg-1) at farm location f with grade j, using management Scenario i  

FSf: farm size of farm location f (ha) 
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THA: total harvested area of wheat (ha) within all the counties surveyed in 1996, the sum of all 

FS  

The farm size of each farm location was determined using Equation 7: 

 𝐹𝑆𝑓  = 𝐻𝐴𝑘/𝑁𝐹𝐾  (7) 

FSf: farm size of farm location f (ha) 

HAk: harvested area of wheat within county k, where farm location f belongs to (Table 3.3) 

NFk: number of farms being surveyed within county k in 1996  

 Between 1996 and 2016, the major wheat class grown in southern Ontario shifted from 

SWW to SRW. Provincial percentage tonnages of each class, from year 1996 to 2019, is 

presented in Table 3.4 (Joanna Follings, Cereals Specialist, OMAFRA, Stratford, ON, personal 

communication). In Scenarios 1, 3, 5 and 7, where the cultivars were the original 1996 cultivars, 

a base price was assigned to each farm location based on the type of wheat grown. In scenarios 2, 

4, 6 and 8, when replacing the old cultivars with the modern ones, a separate revenue value was 

estimated for SWW, SRW and HWW, respectively. The estimated total revenue of each 

management scenario was the weighted average of the three revenue values using the provincial 

percentage tonnage of each class in 2016 (Table 3.4). 

 Farm revenue and profit were first estimated in 1996 dollar values, and then converted to 

2019 dollar values using the inflation rate (Bank of Canada 2019). Profit was estimated using 

Equation 8: 
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 𝑃𝐹𝑖 = 𝑅𝑖 − 𝑃𝐶 − 𝐹𝑖 − 𝑁𝑖 (8) 

PFi: profit ($ ha-1) using management Scenario i 

Ri: revenue ($ ha-1) using management Scenario i 

PC: production cost ($ ha-1) for growing wheat, including seed, machinery, fertilizer etc. 

Fi: cost of fungicide in management Scenario i, including product and application ($ ha-1) 

Ni: cost of additional nitrogen in management Scenario i ($ ha-1) 

The production cost of winter wheat was $321.24 ha-1 in 1996 dollars, as shown in 

Provincial annual crop budget in 1996 (OMAFRA 1996). The fungicide cost was $54.34 ha-1 in 

1996 dollars, which consisted of product ($37.05 ha-1) and application cost ($17.29 ha-1) (Dr. 

A.W. Schaafsma and Dr. D.C. Hooker, University of Guelph Ridgetown Campus, personal 

communication). The marginal cost of extra nitrogen was estimated comparing application rates 

in OMAFRA crop budgets of 1996 and 2016-2019 (OMAFRA 1996 and 2019a). According to 

the provincial crop budget, in 1996, the cost of 175 kg of urea ha-1 was $69.16 ha-1. In 2016 era, 

the normal rate of application was 300 kg of urea ha-1. The marginal cost of the modern N rate 

compared to the old rate was $49.40 ha-1 in 1996 dollars. No marginal costs were associated with 

planting MR cultivars, as cultivars were assumed to have the same price, regardless of FHB 

susceptibility. Revenue and profit values listed in Table 3.9 were in 2019 dollars.  
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Table 3. 3 Harvested area and average yield by county in 1996 in Southern Ontario.  

County 

Total 

harvested area 

of winter 

wheat by 

county (ha) 

Average 

yield by 

county 

(Mg ha-1) 

# fields in 

1996 

survey by 

county  

Area 

represented by 

each surveyed 

field (ha) 

Elgin 5556 2.56 5 1112 

Essex 15407 3.30 9 1713 

Grey 1163 2.29 3 388 

Halton 2061 2.08 1 2062 

Huron 15075 2.82 9 1676 

Chatham-Kent 18317 3.16 19 964 

Lambton 17136 2.29 13 1319 

Middlesex 11854 2.56 8 1482 

Oxford 5538 2.62 6 923 

Perth 8829 2.89 5 1766 

Waterloo-

Wellington 
6043 2.65 5 1209 

Source for harvested area an average yield: Michael Smyth, Senior Industry Specialist, Agricorp (Guelph, ON). 

 

Table 3. 4 Percentage of wheat in each class in Ontario, from 1992 to 2019. 

Year 
Wheat class a 

SWW SRW HRW HRSb 

1992 94 0 2 4 

1994 79 0 18 3 

1996 55 11 26 8 

1998 51 34 7 8 

2001 37 35 14 14 

2004 19 51 19 11 

2009 7 72 10 11 

2011 7.5 73.5 12 7 

2013 6 79 10 5 

2014 5 87.5 7.5 -  

2015 6 82 12 - 

2016 9 81 10 - 

2017 7 86 7 - 

2018 5 88 7 - 

2019 4 89 7 - 
a SWW: soft white winter wheat; SRW: soft red winter wheat; HRW: hard red winter wheat; HRS: hard red spring 

wheat.  
b Data not available for HRS in 2014-2019. 

Source: Joanna Follings, Cererals Specialist, OMAFRA (Stratford, ON). 



 

 

74 

 

3.3.3 Economic Impact of FHB Management Methods on 2013 FHB Epidemic 

3.3.3.1 Overall Design of Economic Modelling 

 The economic impact estimate of the 2013 epidemic took a similar approach to that of 

1996, with a few differences. It used Ontario Cereal Crop Committee cultivar performance data 

(Dr. D. C. Hooker, personal communication as described below) from the locations Palmerston, 

Nairn and Belmont, ON.  Each location had the same factorial experimental design with 33 

registered winter wheat cultivars (11 HRW, 17 SRW and 5 SWW) grown in Ontario, ranging in 

FHB susceptibility from HS to MR. The performance of each cultivar was determined on each of 

two fungicide treatments: no fungicide and Prosaro (125 g a.i. L-1 prothioconazole and 125 g a.i. 

L-1 tebuconazole) applied at ZGS 65 using a rate of 0.8 L product ha-1. The nitrogen rate was 170 

kg N ha-1 for all plots. Plot size was 4 m in length by 1.15 m in width, each planted with 6 rows 

spaced 18.75 cm apart. The Palmerston location contained 4 replication blocks, while the Nairn 

and Belmont locations contained 2 replication blocks. TDON concentration was estimated using 

EZ-Tox DON test kit (Diagnostix Ltd., Mississauga, ON). Grain yield was adjusted to 14% 

moisture.  

This data set was also categorized into eight FHB management scenarios according to 

cultivar susceptibility and fungicide treatment (Table 3.5). Different from 1996, the management 

scenarios in 2013 were the combination of four factors of FHB susceptibility (HS, S, MS, MR) 

and two factors of fungicide (Prosaro and no fungicide) with no nitrogen effects. Average TDON 

concentration and yield were estimated for each management scenario. Percentage FDK was 

predicted using the TDON/FDK equations derived earlier from the 2017-18 field experiments 

presented in Chapter 2. Price discounts were assigned based on predicted FDK values. Revenue 

was estimated on a per hectare basis using grain yield and sales price. The profit per hectare was 
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estimated using revenue, production cost and fungicide cost (OMAFRA 2013b). Revenues for all 

FHB management scenarios were compared with those from Scenario 1, the combination of HS 

cultivar and no fungicide.  

Table 3. 5 FHB management scenarios, consisting of cultivar susceptibility and fungicide 

treatment, within OCCC cultivar testing data set in 2013 epidemic 

FHB management 

scenarios 

Cultivar FHB 

susceptibility a 
Fungicide b 

1 HS None 

2 HS Prosaro 

3 S None 

4 S Prosaro 

5 MS None 

6 MS Prosaro 

7 MR None 

8 MR Prosaro 

a HS: highly susceptible; S: susceptible; MS: moderately susceptible; MR: moderately resistant.  
b Prosaro 250 EC (Bayer CropScience, Guelph, ON), consisted of 125 g a.i. L-1 prothioconazole and 125 g 

a.i. L-1 tebuconazole, and applied at ZGS 65 using the rate 0.8 L product ha-1.  

 

3.3.3.2 TDON Concentration and Grain Yield 

Data analysis was conducted using SAS Ver. 9.4 (SAS Institute, Cary, NC) with the same 

method as described in Chapter 2. The only differences were that: 1) cultivars were grouped by 

FHB susceptibility regardless of class, 2) fixed effects included cultivar FHB susceptibility and 

fungicide, and 3) the random effects included location and replication block nested within 

location. Least square means of TDON and grain yield were estimated for cultivar susceptibility 

by fungicide interaction, corresponding to eight FHB management scenarios (Table 3.5).  
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3.3.3.3 Price Discount and Grain Price 

 Similar to the modelling of the 1996 epidemic, the price discounts for 2013 epidemic 

were determined by percentage FDK, which was estimated using the same FDK-TDON 

equations generated from field experiments in 2017 and 2018 (Equations 9a-9c). The discount 

schedule (Table 3.2) in August 2013 was again obtained from Thompsons Limited (Blenheim, 

ON). Provincial best average annual average market prices were $208.97, 212.14 and 241.96 

Mg-1 for soft white winter (SWW), soft red winter (SRW) and hard red winter wheat (HRW), 

respectively (GFO 2019). The grain sales price under each FHB management scenario was 

estimated using Equation (5). 

3.3.3.4 Total Farm Revenue and Profit under Each FHB Management Scenario 

 Similar to the economic impact estimates using 1996 data, the revenue and profit were 

estimated in dollar values of 2013 first, and then converted to 2019 dollars using inflation rate 

(Bank of Canada, 2019). Revenues and profit under each FHB management scenario were 

estimated using equations 7 and 8 but on a per hectare basis. Production and fungicide costs were 

retrieved from the 2013 provincial crop budget (OMAFRA 2013b). Production costs were 

$770.72 ha-1 for SRW and SWW, and $804.70 ha-1 for HRW, respectively, while the fungicide 

cost was $40.51 ha-1 all in 2013 dollars. Seeds for each cultivar were assumed to cost the same 

regardless of FHB susceptibility. Revenue and profit were estimated separately for SRW, SWW 

and HRW classes. Weighted average revenue was estimated using the revenue for each class and 

the provincial percentage of tonnage produced for each class (Table 3.4); the same was applied 

for weighted average profits for each scenario. The revenue of each FHB management scenario 

was compared with Scenario 1, the combination of HS cultivar and no fungicide, to calculate 

percentage change in revenue.  
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3.4 Results 

3.4.1 Predicted Percentage TDON Reduction and Yield Increase by FHB and Agronomic 

Management Scenarios 

One of the major objectives of the present study was to estimate farm revenue and profit 

if the FHB and agronomic management methods from the modern era were available in the 1996 

FHB epidemic, and to determine room for these methods to improve by assessing how much 

economic losses were not mitigated by them. Farm revenue was affected by management 

scenarios through TDON concentration and grain yield. Across both N rates, the highest TDON 

was produced where no FHB management was used (1996 HS and no fungicide); TDON was 

19.3 and 18.9 ppm for the 100 and 170 kg N ha-1 rates, respectively (Table 3.6). Using modern 

MR cultivars reduced TDON by 51% at the low N rate (100 kg N ha-1), which was similar to that 

of 43% at the high N rate (170 kg N ha-1). Fungicide reduced TDON by the same magnitude 

(44%) at both N rates. The combination of MR cultivar and fungicide was the most effective at 

reducing TDON at both N rates. TDON reduction combining the management practices of MR 

cultivar and fungicide at the low N rate was 69%, similar to 66% at the high N rate.  

Across both N rates, the lowest grain yield was produced where no FHB management 

was used (1996 HS and no fungicide); grain yield was 4.19 and 4.30 Mg ha-1 for the 100 and 170 

kg N ha-1 rates, respectively (Table 3.6). Compared to Scenario 1, Scenario 2 (MR cultivars at 

the low N rate) increased yield by 9%, and Scenario 5 (MR cultivars at the high N rate) increased 

yield by 14%. Scenarios 3 and 7, which were using fungicide only at the low and high N rates, 

increased yield by 18% and 30%, respectively. At both N rates, the combination of modern MR 

cultivar and fungicide achieved the highest yield increase among the FHB management 

scenarios. The increases were 23% and 32% at the low and high N rates, respectively.  
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3.4.2 Economic Impact of FHB Management Methods and Nitrogen Rate on 1996 FHB 

Epidemic 

3.4.2.1 Estimated TDON Concentration at Farm Fields 

If FHB management methods available from the modern era were applied during the 

1996 FHB epidemic, grain mycotoxin contamination could have been reduced significantly. 

Without mitigation, only 18 or 22% of the farm fields in the 1996 survey were at or below the 2 

ppm DON standard for human consumption (CFIA 2017) (Table 3.7); however, if those fields 

used either a modern MR cultivar or a fungicide, the number would have increased to 31 to 36% 

farm fields with DON <2 ppm, depending on N rate. If those fields were seeded to a modern MR 

cultivar and a fungicide was applied, 49% farm fields would have met the standard of 2 ppm 

DON at the low N rate (100 kg N ha-1), and 45% if the high N rate (170 kg N ha-1) was used 

(Table 3.7). Originally in 1996, without FHB management, 60% of the farm fields surveyed 

produced wheat that contained equal to, or >5 ppm TDON, which made them likely unsuitable 

for feed (CFIA 2017). If modern MR cultivars would have been grown, the number would have 

dropped to 31% at the low N rate, and to 45% at the high N rate. With the application of 

fungicide at ZGS 65, 43% farm fields would have had TDON higher than 5 ppm regardless of N 

rate. If a MR cultivar and a fungicide would have been combined, only 12 or 13% of the farm 

fields would have exceeded 5 ppm of TDON at the low and high N rate, respectively, which is an 

80% reduction in the number of farm fields that receive highly contaminated grain not suitable 

for feed (Table 3.7). 
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Table 3. 6 Percentage TDON reduction and yield increase cause by the hypothetical agronomic and Fusarium head blight 

management scenarios. 

Scenario 
Nitrogen rateb 

(kg N ha-1) 

Cultivar era c 

(FHB 

susceptibility) 

Fungicide d TDON ef 

(ppm) 

% TDON 

reduction 

Yield f     

(Mg ha-1) 

% yield 

increase 

1 100 1996 HS None 19.3 a f 0.0 4.19 d f 0.0 

2 100 2016 MR None 9.4 bc 51.3 4.57 abcd 9.1 

3 100 1996 HS Fungicide 10.8 bc 44.4 4.94 abcd 17.9 

4 100 2016 MR Fungicide 6.0 c 69.0 5.16 abc 23.1 

5 170 1996 HS None 18.9 a 2.0 4.30 cd 2.7 

6 170 2016 MR None 11.0 b 43.3 4.75 bcd 13.5 

7 170 1996 HS Fungicide 10.8 bc 44.3 5.44 ab 29.8 

8 170 2016 MR Fungicide 6.7 bc 65.6 5.52 a 31.8 

a n=18 for each management scenario. 
b Nitrogen rate 100 and 170 kg N ha-1 represent common old and modern practices, respectively. 
c Cultivar era: 1996 HS represented the old HS cultivars, while 2016 MR represented the modern MR cultivars.  
d No fungicide application at ZGS 65 was an old practice, while fungicide application in ZGS 65 is a modern practice. Fungicide A21573C (150 g 

a.i. L-1 adepidyn, and 125 g a.i. L-1 propiconazole) was applied at ZGS 65 using the rate 1 L product ha-1. 
e TDON (TDON) is the sum of deoxynivalenol (DON) and its derivatives: deoxynivalenol-3-glucoside (D3G), 3-acetyl-deoxynivalenol (3ADON) 

and 15-acetyl-deoxynivalenol (15ADON). 
f Standard error of TDON ranged from 2.44-2.52; yield 0.440-0.452. 
g Means with the same letter within dependent variable are not statistically different according to the Tukey-Kramer test (P=0.05). 
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3.4.2.2 Estimated percentage FDK at farm locations 

The equations estimating FDK values (% w/w), at the lower boundary, midpoint and 

upper boundary of the 95% confidence interval (CI) using TDON were as shown in Equations 

9a-c: 

 Lower boundary:  𝐹𝐷𝐾 = 0.27895 + 0.3226*TDON (9a) 

 Midpoint:  𝐹𝐷𝐾 = 0.76459 + 0.3658*TDON (9b) 

 Upper boundary:  𝐹𝐷𝐾 = 1.25023+0.4091*TDON 

R2=0.5407 

(9c) 

Similar to the trend in TDON, with the use of FHB management methods, the number of 

farms fields in the lower FDK discount range increased and those in the higher FDK discount 

range decreased, which subsequently lead to lower price discounts in total. Estimated FDK 

values at the midpoint of the 95% CI best represented this trend. At the midpoint of the 95% CI, 

using the original 1996 practice of no FHB management, only 2% farm fields were estimated to 

have lower than 1.0% FDK and receive no price discount (Table 3.8). Deploying either modern 

MR cultivars or a fungicide, the amount of farm fields with no price discount increased to 8-

11%, depending on the N rate applied. If combining a modern MR cultivar with a fungicide, 23 

and 21% farm fields were predicted to receive no price discount at the low and high N rate, 

respectively. Similarly, the number of farm fields that received feed or higher price discounts 

was reduced by including FHB management methods. When using no FHB management, 11% of 

the farm fields were predicted to have 7.0-10.0 % FDK, which lead to $55.12 Mg-1 price 

discount, or around 35% of the base grain price. Deploying a modern MR cultivar, or a fungicide 

or the combination of both, the amount would have been reduced to zero (Table 3.8).  
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When the estimated FDK was at the lower and upper boundary of the 95% CI, the 

number of farm fields in the lower FDK discount range also increased when FHB management 

methods were deployed; however, the amount of farm fields differed from that of the midpoint of 

95% CI. At the lower boundary of the 95% CI, 25% farm fields were estimated to have lower 

than 1.0% FDK and receive no price discount using the original 1996 practice of no FHB 

management (Table 3.8). Deploying either modern MR cultivars or a fungicide, the amount of 

farm fields with no price discount increased to 34-37%, depending on the N rate applied. If 

combining a modern MR cultivar with a fungicide, 49% farm fields were estimated to receive no 

price discount at both low and high N rate. At the upper boundary of the 95% CI, no farm fields 

had lower than 1.0% FDK to receive no price discount. Using no FHB management, only 2% of 

the farm fields had 1.0-1.5% FDK to receive the lowest FDK discount ($5.51 for SRW and 

HRW, and 16.16 Mg-1 for SWW). Using either modern MR cultivars or a fungicide, the amount 

increased to 7-10%. If combining a modern MR cultivar with a fungicide, 21-22% of the farm 

fields were estimated to receive the lowest FDK discount (Table 3.8). The amount of farm fields 

that were estimated to receive a high discount ($55.12 Mg-1) were 4% and 11% when estimated 

FDK was at the lower and upper boundary of the 95% CI, respectively. Deploying a combination 

of modern MR cultivar and a fungicide reduced both to zero (Table 3.8). 

3.4.2.3 Estimated Farm Revenue and Profit 

Across the range of the 95% CI of predicted FDK values, FHB management scenarios 

followed the same revenue ranking. Using the combination of a modern MR cultivar and a 

fungicide generated the highest and second highest revenue at high (170 kg N ha-1) and low (100 

kg N ha-1) N rates, respectively. Depending on the FDK value estimated, the combination of a 

modern MR cultivar and a fungicide generated $887.03 to 956.49 ha-1 revenue at the high N rate, 
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which was 56-58% higher than Scenario 1, the no- management strategy deployed in 1996. It 

was closely followed by the combination of both methods at the low N rate, which generated 

revenue 46-50% higher than Scenario 1 (Table 3.9). The FHB management scenarios ranking 

third and fourth were Scenarios 7 and 6, which were using a fungicide or a MR cultivar alone at 

the high N rate. Deploying a fungicide at the high N rate generated 35-37% revenue increase 

compared to Scenario 1; while planting a modern MR cultivar increased revenue by 29-32% 

(Table 3.9). As expected, the scenarios ranked fifth and sixth in revenue were using a modern 

MR cultivar or a fungicide at the low N rate. In contrast, at this N rate, using a modern MR 

cultivar ranked fifth with a 26-28% revenue increase compared to Scenario 1; while using a 

fungicide only increased revenue by 23-24%, an opposite ranking compared with the high N rate 

where fungicide achieved higher revenue than MR cultivar. When no FHB management methods 

were used, revenue was around 3% higher at the high N rate, compared to the base no-

management practice of 1996, HS cultivar + no fungicide + 100 kg N ha-1 which generated 

$563.23 to 613.74 ha-1 revenue (Table 3.9).  

The profitability rankings of FHB management scenarios differed from revenue ranking 

when taking into account the costs of fungicide and nitrogen. Across the predicted range of FDK, 

the most intensive management scenario (MR + fungicide + 170 kg N ha-1) was the second most 

profitable, while MR + fungicide at 100 kg N ha-1 was the most profitable, the opposite ranking 

compared to revenue. Using the combination of a MR cultivar and a fungicide generated profits 

of $238.15 to 307.61 ha-1 and $260.92 to 324.72 ha-1 at the high and low N rate, respectively 

(Table 3.9). Using a modern MR cultivar was consistently more profitable than using a fungicide 

across N rates and FDK prediction range. Despite ranking fifth in revenue, using a modern MR 

cultivar alone at the low N rate (Scenario 2) was consistently the third most profitable scenario 
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across the FDK range, with $221.80 to 284.45 ha-1 profit. Using a modern MR cultivar alone at 

the high N rate (Scenario 6) achieved $169.66 to 228.00 ha-1 profit, ranking fourth in both 

revenue and profit (Table 3.9). Although using fungicide at the 170 kg N ha-1 N rate ranked 

higher in revenue than using MR cultivar, the profit ranked lower. Using fungicide alone 

generated similar profit for both N rates. They had profit of $117.23 to 180.59 ha-1, ranking fifth 

and sixth in profitability. When no FHB management methods were used, using the high N rate 

generated lower profit than using the low N rate, the opposite to revenue ranking. Scenario 1, the 

common practice in 1996 (HS + no fungicide + 100 kg N ha-1) achieved $71.79 to 123.31 ha-1 

profit. In contrast, increasing N rate only generated $12.17 to 64.25 ha-1 profit (Table 3.9). 
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Table 3. 7 Percentage (%) of farm fields in each TDON range in 1996 for hypothetical FHB and 

agronomic management scenarios. 

 Management scenarios 

1 2 3 4 5 6 7 8 

N rate b (kg 

N ha-1) 
100 100 100 100 170 170 170 170 

Cultivar era c 
1996 

HS 

2016 

MR 

1996 

HS 

2016 

MR 

1996 

HS 

2016 

MR 

1996 

HS 

2016 

MR 

Fungicide d N N Y Y N N Y Y 

TDON e(ppm)        

0.0-1.0 6.0 22.9 20.5 28.9 7.2 20.5 20.5 26.5 

1.0-2.0 15.7 13.3 10.8 20.5 15.7 10.8 10.8 18.1 

2.0-3.0 4.8 12.0 12.0 13.3 4.8 12.0 12.0 9.6 

3.0-4.0 7.2 4.8 6.0 21.7 8.4 6.0 6.0 19.3 

4.0-5.0 6.0 15.7 7.2 3.6 6.0 6.0 7.2 13.3 

5.0-10.0 27.7 27.7 32.5 12.0 26.5 32.5 32.5 12.0 

>10.0 32.5 3.6 10.8 0.0 31.3 12.0 10.8 1.2 

a Total number of farm fields surveyed in 1996 is 83. 
b Nitrogen rate 100 and 170 kg N ha-1 represent the old and modern practices, respectively. 
c Cultivar era: 1996 HS represented the old HS cultivars, while 2016 MR represented the modern MR 

cultivars.  
d  Fungicide: N-no fungicide, the common old practice; Y- fungicide application, the common modern 

practice. Fungicide A21573C (150 g a.i. L-1 adepidyn, and 125 g a.i. L-1 propiconazole) was applied at 

ZGS 65 using the rate 1 L product ha-1. 
e TDON (TDON) is the sum of deoxynivalenol (DON) and its derivatives: deoxynivalenol-3-glucoside 

(D3G), 3-acetyl-deoxynivalenol (3ADON) and 15-acetyl-deoxynivalenol (15ADON). 
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Table 3. 8 Percentage (%) of farm fields in each FDK discount range in 1996 for hypothetical 

FHB and agronomic management scenarios. 

 Management scenarios 

 1 2 3 4 5 6 7 8 

Na (kg N ha-1) 100 100 100 100 170 170 170 170 

Cultivar Erab 1996 

HS 

2016 

MR 

1996 

HS 

2016 

MR 

1996 

HS 

2016 

MR 

1996 

HS 

2016 

MR 

Fungicidec N N Y Y N N Y Y 

FDK (%) Lower boundary of 95% CI d 

0.0-1.0 25.3 37.3 36.1 49.4 25.3 33.7 36.1 49.4 

1.0-1.5 8.4 15.7 13.3 31.3 8.4 15.7 13.3 21.7 

1.5-2.0 9.6 18.1 12.0 7.2 9.6 10.8 12.0 15.7 

2.0-3.0 9.6 16.9 25.3 10.8 9.6 26.5 25.3 12.0 

3.0-5.0 33.7 12.0 12.0 1.2 33.7 12.0 12.0 1.2 

5.0-7.0 9.6 0.0 1.2 0.0 9.6 1.2 1.2 0.0 

7.0-10.0 3.6 0.0 0.0 0.0 3.6 0.0 0.0 0.0 

>10 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

FDK (%) Midpoint of 95% CI 

0.0-1.0 2.4 10.8 8.4 22.9 2.4 8.4 8.4 20.5 

1.0-1.5 20.5 25.3 25.3 26.5 20.5 22.9 25.3 24.1 

1.5-2.0 8.4 13.3 13.3 21.7 8.4 14.5 13.3 20.5 

2.0-3.0 16.9 31.3 24.1 25.3 18.1 24.1 24.1 22.9 

3.0-5.0 25.3 18.1 25.3 3.6 27.7 26.5 25.3 12.0 

5.0-7.0 14.5 1.2 3.6 0.0 10.8 3.6 3.6 0.0 

7.0-10.0 10.8 0.0 0.0 0.0 10.8 0.0 0.0 0.0 

>10 1.2 0.0 0.0 0.0 1.2 0.0 0.0 0.0 

FDK (%) Upper boundary of 95% CI 

0.0-1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

1.0-1.5 2.4 9.6 7.2 21.7 2.4 7.2 7.2 20.5 

1.5-2.0 18.1 24.1 21.7 24.1 18.1 21.7 21.7 22.9 

2.0-3.0 15.7 20.5 24.1 39.8 16.9 21.7 24.1 37.3 

3.0-5.0 22.9 38.6 34.9 14.5 21.7 37.3 34.9 18.1 

5.0-7.0 26.5 6.0 10.8 0.0 27.7 10.8 10.8 1.2 

7.0-10.0 10.8 1.2 1.2 0.0 9.6 1.2 1.2 0.0 

>10 3.6 0.0 0.0 0.0 3.6 0.0 0.0 0.0 
a Nitrogen rate 100 and 170 kg N ha-1 represent the old and modern practices, respectively. 
b Cultivar era: 1996 HS represented the old HS cultivars, while 2016 MR represented the modern MR 

cultivars.  
c  Fungicide: N-no fungicide, the common old practice; Y- fungicide application, the common modern 

practice. Fungicide A21573C (150 g a.i. L-1 adepidyn, and 125 g a.i. L-1 propiconazole) was applied at 

ZGS 65 using the rate 1 L product ha-1. 
d 95% confidence interval, indicating the range that 95% of the estimated FDK lies in the interval
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Table 3. 9 Average revenue and profit in 1996 FHB epidemic, under hypothetical agronomic and 

FHB management scenarios. 

  Management scenarios 

  1 2 3 4 5 6 7 8 

N a (kg N ha-1) 100 100 100 100 170 170 170 170 

Cultivar era b 1996 

HS 

2016 

MR 

1996 

HS 

2016 

MR 

1996 

HS 

2016 

MR 

1996 

HS 

2016 

MR 

Fungicide c N N Y Y N N Y Y 

TDON reduction % 0.0 51.3 44.4 69.0 2.0 43.3 44.3 65.6 

Yield increase % 0.0 9.2 17.9 23.1 2.7 13.5 29.8 31.8 

FDK lower boundary d                 

Revenue ($ ha-1) 613.74 771.88 753.44 898.15 630.13 793.89 829.47 956.49 

Revenue rank 8 5 6 2 7 4 3 1 

% revenue increase 0.0 25.8 22.8 46.3 2.7 29.4 35.2 55.8 

Profit e ($ ha-1) 123.31 281.45 180.01 324.72 64.25 228.00 180.59 307.61 

Profit rank 7 3 6 1 8 4 5 2 

FDK midpoint d                  

Revenue ($ ha-1) 580.50 745.20 721.98 870.04 597.53 765.20 794.83 917.82 

Revenue rank 8 5 6 2 7 4 3 1 

% revenue increase 0.0 28.4 24.4 49.9 2.9 31.8 36.9 58.1 

Profit e ($ ha-1) 90.06 254.77 148.55 296.61 31.65 199.32 145.95 268.94 

Profit rank 7 3 5 1 8 4 6 2 

FDK upper boundary d               

Revenue ($ ha-1) 562.23 712.23 695.89 834.34 578.05 735.54 766.11 887.03 

Revenue rank 8 5 6 2 7 4 3 1 

% revenue increase 0.0 26.7 23.8 48.4 2.8 30.8 36.3 57.8 

Profit e ($ ha-1) 71.79 221.80 122.46 260.92 12.17 169.66 117.23 238.15 

Profit rank 7 3 5 1 8 4 6 2 
a Nitrogen rate 100 and 170 kg N ha-1 represent the old and modern practices, respectively. 
b Cultivar era: 1996 HS represented the old HS cultivars, while 2016 MR represented the modern MR 

cultivars.  
c Fungicide: N-no fungicide, the common old practice; Y- fungicide application, the common modern 

practice. Fungicide A21573C (150 g a.i. L-1 adepidyn, and 125 g a.i. L-1 propiconazole) was applied at 

ZGS 65 using the rate 1 L product ha-1. 
d FDK: lower boundary- FDK values predicted using FDK/TDON equation indicating the lower boundary 

of the 95% confidence interval. Midpoint: FDK values predicted using FDK/TDON equation indicating 

the midpoint of the 95% confidence interval. Upper boundary: FDK values predicted using FDK/TDON 

equation indicating the upper boundary of the 95% confidence interval. 
e Profit =revenue-production cost-FHB management cost.  
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3.4.3 Economic Impact of FHB Management Methods on 2013 FHB Epidemic. 

3.4.3.1 TDON Concentration and Grain Yield 

 The economic impact of FHB management methods was assessed in 2013 using the 

actual 2013 OCCC cultivar testing data. The goal was to compare these results with those 

estimated from the 1996 epidemic to test the robustness of the economic impact estimates. As the 

N rate used in 2013 cultivar testing was 170 kg N ha-1, all results from 2013 were compared to 

1996 FHB management scenarios that received the same N rate. In general, the average TDON 

concentrations in 2013 were lower than that of 1996 survey. The TDON concentration was 3.0 

ppm in Scenario 1, when using HS cultivars and no fungicide (Table 3.10). Scenario 3, 5 and 7, 

each using S, MS and MR cultivars with no fungicide, provided 34, 48 and 74% TDON 

reduction, respectively, compared to Scenario 1. The TDON reduction caused by MR cultivars in 

this data set (74%) was higher than the 43% found from the artificially-inoculated field 

experiments in 2017 and 2018. For HS cultivars, Scenario 2 using the fungicide Prosaro provided 

26% reduction to TDON. While within S, MS and MR cultivars, Prosaro reduced TDON by 43, 

56 and 55%, respectively, which were similar to the 44% found in the artificially inoculated field 

experiments. If the effects of MR cultivars and Prosaro are combined, the average TDON would 

be reduced to 0.3 ppm, an 88% reduction compared to 3.0 ppm using HS cultivars and no 

fungicide (Table 3.10). It was again greater than the 66% reduction found in the artificially 

inoculated field experiments.  

 In the 2013 data, the fungicide generated similar yield increases compared with that in 

the management scenarios applied to the 1996 farm survey. Cultivars that were moderately 

resistant produced 0.50 Mg ha-1 more grain yield or 17% higher than HS cultivars, which was 

similar to 14% found in 1996 Scenario 6. With an application of Prosaro at ZGS 65, cultivars at 
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all FHB resistance levels increased yields to 5.60- 5.78 Mg ha-1, or 33-38% higher than 2013 

Scenario 1 (HS cultivar + no fungicide) (Table 3.10). The magnitudes were similar or slightly 

higher than 30-32% observed in 1996 Scenario 7 (fungicide only) and Scenario 8 (MR cultivar + 

fungicide) (Table 3.6). 

3.4.3.2 Estimated Farm Revenue and Profit 

 In general, the revenues and profits estimated in 2013 FHB epidemic were higher than 

that in 1996 epidemic. All the profits followed the same ranking with revenue. Across cultivar 

susceptibilities, the revenues and profits were lower when no fungicide was used. They followed 

an ascending order from HS to MR, ranking eighth to fifth. Highly susceptible cultivars had the 

lowest revenue of $887.30 to 943.53 ha-1, and profit of $38.52 to 94.74 ha-1 (Table 3.11). Using 

S cultivars instead of HS cultivars increased revenue by 10-15%, and profit by $84.98 to 142.48 

ha-1. Adopting MS cultivars increased revenue by 16-21% and profit by $132.33 to 147.80 ha-1 

compared to HS cultivars. Moderately resistant cultivars generated the highest revenue increase 

of 18- 23% and profit increase of $164.15 to 213.18 ha-1 compared to HS cultivars. Furthermore, 

across cultivar susceptibility levels, the use of the fungicide, Prosaro, generated $197.21 to 

385.96 ha-1 marginal revenue compared to the untreated control. The marginal revenues followed 

a descending order from HS to MR. In HS cultivars, using Prosaro fungicide increased revenue 

by 34-41%, the highest percentage increase among all cultivar susceptibility classes. In S 

cultivars, Prosaro generated a 22-29% revenue increase, slightly higher than the 18% in MS 

cultivars and 18-25% in MR cultivars. Despite the diminishing return of Prosaro when cultivar 

resistance level increased, the combination of MR cultivar and Prosaro fungicide ranked the 

highest in revenue and profit among all scenarios. It generated revenue 45-46% higher than 

Scenario 1 (the combination of HS cultivar and no fungicide), and profit $366.45 to 382.13 ha-1 
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higher. The combination of MS, S and HS cultivars with Prosaro ranked second to fourth in 

revenue and profit, which achieved 34 to 44% revenue increase and $258.55 to 359.52 ha-1 profit 

increase compared to Scenario 1 (Table 3.11). Finally, the fungicide Prosaro significantly 

increased revenue and profit in cultivars of all susceptibilities. The highest revenue and profit 

were achieved using the combination of a MR cultivar and Prosaro.  

 

Table 3. 10 Average TDON and grain yield as affected by Fusarium head blight management 

scenarios in 2013 FHB epidemic, estimated by Ontario Cereal Crop Committee cultivar testing 

data in 2013. 

FHB 

management 

scenarios a 

Cultivar 

susceptibility b Fungicide c TDON d 

(ppm) 

% TDON 

reduction 

Yield    

(Mg ha-1) 

% yield 

increase  

1 HS None 3.0 f a e 0.0 4.20 f d e 0.0 

2 HS Prosaro 2.2 ab 26.2 5.64 a 34.1 

3 S None 2.0 ab 34.4 4.58 c 9.6 

4 S Prosaro 1.1 c 62.1 5.60 a 34.0 

5 MS None 1.6 b 48.2 4.83 b 14.9 

6 MS Prosaro 0.7 d 77.2 5.71 a 36.0 

7 MR None 0.8 cd 74.1 4.90 b 16.7 

8 MR Prosaro 0.3 e 88.4 5.78 a 37.6 

a  For each cultivar and susceptibility combination, n=24 for HS, n=102 for S, n=104 for MS; n=40 for 

MR.  
b Cultivar susceptibility: from most to the least susceptible, HS-highly susceptible; S: susceptible; MS: 

moderately susceptible; MR: moderately resistant.  
c Prosaro 250 EC, consisted of 125 g a.i. L-1 prothioconazole and 125 g a.i. L-1 tebuconazole, was applied 

at ZGS 65 using the rate of 0.8 L product ha-1.   
d TDON: sum concentration of deoxynivalenol (DON) and its derivatives: deoxynivalenol-3-glucoside 

(D3G), 3-acetyl-deoxynivalenol (3ADON) and 15-acetyl-deoxynivalenol (15ADON) 
e Means with the same letter within dependent variable are not statistically different according to the 

Tukey-Kramer test (P=0.05). 
f standard error of TDON ranged from 0.17-1.51; yield 0.222-0.239. 
 

 

 



 

 

90 

 

Table 3. 11 Average revenue and profit in 2013 FHB epidemic for different FHB management 

scenarios. 

  FHB management scenarios 

  1 2 3 4 5 6 7 8 

Cultivar 

susceptibility a HS HS S S MS MS MR MR 

Fungicide b None Prosaro None Prosaro None Prosaro None Prosaro 

% TDON reduction 0.0 26.2 34.4 62.1 48.2 77.2 74.1 88.4 

% yield increase 0.0 34.1 9.6 34.0 14.9 36.0 16.7 37.6 

FDK lower boundary c 
              

Revenue ($ ha-1) 991.08 1329.49 1086.01 1327.60 1138.89 1347.47 1156.70 1363.61 

Revenue ranking 8 3 7 4 6 2 5 1 

% Revenue increase 0.0 34.1 9.6 34.0 14.9 36.0 16.7 37.6 

Profit d ($ ha-1) 142.30 436.28 237.22 434.39 290.10 454.26 307.92 470.40 

Profit ranking 8 3 7 4 6 2 5 1 

FDK Midpoint c 
                

Revenue ($ ha-1) 937.05 1257.01 1033.89 1263.90 1084.24 1347.47 1156.70 1363.61 

Revenue ranking 8 4 7 3 6 2 5 1 

% Revenue increase 0.0 34.1 10.3 34.9 15.7 43.8 23.4 45.5 

Profit ($ ha-1) 88.27 363.80 185.11 370.69 235.45 454.26 307.92 470.40 

Profit ranking 8 4 7 3 6 2 5 1 

FDK upper boundary c 
              

Revenue ($ ha-1) 887.30 1190.27 972.29 1255.23 1019.63 1274.01 1093.64 1298.18 

Revenue ranking 8 4 7 3 6 2 5 1 

% Revenue increase 0.0 34.1 9.6 41.5 14.9 43.6 23.3 46.3 

Profit ($ ha-1) 38.52 297.07 123.50 362.02 170.85 380.80 244.86 404.97 

Profit ranking 8 4 7 3 6 2 5 1 
a Cultivar susceptibility: HS- highly susceptible; S- susceptible; MS- moderately susceptible; MR-

moderately resistant.  
b None: no fungicide at ZGS 65; common old practice. Prosaro: Prosaro 250 EC, consisted of 125 g a.i. L-

1 prothioconazole and 125 g a.i. L-1 tebuconazole, was applied at ZGS 65 using the rate of 0.8 L product 

ha-1.   
c FDK: lower boundary- FDK values predicted using FDK/TDON equation indicating the lower boundary 

of the 95% confidence interval. Midpoint: FDK values predicted using FDK/TDON equation indicating 

the midpoint of the 95% confidence interval. Upper boundary: FDK values predicted using FDK/TDON 

equation indicating the upper boundary of the 95% confidence interval. 
d Profit=revenue-production cost-FHB management cost.  
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Table 3. 12 Comparison of the average revenue and profit for different FHB management scenarios in 1996 and 2013 FHB epidemic. 

  FHB management scenarios 

  1996 2013 

  5 6 7 8 1 7 2 8 

N a(kg N ha-1) 170 170 170 170 170 170 170 170 

Cultivar era b 1996 HS 2016 MR 1996 HS 2016 MR HS MR HS MR 

Fungicide c None None Adepidyn Adepidyn None None Prosaro Prosaro 

TDON reduction % 2.0 43.3 44.3 65.6 0.0 74.1 26.2 88.4 

Yield increase % 2.7 13.5 29.8 31.8 0.0 16.7 34.2 37.6 

FDK lower boundary d                 

Revenue ($ ha-1) 630.13 793.89 829.47 956.49 943.53 1156.70 1329.49 1363.61 

Revenue rank 4 3 2 1 4 3 2 1 

% revenue increase 2.7 29.4 35.2 55.8 0.0 22.6 40.9 44.5 

Profit e ($ ha-1) 64.25 228.00 180.59 307.61 94.74 307.92 436.28 470.40 

Profit rank 4 2 3 1 4 3 2 1 

FDK midpoint                  

Revenue ($ ha-1) 597.53 765.20 794.83 917.82 937.05 1101.20 1257.01 1363.61 

Revenue rank 4 3 2 1 4 3 2 1 

% revenue increase 2.9 31.8 36.9 58.1 0.0 17.5 34.1 45.5 

Profit ($ ha-1) 31.65 199.32 145.95 268.94 88.27 252.42 363.80 470.40 

Profit rank 4 2 3 1 4 3 2 1 

FDK upper boundary                 

Revenue ($ ha-1) 578.05 735.54 766.11 887.03 887.30 1093.64 1190.27 1298.18 

Revenue rank 4 3 2 1 4 3 2 1 

% revenue increase 2.8 30.8 36.3 57.8 0.0 23.3 34.1 46.3 

Profit ($ ha-1) 12.17 169.66 117.23 238.15 38.52 244.86 297.07 404.97 

Profit rank 4 2 3 1 4 3 2 1 
a Nitrogen rate 100 and 170 kg N ha-1 represent the old and modern practices, respectively. 
b Cultivar era: 1996 HS represented the old HS cultivars, while 2016 MR represented the modern MR cultivars.  
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c Fungicide: N-no fungicide, the common old practice; Y- fungicide application, the common modern practice. Fungicide A21573C (150 g a.i. L-1 

adepidyn, and 125 g a.i. L-1 propiconazole) was applied at ZGS 65 using the rate 1 L product ha-1. Prosaro: Prosaro 250 EC, consisted of 125 g a.i. 

L-1 prothioconazole and 125 g a.i. L-1 tebuconazole, was applied at ZGS 65 using the rate of 0.8 L product ha-1.   
d FDK: lower boundary- FDK values predicted using FDK/TDON equation indicating the lower boundary of the 95% confidence interval. 

Midpoint: FDK values predicted using FDK/TDON equation indicating the midpoint of the 95% confidence interval. Upper boundary: FDK 

values predicted using FDK/TDON equation indicating the upper boundary of the 95% confidence interval. 
e Profit= revenue-production cost-FHB management cost.  
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3.5 Discussion 

 Over the past decade, numerous studies have reported the effectiveness of FHB 

management methods, both as simple effects (Paul et al. 2008; Paul et al. 2010; Gautam and 

Dill-Macky 2012) and in combination (McMullen et al. 2012; Wegulo et al. 2011; Sip et al. 

2010). However, only a few studies have estimated the economic impacts of FHB management 

methods with no agreements reached on marginal profitability of cultivar resistance and 

fungicide application (Hollingsworth et al. 2008; Salgado et al. 2014; Cowger et al. 2016). The 

present study was the first attempt to evaluate the economic impacts of the improvements in 

FHB and agronomic management methods by comparing the old and modern practices. The 

three major improvements assessed were: 1) application rates for nitrogen increased from 100 to 

150-170 kg N ha-1; 2) genetic resistance to FHB improved in commercial cultivars; and 3) most 

farmers have begun to apply fungicides at ZGS 65 to protect wheat against FHB. The economic 

impacts of all three improvements were estimated using farm survey data collected during 1996 

FHB epidemic as a baseline. In addition, the economic impacts of the latter two improvements: 

genetic resistance and fungicide were estimated using OCCC cultivar testing data in 2013 to 

compare with and validate the results from 1996. 

In 1996, frequent rain events occurred during anthesis and grain filling stage which 

created highly favorable environment for FHB infection (Schaafsma and Hooker 2007). Contrary 

to 1996, the highest average TDON among all FHB management scenarios in 2013 was 3.0 ppm, 

indicating a moderately favorable environment for FHB infection (Table 3.10). Four FHB 

management scenarios existed in both epidemic years, which made it possible to compare their 

economic impacts across environments. The scenarios in common were: 1) HS cultivar with no 
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fungicide (Scenario 5 in 1996 and Scenario 1 in 2013); 2) MR cultivar with no fungicide 

(Scenario 6 in 1996 and Scenario 7 in 2013); 3) HS cultivar with fungicide application at ZGS 65 

(Scenario 7 in 1996 and Scenario 2 in 2013); and 4) MR cultivar with fungicide application at 

ZGS 65 (Scenario 8 in both 1996 and 2013). In both epidemic years, the use of cultivar 

resistance and fungicide both increased farm revenue and profit (Table 3.12). However, the 

monetary value of the revenue, the magnitude of revenue increase, and relative profitability of 

MR cultivar and fungicide differed between 1996 and 2013.  

The hypothetical FHB management scenarios ranked similarly in the data from both 

epidemics in 1996 and 2013. The combination of MR cultivar and fungicide had the highest 

revenue; fungicide only and MR cultivar only ranked second and third in revenue, respectively. 

Deploying no FHB management had the lowest revenue in both environments (Table 3.12). This 

finding indicated that the impacts of MR cultivar and fungicide on revenue were relatively robust 

across different environment. The robustness of their revenue results can be traced back to their 

impact on grain yield and TDON concentration, the determinant factors of farm revenue. In both 

environments, yield was increased similarly across FHB management methods, though not 

completely by FHB suppression. Grain yield was increased by 14-17%, 30-34%, and 32-28% 

when deploying MR cultivar, fungicide, and the combination of both, respectively (Table 3.12). 

It is worth addressing that not all yield increases by deploying modern MR cultivars or fungicide 

were attributed to FHB suppression. Yield increases could be originated from both higher genetic 

yield potential (Parry et al. 2010) and better FHB suppression when deploying modern MR 

cultivars. Similarly, deploying a fungicide could increase yield by suppression of foliar diseases 

(Brinkman et al. 2014) and stay-green effect (Chapter 2), besides FHB suppression. 
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The TDON reduction compared to no FHB management was attributed mostly to FHB 

suppression. Fungicide reduced TDON by similar magnitudes across environments: 44% when 

environment was highly favorable to FHB and 43-55% when environment was moderately 

favorable to FHB. Cultivar resistance had more inconsistent effectiveness in reducing TDON 

across environments. When environment was highly favorable to FHB, MR cultivars reduced 

TDON by 43% when used alone; and by 66% when used in combination with a fungicide. When 

environment was moderately favorable to FHB, MR cultivars reduced TDON concentrations by 

74 and 88%, with and without a fungicide, respectively (Table 3.12). Such inconsistency has 

been observed in previous studies (Tamburic-Ilincic et al. 2011; McMullen et al. 2008) and is 

suggested by Kolb et al. (2001) to be caused by genotype by environment interactions. However, 

the present study suggested that the inconsistency did not affect revenue rankings of the FHB 

management methods. Fungicide generated higher revenue than MR cultivar under both 

environments, while the combination of MR cultivar and fungicide achieved higher revenue than 

either method used alone.  

Although the FHB management scenarios followed the same revenue ranking in both 

1996 and 2013, the monetary values of revenues in 2013 were significantly higher than that in 

1996. It was because the environment in 1996 was more favorable to FHB, which subsequently 

caused lower grain yield and higher price discounts. With no FHB management, the average 

yield was 4.20 Mg ha-1 in 2013, but only 2.29 to 3.30 Mg ha-1 in 1996 because of more severe 

FHB and potentially other foliar diseases infections (Table 3.3; Table 3.10). In addition, because 

TDON was higher in 1996, up to $75.33 Mg-1 price discount was assigned, bringing the sales 

prices down. While in 2013, the highest discount assigned was $29.40 Mg-1 (Table 3.2). As a 
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result, revenues of all FHB management scenarios were lower under when environment is highly 

favorable to FHB (1996) than that when environment was moderately favorable (2013). This 

finding agreed with multiple previous studies that suggested FHB reduced farm revenue 

(Schaafsma et al. 2001; McMullen et al. 2012; Miller et al. 2013).  

When environment was highly favorable to FHB, FHB management methods generated 

higher percentage revenue increase compared to environment moderately favorable. Using the 

combination of MR cultivar and fungicide, revenue increased by 56-58% when environment was 

highly favorable to FHB (1996), but only 45-46% when environment was moderately favorable 

(2013). These results are similar to those published by Salgado et al. (2014), who found 41% 

revenue increase when environment was slightly favorable to FHB, and a higher revenue 

increase of 49% when the environment was highly favorable. In the present study, the difference 

is likely from market price discounts. In the 1996 dataset, as TDON concentrations were high, a 

maximum of $75.33 Mg-1 discount was assigned to farm fields. Using FHB management 

methods helped to increase revenue by both reducing price discount and increasing yield. 

However, in the 2013 dataset, downgraded grain only received up to $29.40 Mg-1 price discount. 

In 2013, the majority of marginal revenue originated from yield increase. Thus, the present study 

suggested that using FHB management methods were more crucial to farm revenue when 

environment is favorable to FHB.  

Although the FHB management scenarios followed the same revenue ranking across 

environments, their profitability differed slightly when the favorability of environment to FHB 

changed. In both environments, the combination of MR cultivar and fungicide was still the most 

profitable scenario; and no FHB management the least profitable. However, the relative 
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profitability of MR cultivar and fungicide differed across environment. When environment was 

highly favorable to FHB, MR cultivar was more profitable than fungicide; while the opposite 

was found in environment moderately favorable to FHB. The difference was created by the 

differences in input cost: seeds of MR cultivars had similar market price with HS cultivars; while 

fungicide was associated with additional costs. In both environments, fungicide increased grain 

yield by about 17% more than MR cultivar. The relative profitability of fungicide depended on 

whether the 17% additional yield generated higher revenue than the fungicide cost (Table 3.12). 

In 1996, because environment was highly favorable to FHB, average grain yield was low and 

price discounts were high. The 17% additional yield only generated $29.63 to 35.58 ha-1 revenue 

difference between fungicide and MR cultivar, lower than the fungicide cost of $82.96 ha-1 in 

2019 dollar. In contrast, in 2013, as environment was moderately favorable to FHB, average 

grain yield was higher (4.20 Mg ha-1) and price discounts were lower. Revenue difference 

between fungicide and MR cultivar was $96.63 to 172.78 ha-1, higher than the cost of fungicide 

($44.40 ha-1 in 2019 dollar) (Table 3.12).  

Previous studies had differing results about the profitability of adopting MR cultivars and 

fungicides. As suggested by Salgado et al. (2014), fungicide is more profitable across grain 

prices and environments; Cowger et al. (2016) found that using a MR cultivar was similarly 

profitable compared to using a fungicide when environmental conditions caused average DON 

higher than 4 ppm. The observations in the present study suggested potential reasons for the 

differing results in these studies. The profitability of a management practice depended on if the 

marginal revenue is higher than the marginal cost. The marginal revenue was affected by grain 

yield and grain price discount received by growers, which in turn affected by environment 
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favorability to FHB, as suggested by the present study. When environment is highly favorable to 

FHB, the use of a fungicide is less likely to generate enough marginal revenue to cover the 

marginal cost, making MR cultivars more profitable. In contrast, when environment is 

moderately favorable to FHB, the use of a fungicide is more likely to be profitable. Besides 

environment favorability to FHB, other factors that might affect the profitability of fungicide 

included, but not limited to: grain price (Salgado et al. 2014), price discount schedule or the 

flexibility of the market to DON (Cowger et al. 2016), and foliar diseases affecting grain yield 

(Brinkman et al. 2014). For the above reasons, different studies might generate different results 

about the relative profitability of MR cultivars and fungicides. However, all studies to this point 

suggested that adopting the combination of both methods was the most profitable practice when 

environmental conditions are favorable to FHB (Salgado et al. 2014; Cowger et al. 2016).  

An important change in agronomic management of wheat in the past two decades is the 

increase of N rate from 100 to 150-170 kg N ha-1. As suggested by the economic estimate of 

1996 FHB epidemic, N rate mainly affected farm revenue through grain yield. Nitrogen rate and 

MR cultivars had additive effect on grain yield. When the high N rate (170 kg N ha-1) and MR 

cultivars were used in combination, they increased yield by 14%, which was similar to the sum 

effect of high N rate (3%) and MR cultivar (9%). In contrast, N rate and fungicide had 

synergistic effect on grain yield (Brinkman et al. 2014). When the high N rate and fungicide 

were used in combination, they increased yield by 30%, which was 9% higher than the sum 

effect of high N rate (3%) and fungicide (18%). Because of the synergism, the increase of N rate 

from 100 to 170 kg N ha-1 generated highest marginal yield when combined with an adepidyn-

containing fungicide, which lead to the highest marginal revenue ($70.22-76.03 ha-1) among the 
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FHB management strategies (Table 3.9). However, even the highest marginal revenue was 

mostly lower than the marginal cost of nitrogen ($73.46 ha-1). In this case, increasing N rate 

decreased or kept the profitability the same across the FHB management strategies. It was an 

unexpected finding in this study and the environment favorability to FHB was proposed to be the 

reason. In 1996, environment was highly favorable to FHB which affected the marginal revenue 

from the increase of nitrogen in two ways: low grain yield and high price discount. The average 

grain yield was extremely low in 1996, only reaching 2.29 to 3.30 Mg ha-1 (Table 3.3). The 

numerical value of the 3-12% marginal yield increase from high N rate was 0.07-0.40 Mg ha-1. 

In addition, 60% of the farm location surveyed in 1996 had higher than 5 ppm TDON, which 

indicated high price discount and low sales price (Table 3.7). Both contributed to decreasing the 

marginal revenue from nitrogen. When the marginal revenue was less than marginal nitrogen 

cost, the use of the high N rate became less profitable. In environments less favorable to FHB, an 

increase in N rate from 100 to 170 kg N ha-1 can generate higher marginal yields of 0.48-0.78 

Mg ha-1 (Brinkman et al. 2014). Together with lower price discounts and higher grain sales price, 

it was speculated that increasing N rate from 100 to 170 kg N ha-1 is a profitable practice when 

environment is moderately or not favorable to FHB.  

Nitrogen rate affected the relative revenue rankings when MR cultivar and fungicide 

were considered. Deploying a MR cultivar generated higher revenue than deploying a fungicide 

at 100 kg N ha-1, while the opposite was found at 170 kg N ha-1. It was because yield was 

affected by fungicide and N rate in a synergistic manner, while affected by cultivar FHB 

susceptibility and N rate in an additive manner. As a result, at the high N rate, fungicide 

increased yield by 16% more than that by MR cultivar, which lead to $29.63 to 35.58 ha-1 higher 
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revenue being generated by fungicide (Table 3.9). As environment was highly favorable to FHB 

in 1996, the revenue differences between fungicide and MR cultivar was less than the $54.34 ha-

1 cost associated with fungicide (equal to $83.96 ha-1 in 2019 dollar, making MR cultivar the 

more profitable FHB management method among the two. However, comparing to 2013, when 

environment was moderately favorable to FHB, fungicide tend to be more profitable than MR 

cultivar when N rate is high, and the environment is moderately favorable to FHB.  

The present study estimated the provincial total loss to growers in the 1996 epidemic to 

be $122-131 million in 1996 dollars, which was similar to the estimate from Schaafsma et al. 

(2002). The total loss from this study was estimated by the difference between the actual total 

revenue in 1996 and the hypothetical total revenue, assuming 1996 had no FHB epidemic, which 

generated 4.90 Mg ha-1 yield (equal to provincial average yield of 1999), no FHB price discount 

and same average wheat prices. If modern MR cultivars were used during the 1996 epidemic, the 

economic loss caused by FHB would have been $29-31 million or 22-25% lower in 1996 dollars. 

If the adepidyn-containing fungicide was used during 1996 epidemic, the economic loss would 

have been reduced by $26-27 million or 19-22%. If growers in 1996 used both modern MR 

cultivars, a fungicide applied at anthesis, and the 170 kg N ha-1 N rate, the loss would have been 

reduced by $62-65 million or by 47-54%. It also means that with modern FHB management 

methods, if extremely favorable conditions occurred during flowering and grain filling, growers 

would have 47-54% less revenue loss compared to 1996.  

Since the severe FHB epidemic in 1996, more epidemics occurred in localized regions 

across Ontario in 2000, 2004, 2008, 2010, 2013 and 2015 (Schaafsma 1999; Tamburic-Ilincic 

2011; Dr. A.W. Schaafsma, University of Guelph, personal communication). Thus, the average 
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frequency of an FHB epidemic in Ontario is once every three years in the past two decades. If 

the environmental conditions of all the epidemics were similar to 1996, the total amount of 

economic losses recovered by the improvements in FHB and agronomic management is 

estimated to be $434-455 million in 1996 dollars. The actual economic impact of the 

improvements in FHB management likely differ from $434-455 million, as some of the 

epidemics were not as severe or widespread as the one in 1996; the present study showed that 

about half of the economic losses in epidemic years (47-54%) can be mitigated with the use of 

modern FHB management methods.  

In another perspective, the present study indicated that 46-53% of the economic losses 

were not mitigated by modern FHB management methods, which leaves room for improvements. 

Specifically, for genetic resistance, most commercial MR cultivars in North America share 

narrow sources of resistance genes, with the trend of incorporating native sources of resistance 

emerging (Buerstmayr et al. 2009; Steiner et al. 2017; Bai et al. 2018). No complete resistant has 

been achieved because of the quantitative nature of FHB resistance. In addition, undesired 

negative alleles are often introduced along with the desired resistance alleles, causing linkage 

drag which reduces grain yield, thousand kernel weight, protein content and other quality traits 

(Salameh et al. 2011). For fungicide, as the adepidyn-containing fungicide has not been marketed 

in Canada, all commercial fungicides registered for suppression of FHB belong to Group 3 and 

share the same mode of action, creating possibilities for F. graminearum to develop resistance to 

them (FRAC 2018; Becher et al. 2010). More importantly, the efficacy of fungicide depends on 

application timing and various environmental factors, which create uncertainties on their efficacy 

and economic outcome (McMullen et al. 2012). Because of these limitations, they need to be 
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deployed together to achieve the best economic outcome. The most recent improvements in FHB 

management methods, namely the reduction of linkage drag in MR and high-yielding cultivars 

(OCCC 2018), and the introduction of Group 7 fungicide as a new mode of action (Syngenta 

2018) have shown possibilities of improvements in the next few years. 

Though cultivar resistance and fungicides shown similar economic impacts in the present 

study, cultivar resistance has three advantages compared to fungicide. The first is easiness to use, 

especially considering the narrow optimum application timing for fungicide (Bayer CropScience 

2016d). The second is resistance management. Growers cannot rotate away from Group 3 as the 

new fungicide contains both Group 3 and Group 7 (FRAC 2018). In contrast, MR cultivars 

contain multiple QTLs which create more difficulty for F. graminearum to develop resistance to 

them (Buerstmayr et al. 2009). The third is growing MR cultivar tend to be more 

environmentally sustainable, as fungicides cause risks on non-target organisms (Bozdogan 

2014). For these reasons, cultivar resistance is likely to be a more feasible, durable and 

sustainable method for FHB suppression in the long run, though improvements on both cultivar 

resistance and fungicide are important today. 

 In conclusion, among the three improvements in agronomic and FHB management in the 

past two decades, increase of N rate from 100 to 170 kg N ha-1 generated higher farm revenue; 

and have the potential to increase profit when environment is moderately to not favorable to 

FHB. Planting a MR cultivar generally had similar profitability with deploying a fungicide. 

When environment is highly favorable to FHB, or N rate is low, the use of a MR cultivar tended 

to be more profitable than using fungicide alone on susceptible cultivars. When environment is 

moderately favorable to FHB, or N rate is high, using a fungicide alone tend to be more 
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profitable than using a MR cultivar alone. The economic impacts of MR cultivar and fungicide 

are additive, making the combination of both methods the most profitable practice. The 

improvements on genetic resistance, fungicide and N rate had significant economic impact. If 

available in 1996 FHB epidemic, they can achieve up to 58% increase in farm revenue, $184.30 

ha-1 increase in profit, and a 47-54% reduction on total provincial economic losses to growers. 

Considering the frequency of FHB epidemic in Ontario, it is important for growers to adopt FHB 

management practices to maximize profit. More importantly, FHB still causes economic losses 

even with the most intensive FHB management in the modern era. It is important for researchers 

to keep making progress in FHB management methods to further mitigate the economic losses 

caused by FHB.  
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4 CHAPTER 4      GENERAL DISCUSSION AND RECOMMENDATIONS 

 

Fusarium head blight (FHB), caused mainly by Fusarium graminearum (Schwabe) in 

North America, is one of the most destructive diseases of wheat (Placinta et al. 1999). It has 

caused severe economic losses through yield loss (McMullen et al. 1997; Paul et al. 2010), grade 

reductions (McMullen et al. 1997; Schaafsma et al. 2001; Dexter et al. 1996), and most 

importantly, mycotoxin-contaminated grain (Hooker et al. 2002; Miller et al. 2013; Champeil et 

al. 2004). Southern Ontario experienced a severe epidemic in 1996 because management 

strategies were not available when conditions were highly favorable for infection and disease 

development. It has been estimated that the epidemic caused over $100 million loss in Ontario 

winter wheat production due to yield losses and grade reductions (Schaafsma 2002).   

Since the 1996 FHB epidemic in Ontario, three major improvements on FHB and 

agronomic management have been made in winter wheat: 1) genetic resistance to FHB improved 

in commercial cultivars; 2) most farmers apply fungicides at ZGS 65 to control leaf diseases and 

to suppress FHB (Gilbert and Haber 2013); and 3) application rates for nitrogen increased from 

100 to 150-170 kg N ha-1 (Dr. D. C. Hooker, personal communication). No studies have directly 

compared the old management strategies from the 1996 era to the new ones from the 2016 era. 

Only a few studies have estimated the economic impact of FHB management strategies (Salgado 

et al. 2014; Cowger et al. 2016). The objectives of the present study were: 1) to quantify the 

progress of management strategies since the 1996-era for suppressing FHB and for improving 

winter wheat performance in favorable conditions for disease development; 2) and to estimate 

the direct economic impact of the progress made in FHB management. 
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4.1 The Effects of Cultivar Genetic Resistance, Fungicide Adepidyn + Propiconazole and 

Nitrogen Rates on Fusarium Head Blight Infection and Wheat Performance 

Between the 1996 FHB epidemic and 2016, genetic resistance of the commercial 

cultivars increased from highly susceptible (HS) or susceptible (S) to moderately resistant (MR) 

(Dr. D. C. Hooker, personal communication). As suggested by the field experiments in 2017-18, 

compared to the old HS cultivars, the modern MR cultivars provide substantial FHB suppression, 

namely 44% total DON concentration (DON and its derivatives D3G, 3ADON and 15ADON) 

reduction, 22% FDK reduction, and 70% FHB index reduction. In addition, the modern MR 

cultivars had 7% higher test weight than the old HS cultivars, improving it from grade 3 to grade 

2 wheat to receive higher base price (CFIA 2018). However, likely because of the linkage drag, 

the new MR cultivars from the 2016 era still had similar yield to the old HS cultivars.  

As another major improvement in FHB management, using fungicides had similar 

effectiveness in FHB suppression to planting MR cultivars. Specifically, the adepidyn-containing 

fungicide (150 g a.i. L-1 adepidyn and 125 g a.i L-1 propiconazole) reduced total DON by 39-

47%, FDK by 35% and FHB index by 53-80%, depending on cultivar. For wheat performance, 

the adepidyn-containing fungicide increased test weight by 5%, and grain yield by 13-21% 

depending on nitrogen rate. Its effectiveness was similar to the triazole fungicides which reduced 

DON by 42-45%, FHB index by 48-52%, and increased test weight and yield by 2.5-2.8% and 

14-15%, respectively (Paul et al. 2008; Paul et al. 2010). More importantly, the adepidyn-

containing fungicide provided an additional mode of action (Group 7) to the triazole fungicides 

(Group 3) (FRAC 2018). A new mode of action is crucial for resistance management, where 

fungicides can be rotated or tank mixed (Brent and Hollomon 2007). 
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An increase in nitrogen rate from 100 to 170 kg N ha-1 did not affect FHB infection or 

DON, but it had a synergistic effect with fungicide on yield (Brinkman et al. 2014). When the 

170 kg N ha-1 nitrogen rate was used in combination with fungicide, yield increased by 1.14 Mg 

ha-1, which was 58% higher than the sum of yield increases imparted by nitrogen (0.11 Mg ha-1) 

and fungicide (0.61 Mg ha-1) alone. Compared to the old practice, the modern practices of using 

a MR cultivar, applying a fungicide at ZGS 65 and applying 170 kg N ha-1 nitrogen reduced 

TDON by 67%, reduced FDK by 49%, reduced FHBI by 86%, increased test weight by 11% and 

increased grain yield by 32%. The impacts of these improvements of FHB and agronomic 

management methods on FHB infection and wheat performance were used for an economic 

assessment of the return on investments on cultivars, fungicide use and nitrogen application. 

4.2 Economic Impact of the Improvements on Fusarium Head Blight Management and 

Modernization of Agronomic Practices 

The improvements in cultivar resistance and fungicide generally had similar impacts on 

farm gross revenue, each increasing gross revenue by 17-32% and 22-41%, respectively. Their 

profitability varied slightly when environmental favorability to FHB or agronomic practices 

changed. When environment was highly favorable to FHB, or nitrogen rate was low, the use of 

MR cultivars tended to be more profitable than using a fungicide. When environment was 

moderately favorable to FHB, or nitrogen rate was high, using a fungicide tended to be more 

profitable than planting a MR cultivar because of the synergism between nitrogen and fungicide 

(Brinkman et al. 2014; Chapter 2). The economic impacts of MR cultivar and fungicide were 

additive, making the combination of both methods the most profitable practice. If the 

management practices from the 2016 era were available in the FHB epidemic in 1996, farm 

revenue would have been 56-58% higher because of higher grain yield and quality, as a result of 
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better suppression of FHB and potentially other foliar diseases. Furthermore, the present study 

estimated that the FHB epidemic in 1996 caused $122-131 million losses to growers in Ontario, 

compared to a non-epidemic year within the same decade (1999). It agreed with the previous 

estimation by Schaafsma (2002) suggesting over $100 million loss and further specified the 

value of the economic loss. Up to $65 million (47-54%) economic loss would have been avoided 

by deploying the modern agronomic and FHB management practices.  

4.3 Recommendations and Conclusions 

As suggested by the present study, FHB management methods have improved 

significantly between 1996 and 2016. However, in years like 1996 where environmental 

conditions were extremely favorable to FHB, 44-53% of the economic loss was still not 

mitigated by the modern FHB and agronomic management practices, suggesting room for 

improvement to mitigate the rest of the 50% economic loss caused by FHB. It took about two 

decades to realize the improvements that are currently in place. It will probably take longer to 

achieve the remaining improvements because of the complex nature of the tools and their limited 

effectiveness. Specifically, FHB resistance could be enhanced in the MR cultivars by introducing 

more QTLs. Marker-assisted backcrossing developed recently proved to be an effective approach 

to introduce a major FHB resistance QTL (Fhb1) into commercial cultivars more quickly. When 

used in combination with phenotypic or genetic selection, they can pyramid major and minor 

QTLs for better FHB resistance (Bai et al. 2018). Marker-assisted backcrossing also reduced the 

linkage drag, which introduce undesirable agronomic traits (Salameh et al. 2011). Genome 

selection, as an alternative selection method, can aid in selecting QTLs with small effects by 

estimating genome-wide marker effects (Steiner et al. 2017). Theoretically, FHB resistance can 
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be improved through the transgenic approach or gene editing (Bai et al. 2018); however, till this 

point, the former has not achieved FHB resistance better than traditional breeding; the latter 

shows potential but is still in early development phase (Su et al. 2017). More importantly, these 

approaches face challenges in being commercialized as wheat is mostly for direct human 

consumption, as a result, no transgenic wheat has been registered worldwide. The improvement 

in genetic resistance to FHB will likely take the non-transgenic approach unless a major 

breakthrough can be achieved by the transgenic approach (Statistics Canada 2019; Mauro et al. 

2014). The other important FHB management method, fungicides, could be improved by 

introducing more effective chemistries with more modes of action, to help with resistance 

management (FRAC 2018), along with better application technology including sprayer 

configuration, application timing and decision-making tools (Hooker et al. 2005; McMullen et al. 

2012; Schaafsma et al. 2007; Shah et al. 2013). Though improvements in both FHB genetic 

resistance and fungicide would be important to FHB management; in the long run, improvements 

in cultivar genetic resistance is potentially more beneficial to growers because it is easier to use, 

more durable and environmentally sustainable (Bayer CropScience 2016d; Buerstmayr et al. 

2009; Bozdogan 2014).   

The present study also suggested that grain elevators should test DON during grain 

receiving instead of the common practice today of testing FDK. The coefficient of determination 

(R2) between TDON and FDK found in the present study was only 0.54; and the R2 found by 

other studies varied from 0.53-0.73, indicating that DON and FDK are poorly and inconsistently 

correlated (Paul et al. 2005b; Canadian Grain Commission 2013). Testing DON at the elevator 

level will help to monitor and manage mycotoxins more effectively throughout the grain 



 

 

109 

 

marketing industry. Furthermore, end users of wheat such as flour mills purchase wheat based on 

certain DON specifications and typically test every load for DON (Dr. A. W. Schaafsma, 

personal communication). 

In the past two decades, FHB epidemics occurred during 1996, 2000, 2004, 2008, 2010, 

2013, and 2015; an average of once every three years (Schaafsma 1999; Tamburic-Ilincic 2011; 

Dr. A.W. Schaafsma, University of Guelph, personal communication). The frequency of 

epidemics is not likely to decrease for three reasons. First, the early 21st century is predicted to 

have a small increase in precipitation compared to normal, with more frequent and intense 

rainfalls because of climate change (Government of Canada 2019). The change in precipitation 

potentially favor the occurrence of FHB epidemics especially in the Great Lakes Region which 

already provides favorable environmental conditions for epidemics. Secondly, the amount of 

inoculum within the region may be increasing for two reasons. One is that corn area in southern 

Ontario has an increasing trend, as the average corn area increased from around 702,800 ha in 

the 1990’s to 830,000 ha in the 2010’s (OMAFRA 2019b). Corn leaves higher amount of crop 

residue than wheat and soybean and provides more overwintering sites for F. graminearum 

(Teich and Hamilton 1985; McMullen et al. 1997). The other reason for increased crop residue is 

the advent of the stay-green trait in commercial corn hybrids, which is speculated to favor the 

colonization of corn stalks by F. graminearum after harvest (unpublished study). Finally, higher 

proportions of F. graminearum of the 3ADON chemotype have been observed across the 

continent in the past decade (Ward et al. 2008; Tamburic-Ilincic & Burlakoti 2015). The 3ADON 

chemotype has higher toxigenicity, pathogenicity and reproduction ability which causes more 

DON accumulation in wheat grain than for 15ADON. If the proportion of 3ADON chemotype 



 

 

110 

 

keeps increasing, the F. graminearum inoculum will become more aggressive. Under similarly 

favorable environment, FHB infection in the future will cause higher DON concentrations in 

grain, making it FHB management more crucial to future wheat production (Gilbert et al. 2010; 

Amarasinghe et al. 2013).  

In conclusion, the present study suggests that substantial improvements have been made 

on FHB and agronomic management of wheat. The improvements were effective at reducing the 

economic losses caused by FHB and increasing economic benefit to growers. However, the best 

modern management strategies can still result in unacceptable DON concentrations, especially in 

environments favorable for FHB development and DON accumulation. Future improvements 

may include, but not limited to: enhancing genetic resistance to FHB, more efficacious 

fungicides with more modes of action, and better fungicide application technologies. These 

improvements would potentially require more research efforts than in the previous two decades 

unless a technological breakthrough occurs in breeding or fungicides. Considering the frequency 

of FHB epidemics, the potential of larger and more aggressive inoculum load, and the potential 

of F. graminearum to develop resistance to the available management methods, a continued 

effort will be necessary to evolve better FHB management strategies. 
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5 APPENDICES 

The effect of nitrogen deficiency on FHB, DON and wheat performance. 

This study included zero nitrogen treatment for all cultivar eras and fungicide 

combinations, from which the effect of nitrogen deficiency and the interaction with cultivar era 

and fungicide on FHB and wheat performance could be analyzed. When including the zero N 

rate, cultivar era interacted with N rate on TDON, FHB index grain yield and canopy NDVI at 

ZGS 65 and 85, while fungicide interacted with N rate on grain yield, FHB index, test weight 

and canopy NDVI at ZGS 85 (Appendix Table 1). These interactions were caused primarily by 

differences between zero N and the two N rates (100 and 170 kg N ha-1) used in the study.  

Specifically, in zero N rate, TDON concentration in grain were 6.3, 5.4 and 4.0 ppm in 

HS cultivars from 1996 era, S/MS and MR cultivars from 2016 era, respectively, which were 58, 

57 and 48% lower than 100 kg N ha-1 rate. Unlike the higher nitrogen rates (100 and 170 kg N 

ha-1) where the average TDON were 40 to 49% lower in Modern MR cultivarsthan HS cultivars 

from 1996 era, cultivar eras did not affect TDON at zero-nitrogen. All cultivar eras have 

statistically equal TDON concentration according to Tukey’s test (Appendix Table 2). In contrast 

with cultivar susceptibility era, fungicide reduced TDON by 49% at zero nitrogen rate, a similar 

magnitude with the higher nitrogen rates that had 45 and 43% reduction each by fungicide 

(Appendix Table 3).  

Similarly, in zero N rate, FHB index were 5.8 and 1.5% in old HS cultivars, and modern 

S/MS cultivars, respectively, which were 47 and 64% lower than 100 kg N ha-1 rate. No 

difference in FHB index was found in modern MR cultivars across the nitrogen rates (P=0.2491) 

(Appendix Table 2). Across three N rates, fungicide reduce FHB index by similar magnitudes of 

69-73%. With no fungicide, FHB index in zero N rate was 49% lower than that in 100 kg N ha-1 
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nitrogen rate. In contrast, when fungicide was applied at ZGS 65, FHB index were similar across 

three N rates (Appendix Table 3).  

 The response of grain yield to cultivar era and fungicide depended on if a nitrogen 

deficiency was present, and produced a highly significant cultivar era by nitrogen interaction 

(P=0.0095) and fungicide by nitrogen interaction (P<0.0001; Appendix Table 1). In general, the 

average yield in zero-nitrogen rate was 46 to 50% lower than 100 kg N ha-1 across cultivar eras 

and fungicide. At the higher nitrogen rates, Modern S/MS cultivars achieved yields 0.63 to 0.93 

Mg ha-1 higher than the other cultivar eras. In contrast, at zero nitrogen treatment, cultivars 

yielded 2.51 to 2.76 Mg ha-1, with no statistical differences found (Appendix Table 2). Similarly, 

fungicide increased yield by 13% at 100 kg N ha-1 rate (P<0.0001) but did not affect yield at zero 

nitrogen (P=0.3313; Appendix Table 3).  

Similar to yield, the response of test weight to fungicide depended on nitrogen rate which 

created a nitrogen by fungicide interaction (P=0.0209; Appendix Table 1). Within each fungicide 

treatment, nitrogen rate did not affect the average test weight. However, the magnitude of test 

weight increase by fungicide differed across nitrogen rates. Within 0, 100 and 170 kg N ha-1 

rates, fungicide increased test weight by 11.1, 15.6 and 20.5 g 0.5 L-1, respectively (P<0.0001; 

Appendix Table 3). Thus, when nitrogen deficiency is present, fungicide increased test weight at 

lower magnitudes compared to higher nitrogen rates.  

Canopy density and greenness, measured by NDVI values, differed across nitrogen rate at 

both anthesis (ZGS 65) and soft dough (ZGS 85) stage (P<0.0001; Appendix Table 1). In 

addition, the response of NDVI at ZGS 65 to nitrogen depended on cultivar era which created a 

significant cultivar era by nitrogen interaction (P<0.0001; Appendix Table 1). At 100 and 170 kg 

N ha-1 nitrogen rates, all cultivar eras had equally green canopies with NDVI value of 0.76 to 
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0.79 at ZGS 65. However, at zero nitrogen rate, modern S/MS cultivars had NDVI value of 0.46 

at ZGS 65, lower than old HS cultivars (0.50) and modern MR cultivars (0.51) (Appendix Table 

2). Furthermore, the response of NDVI at ZGS 85 to cultivar eras and fungicide depended on 

nitrogen rate and created highly significant nitrogen by cultivar era and nitrogen by fungicide 

interactions (P<0.0001; Appendix Table 1). At ZGS 85, when nitrogen rate was 100 kg N ha-1, 

cultivars from 2016 era had canopy NDVI of 0.53 compared to cultivars from 1996 era (0.45), 

which indicating a greener canopy during grain filling. However, when nitrogen rate was zero, 

all cultivar eras had NDVI’s of 0.31 to 0.34 with no differences observed (Appendix Table 2). At 

zero nitrogen, fungicide increased NDVI at ZGS 85 from 0.32 to 0.34, a 6% increase 

(P=0.0376). In contrast, at 100 kg N ha-1 rate, fungicide increased NDVI from 0.47 to 0.55, a 

0.08 or 17% increase (P<0.0001; Appendix Table 3). Thus, NDVI ZGS 85 responded at lower 

magnitude to fungicide when nitrogen deficiency was present.  

In conclusion, zero nitrogen rate lead to a thinner canopy, and decreased the stay-green 

effect of modern cultivars and fungicide compared to the higher nitrogen rate. The thinner 

canopy made it less favorable for FHB infection, which led to a maximum 60% lower TDON, 

and 73% lower FHB index than nitrogen sufficient normal canopy. Nitrogen deficiency 

diminished the effect of cultivar FHB susceptibility to TDON concentration but had no effect on 

fungicide efficacy. As for wheat performance, nitrogen deficiency limited the yield potential of 

modern high-yielding cultivars, as well as the fungicide’s potential in increasing yield. Under 

severe deficiency (zero nitrogen), grain yield was around 50% lower than nitrogen sufficient 

environment. Nitrogen deficiency did not affect test weight, and only affected the fungicide’s 

efficacy in increasing test weight slightly. In a word, when environment is favorable to FHB, 
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nitrogen deficiency environment generated grains that have lower TDON contamination, similar 

test weight and lower yield compared to nitrogen sufficient environment.   
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Appendix Table 1 Fixed effects in mixed model variance analysis of the effects of cultivar era, nitrogen rates and fungicide application at ZGS 65 

on total DON concentration (ppm), FDK (%), FHB index, yield (Mg ha-1), test weight (kg hL-1) and NDVI at ZGS 65 and 85. 

      Total DON e FDK FHBI fg Yield Test weight NDVI ZGS 65 g NDVI GS 85  

Effect 
Num 

DF 

Den 

DFh F a   Pr > F F a   Pr > F F a   Pr > F F a Pr > F F a   Pr > F F a   Pr > F F a   Pr > F 

Cultivar Era 

(Erab) 
2 224 41.03 <.0001 22.90 <.0001 41.29 <.0001 37.36 <.0001 61.12 <.0001 2.46 0.0879 69.57 <.0001 

Fungicide (F c) 1 224 140.33 <.0001 145.41 <.0001 103.93 <.0001 75.77 <.0001 133.22 <.0001 0.18 0.6697 104.10 <.0001 

Nitrogen (N d) 2 14 53.00 <.0001 2.16 0.1518 14.64 0.0004 56.24 <.0001 1.34 0.2926 88.71 <.0001 209.21 <.0001 

Era*F 2 224 5.25 0.0059 1.67 0.1907 17.74 <.0001 0.45 0.6354 1.48 0.2298 0.19 0.8305 2.67 0.0737 

Era*N 4 224 3.58 0.0074 0.67 0.6156 1.43 0.2246 3.44 0.0095 1.54 0.1905 12.16 <.0001 12.46 <.0001 

N*F 2 224 5.39 0.0052 1.18 0.3099 4.59 0.0111 15.51 <0.0001 3.94 0.0209 1.00 0.3685 10.88 <.0001 

Era*N*F 4 224 0.58 0.6794 0.09 0.9848 0.90 0.4627 0.18 0.9489 0.20 0.9376 0.41 0.8036 1.15 0.3362 

Contrasts                                 

0 vs 100 kg N ha-1 1 14 71.16 <.0001 1.69 0.2151 19.78 0.0006 73.47 <.0001 0.00 0.9993 126.78 <.0001 183.93 <.0001 

0 vs 170 kg N ha-1 1 14 86.95 <.0001 0.57 0.461 23.94 0.0002 93.98 <.0001 2.01 0.1777 139.09 <.0001 399.67 <.0001 

a Statistically significant effects (P<0.05) are indicated in bold. 

b Cultivar Susceptibility Era: 1996 HS (highly susceptible) Era represented by AC Ron and AC Mountain; 2016 S/MS (susceptible/moderately susceptible) Era 

represented by Pioneer 25R40 and 25W31; 2016 MR (moderately resistant) Era represented by Pioneer 25R46 and Ava. 
c Fungicide treatment at ZGS 65 (with and without). 
d N: nitrogen rate (0, 100 and 170 kg N ha-1) 
e Total DON: sum concentration of deoxynivalenol (DON) and its derivatives: deoxynivalenol-3-glucoside (D3G), 3-acetyl-deoxynivalenol (3ADON) and 15-

acetyl-deoxynivalenol (15ADON) 
f FHBI: FHB index measured 21 days after fungicide treatment. 
g Outliers removed: plots 122, 322, 408 in 2017 removed as outliers for FHB index; plot 419 in 2018 removed as outlier for NDVI ZGS 65. 
h Den DF= 117 and 6 for NDVI ZGS 85; Den DF= 224 and 14 for other variables. 
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Appendix Table 2 Means of total DON concentration, FDK, FHB index, grain yield, test weight 

and NDVI at ZGS 65 and 85 as affected by cultivar era and nitrogen interaction. 

  Nitrogen rate (kg N ha-1) 

Cultivar 

Era a 0 100 170 P-value; 0 vs. 100 

Total DON (ppm) b 

   1996 HS 6.3 cd a e 14.9 a 14.7 a <0.0001 

   2016 S/MS 5.4 a 12.4 a 13.4 a <0.0001 

   2016 MR 4.0 a 7.6 b 8.8 b 0.0023 

FDK (%)   

   1996 HS 7.1 a 7.1 ab 6.6 a 0.9936 

   2016 S/MS 6.5 ab 7.5 a 6.7 a 0.0967 

   2016 MR 5.5 b 5.8 b 5.0 b 0.8442 

FHBI (%)   

   1996 HS 5.8 a 10.8 a 11.7 a 0.0009 

   2016 S/MS 1.5 ab 4.2 b 4.5 b 0.0595 

   2016 MR 2.1 b 4.1 b 3.9 b 0.2491 

Yield (Mg ha-1)   

   1996 HS 2.52 a 4.63 b 4.91 b <0.0001 

   2016 S/MS 2.76 a 5.50 a 5.83 a <0.0001 

   2016 MR 2.51 a 4.86 b 5.20 b <0.0001 

Test weight (kg hL-1)   

   1996 HS 72.3 b 71.9 b 70.8 b 0.8173 

   2016 S/MS 75.2 a 75.1 a 74.1 a 0.9880 

   2016 MR 74.9 a 75.5 a 75.4 a 0.6873 

NDVI ZGS 65   

   1996 HS 0.50 a 0.76 a 0.77 a <0.0001 

   2016 S/MS 0.46 b 0.77 a 0.79 a <0.0001 

   2016 MR 0.51 a 0.77 a 0.78 a <0.0001 

NDVI ZGS 85   

   1996 HS 0.31 a 0.45 b 0.52 b <0.0001 

   2016 S/MS 0.32 a 0.53 a 0.64 a <0.0001 

   2016 MR 0.34 a 0.55 a 0.62 a <0.0001 
a Cultivar era: era of cultivar indicating FHB susceptibility. 1996 HS (highly susceptible) era represented by 

AC Ron and AC Mountain; 2016 S/M (susceptible/moderately susceptible) represented by Pioneer 25R40 

and 25W31; 2016 MR (moderately resistant) represented by Pioneer 25R46 and Ava. 
b Total DON (TDON) was the sum of deoxynivalenol (DON) and its derivatives: deoxynivalenol-3-

glucoside (D3G), 3-acetyl-deoxynivalenol (3ADON) and 15-acetyl-deoxynivalenol (15ADON). 

c n=32 for each FHB susceptibility*fungicide interaction, except for 1996 HS which n=24. 
d Standard errors for total DON varied from 2.03-2.07; FDK 1.34-1.35; FHBI 0.031-11.346; Yield 0.212-

0.220; test weight 2.03-2.04; NDVI ZGS 65 0.043-0.044. 
e Means with the same letter within the same N rate and dependent variable are not statistically different 
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Appendix Table 3 Means of total DON concentration, FDK, FHB index, grain yield, test weight 

and NDVI at ZGS 65 and 85 as affected by nitrogen and fungicide interaction. 

  Fungicide application at ZGS 65 a       

Nitrogen rate 

(kg N ha-1) 
No fungicide Fungicide Difference % change 

P-value; 

fungicide 

Total DON (ppm) b      
 

0 6.9 cd b e 3.5 b -3.4 -49.3 <0.0001 

100 15.0 a 8.3 a -6.7 -44.7 <0.0001 

170 15.7 a 8.9 a -6.8 -43.3 <0.0001 

FDK (%)       
 

0 7.5 a 5.3 a -2.2 -29.3 <0.0001 

100 8.3 a 5.3 a -3.0 -36.1 <0.0001 

170 7.4 a 4.8 a -2.6 -35.1 <0.0001 

FHBI (%)       
 

0 4.9 b 1.4 a -3.6 -72.6 0.0006 

100 9.7 a 3.0 a -6.7 -69.1 <0.0001 

170 10.6 a 2.8 a -7.8 -73.7 <0.0001 

Yield (Mg ha-1)      
 

0 2.5 b 2.7 b 0.11 4.4 0.3313 

100 4.7 a 5.3 a 0.61 13.0 <0.0001 

170 4.8 a 5.8 a 1.03 21.4 <0.0001 

Test weight (kg hL-1)      
 

0 73.0 a 75.2 a 2.2 3.0 <0.0001 

100 72.6 a 75.7 a 3.1 4.2 <0.0001 

170 71.4 a 75.5 a 4.1 5.7 <0.0001 

NDVI ZGS 65       
 

0 0.49 b 0.49 b -0.01 -1.8 0.1645 

100 0.77 a 0.77 a 0.00 0.4 0.6706 

170 0.78 a 0.78 a 0.00 0.2 0.8142 

NDVI ZGS 85       
 

0 0.32 c 0.34 c 0.02 6.3 0.0376 

100 0.47 b 0.55 b 0.08 17.0 <0.0001 

170 0.55 a 0.63 a 0.08 14.5 <0.0001 
a Fungicide A21573C, consisted of 150 g a.i. L-1 adepidyn and 125 g a.i. L-1 propiconazole, was applied 

at ZGS 65 using a rate of 1 L product ha-1. 
b Total DON (TDON) was the sum of deoxynivalenol (DON) and its derivatives: deoxynivalenol-3-

glucoside (D3G), 3-acetyl-deoxynivalenol (3ADON) and 15-acetyl-deoxynivalenol (15ADON). 
c n=44 for each nitrogen rate*fungicide interaction, except for n=24 for NDVI ZGS 85 
d Standard error of total DON was 2.00; FDK 1.33; FHBI 21DA 0.013-6.148; yield 0.206; test weight 

2.02; NDVI ZGS 65 0.043.  
e Means with the same letter within the same fungicide treatment and dependent variable are not 

statistically different according to the Tukey-Kramer test (P=0.05). 


