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The simple effects of nitrogen rates, fungicide application, and varietal responses on wheat yield and 

quality have been studied individually, but interactions among the inputs are less well understood.  

Traditionally, increased nitrogen rates have led to higher risk of lodging and disease severity (Roth and 

Marshall, 1987), but it has been found that fungicides can be used to delay the onset of disease (Gooding 

et al. 1999).  Similarly, yield responses to application of a fungicide may be affected by available nitrogen 

(Olesen et al., 2003).  Wheat quality parameters such as protein, test weight, and alveograph parameters 

may also be affected by different management systems.  Recent Ontario research shows interactions 

between fungicide and wheat varieties, even in the absence of disease, but the relationships are poorly 

understood.  Current field crop recommendations would be improved by knowledge of interactions 

between inputs in more intensive management systems.  Field experiments were established on nine farm 

fields in southwestern Ontario to investigate possible interactions among nitrogen rates, fungicides, and 

varieties.  Eight fungicide timing combinations were applied as splits on three N rate blocks (100, 135, 

and 170 kg ha
-1

), applied across variety strips (between three and seven) in a split-strip-plot design with 

three replicates.  Measurements included leaf disease severity, fusarium head blight incidence and 

severity and mycotoxin concentrations, grain yield and yield components, protein, test weight, and 

alveograph parameters.  An economic analysis was performed on the combinations of treatment variables 

toward the development of more comprehensive recommendations.  Interaction between N application 

rate and fungicide application resulted in greater yield gains with increased N when fungicides were used.  

Grain protein concentration increased at higher N application rates.  Revenue net of the variable costs 

examined was not significantly affected by N rate alone, while effect of fungicide application varied with 

site. 
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General Introduction and Review of Literature 

 

Many studies have been conducted on one or two crop management factors at a time on wheat 

(Triticum aestivum L.).  Less documented are interactions between management factors.  In 

other words, if one factor results in a change, then the change may affect the optimum of other 

factors.  While the yield and quality of a wheat crop is affected by a system of variables or 

factors, some of the primary ones that growers manage are amount of nitrogen fertilizer (N) 

applied, fungicide application and timing, and variety of wheat grown. 

The present study will examine the effects of N application rate, fungicide application at three 

different times, and the effects of N and fungicide on different varieties.  Possible interaction 

between factors will be examined as well.  The effect of the factors on yield, yield components, 

protein, test weight, DON concentrations, baking quality, and economics of wheat production 

will be examined.  Wheat diseases will be important in further investigating reasons for effects, 

so current knowledge of effects of our factors on foliar diseases and fusarium head blight will 

be examined.  Environmental concerns with more intense management will be addressed. 

Diseases affecting the Ontario wheat crop 

Although many diseases affect Ontario’s wheat crop, there are three foliar fungi that are 

predominant: leaf rust (Puccinia triticana Erikss. (syns. P. recondita Roberge ex Desm. F. sp. 

tritici (Erikss. & E. Henn.) D.M. Henderson)), powdery mildew (Blumeria graminis (DC.) Speer f. 

sp. Tritici emend. É. J. Marchal (syn. Erysiphe graminis DC)), and septoria (Mycosphaerella 

graminicola (Fuckel) J. Schröt. anamorph Septoria tritici Roberge in Desmaz.) (James, 1971).  

Fusarium head blight (FHB) (Fusarium graminearum species complex (Yoshida et al., 2008)) is 

also a major concern in Ontario wheat, due to potential yield losses as well as to mycotoxin 

contamination (Bailey et al., 2003).  Effects of the factors in this study on severity of infections 

by these four diseases were examined. 
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Leaf rust severity in Ontario depends somewhat on wheat varietal resistance and the 

movement of urediniospores from overwintering sites in the southern United States.  Leaf rust 

is known to overwinter in Ontario in the teliospore form, but this is not the main source of 

infection, as alternative hosts are highly resistant in North America (Bailey et al., 2003).  It has 

been shown that conditions in fall months allow leaf rust to establish over much of the winter 

wheat growing area in the United States, and mycelia from fall infections can survive in the 

Ohio Valley region given proper snow cover, and act as a source of inoculum in the spring 

(Kolmer et al., 2009).  Strong winds from the south can speed the spread of the disease, as 

urediniospores are carried by the wind and deposited in rainstorms.  Varietal susceptibility 

ranges, and is dependent on the virulence phenotypes of the pathogen present.  Many varieties 

carry single race-specific genes for leaf rust resistance, which can be overcome as selection for 

other virulent races increases (Kolmer et al., 2009).  Leaf rust resistance varies with the season 

due to the genetics of host and pathogen, and with environmental factors affecting the survival 

of the pathogen over winter, and the spread of inoculum from overwintering sites in the 

southern United States. 

Powdery mildew is a frequent problem where cool, humid (but not rainy) weather occurs, 

providing ideal conditions for germination and growth (Bailey et al., 2003).  Such conditions are 

common during the growing season in Ontario, and the disease can reduce yield substantially in 

susceptible varieties and localized epidemics (Bailey et al., 2003).  Disease development starting 

before flowering may result in as much as 40% yield loss (Bockus et al., 2010).  Olesen et al. 

(2003b) found no significant yield loss associated with growth of powdery mildew, but indicate 

that significant yield loss would result from a severely diseased crop. 

Septoria is found in all Ontario wheat regions, and causes yield losses every year.  Yield losses 

can be significant if conditions are favourable for the development of the disease (Eyal et al., 

1987).  Septoria is often considered part of the Septoria/Stagonospora leaf blotch complex, also 

consisting of Stagonospora nodorum blotch (Stagonospora nodorum (Berk.) Castellani & E.G. 

Germani [syn. Septoria nodorum (Berk.) in Berk. and Broome] and Stagonospora leaf blotch 

(Stagonospora avenae (A.B. Frank) Bissett f. sp. triticea (T. Johnson) Shoem & Babcock [syn. 



3 

 

Septoria avenae (A.B. Frank) f. sp. triticea T. Johnson]).  Severity of infection depends on 

multiple factors, including varietal susceptibility (total resistance is not available in any 

commercial cultivars at present), tillage, rotation, and environmental conditions during the year 

(Bailey et al., 2003; Thomas et al., 1989).  Varietal differences in susceptibility have been 

observed, perhaps as a result of physical characteristics such as plant height and stage of 

growth at the time of ideal conditions for disease growth (Simón et al., 2005).  A South 

American variety grown in a susceptibility test in Manitoba was quite resistant to the disease 

compared to varieties grown locally (Chungu et al., 2001), perhaps indicating a wider range in 

susceptibility than exists in local varieties. 

Fusarium head blight causes yield loss as well as quality concerns in wheat, due to the possible 

production of the deoxynivalenol (DON) mycotoxin in infected heads.  As wheat is used 

extensively for human consumption, this disease and the mycotoxins it produces have received 

much study and attention.  Concentrations of DON above 2.0 ppm are not allowed in grain for 

human consumption, with a limit of 1.0 ppm for use in baby foods (Health Canada, 2012), so 

markets are limited for crops with high concentrations.  Severity of fusarium is affected by 

inoculum load, which is affected by crop rotation: more wheat and corn in the rotation 

increases FHB and DON levels, and wheat planted two years after wheat or corn was found to 

have DON levels 57% higher than those having soybean two years previous (Schaafsma et al., 

2001).  Rotation is cited by Dill-Macky and Jones (1999) as an important factor in epidemiology 

of fusarium, as is tillage when susceptible crops precede the wheat crop.  Environmental 

conditions around heading are important in determining infection levels (Hooker et al., 2002), 

as are conditions after anthesis (Nakajima, 2007; Cowger et al., 2009).  Wheat variety is 

important in influencing DON levels across years, accounting for 27% of variation in a study by 

Schaafsma et al. (2001).  Obst et al. (2000) found evidence that DON values are influenced by 

factors such as varietal susceptibility, previous crop, tillage, and strobilurin use at anthesis in a 

multiplicative way, rather than just an addition of risk factors.  Correlation of FHB symptoms in 

a crop with concentration of DON in the grain is not simple, as DON biosynthesis depends on 

multiple factors, such as strain of fusarium pathogen involved, substrate, time of infection and 

colonization, available moisture, temperature, and presence of competing organisms (Sutton, 
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1982).  High temperatures at infection time, as well as inoculation by multiple fusarium species, 

have been implicated in infections with reduced fungal biomass but dramatically increased 

mycotoxin production (Xu et al., 2007). 

 Nitrogen 

Research on nitrogen rates in Ontario winter wheat have focused primarily on nitrogen in 

isolation, not on other management factors that may affect final yield and grain quality.  

Current nitrogen rate recommendations for winter wheat in Ontario are based on data from 

research done in the 1970's and 1980's, but more recent trials have shown that, in spite of 

increased yields,  the earlier rate recommendations are typically still the most economical 

(Johnson, unpublished, 2005).  The trials do not examine changes in other management factors, 

however, and therefore may not give optimum recommendations in all management situations.   

Nitrogen uptake in wheat is dependent on the growth stage of the wheat and on the 

environment present at the different stages.  For instance, Baethgen and Alley (1989a) found 

that nitrogen uptake was greatest shortly after Zadoks Growth Stage (GS) 30 (Zadoks et al., 

1974), although in a warmer spring there is significant uptake beginning at GS 25.  Lawlor et al. 

(1989) found that the crop took up little N after anthesis.  Similar results were found by later 

researchers, who note that tillering is the period of maximum crop growth (Melaj et al., 2003).  

Other research indicates that optimum timing of spring nitrogen fertilization depends on tiller 

density at time of fertilization, with lower densities benefitting from earlier nitrogen application 

(Weisz et al., 2001).  The recommended practice in Ontario is to apply nitrogen as the crop 

begins to green up in the spring (OMAFRA Publication 811).  This varies in practice with fitness 

of field conditions for application, but generally falls somewhere around GS25 - GS30 in 

Ontario. 

Recommendations for optimum rates of N application are difficult to predict due to the effect 

of environment.  For instance, if environmental factors limit the yield potential of a crop, there 

will be a poor response to nitrogen over a wide range of rates (Spiertz & DeVos, 1983).  

Growers must apply fertilizer assuming a certain expectation of yield; this can be partly based 
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on the condition of the crop early in the year (Weisz et al., 2001), and on a knowledge of 

average weather conditions during the course of the year.  Additionally, other factors such as 

potassium (K) available to the plant affects uptake of N (Koch & Mengel, 1976).  

Various strategies have been examined for calculating crop N requirement, and also for 

determining soil N availability.  Since it is difficult to predict in advance how much N will 

become available from the soil, it is difficult to predict how much N should be added to meet 

crop requirements.  Batey (1977) concluded that plant N concentration by itself is a poor 

indicator, as plant growth rate is not factored in; crop uptake in spring (measured as total N in 

the crop, and accounting for mass of tissue in addition to concentration of N in the tissue) is 

perhaps a more useful measure of N requirement.  Baethgen and Alley (1989b) examined 

various methods of determining N requirement for winter wheat, and came to a similar 

conclusion as Batey, noting that economics must also play a role in the decision about optimum 

N rates.  These studies do not examine use of fungicides on wheat, and so do not assess what 

impact increased protection against leaf disease might have on the optimum N rate. 

Optimum N rates also need to consider what is environmentally responsible.  While a higher 

rate of N may be economically advantageous at some N and grain prices, the fate of excess N 

must be considered.  It has been estimated that on a world scale, only 33% of N applied to 

cereals is removed in the grain (Raun et al., 2002).  Some N is retained in the crop residue, and 

in microbial life in the soil, but in temperate climates, NO3 flow through tile drainage can be 

one of the biggest sources of N loss from fields (Raun et al., 2002).  It is important to 

understand the impact of increased rates of N on Nitrogen Use Efficiency (NUE), and also the 

impact of fungicides on NUE.   

Use of optical sensors and crop reflectance has been demonstrated as a useful predictor of 

potential yield and response to nitrogen in Oklahoma (Raun et al., 2002).  This technology is not 

proven for wheat in Ontario, although work done on corn in Ontario suggests that it may be of 

limited use due to the lack of relationship between N response and NDVI (Pfeffer et al., 2010).  

Researchers in Oklahoma note that response will vary with different conditions, and therefore 

some work would need to be done to develop a successful algorithm for other regions and 
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conditions.  Spatial variability of N fertilization requirement was determined by Raun et al. 

(2002) to be around 1 m2, due to high soil N variability.  Technical issues prevented gathering of 

a good data set with the Greenseeker NDVI sensor over the course of the experiment, but it is 

hoped that at some point more research could be undertaken to relate crop readings to N 

requirements in Ontario. 

Increased N application can cause changes in the physiology of the plant tissues, altering both 

the leaf area index of the crop canopy due to greater flag leaf area (Lawlor et al., 1989), as well 

as the physiology within individual leaves.  Flag leaves of plants grown with abundant N contain 

significantly more cells, with slightly increased cell volume; the ratio of Rubisco to chlorophyll 

remains similar over a wide range of N rates, but does increase at high N rate (Lawlor, 2002).  

The effect of N applied early in crop development in increasing the number of tillers, and 

therefore the number of flag leaves, is of greater importance in changing leaf area index than 

the increase in individual leaf area (Spiertz & DeVos, 1983). 

Total leaf area produced is important, but duration of effective canopy also has an effect on 

yield.  Leaf area duration is extended when N is available in abundance compared to metabolic 

demand, as onset of leaf senescence is delayed and its rate of senescence slowed (Spiertz & 

DeVos, 1983; Lawlor et al., 1989).  Longer and more effective grain filling periods may occur as 

green leaf area is extended during grain fill.  The relationship between N and light interception 

is asymptotic, however, as once a Leaf Area Index (LAI) of 3 is reached, little additional sunlight 

is captured by further leaves (Lawlor, 2002). 

N Effect on Yield Components 

Three primary yield components are responsible for determining yield in wheat: head density 

(the number of heads per unit area), kernels per head, and kernel weight.  Management 

practices have different effects on the three components, and practices which alter one 

component will likely also change the other components due to internal and interplant 

competition (Campbell et al., 1977).  For instance, Melaj et al. (2003) found that increased N led 

to higher yield by an increase in the number of kernels per square meter, while individual 
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kernel weight was reduced.  The density of fertile tillers was associated with yield in a study by 

Shekoofa and Emam, 2008.  Higher total spike density was found to be linearly associated with 

higher yield by Bulman & Hunt (1988), while kernel weight was not the major factor in 

increasing yields in their study.  Low tiller numbers can only be partly overcome by kernels per 

spike and kernel weight. 

Head Density:  Increased N application rates have been found to increase head density in a 

number of studies, in both spring wheat (Campbell et al., 1977) and winter wheat (Olesen et al., 

2000).  Spiertz and De Vos (1983) found increases in head density only when the N was applied 

early. 

Kernels per head:  Kernels per head was found to increase with N at low N rates by Frederick 

and Marshall (1985).  In contrast, Olesen et al. (2000) found that kernels per head increased 

only slightly with increased N rates in a study with higher N rates.  Kelley (2001) found no effect 

of N rate on kernels per head. 

Kernel weight:  Kernel weight has been shown to increase with N to a maximum, and then 

decline with further increase of N (Batey & Reynish, 1976).  On the other hand, Campbell et al. 

(1977) found the opposite effect in a study done in rain-fed prairie wheat.  Decreases in kernel 

weight with increased N application have been found in studies (Melaj et al., 2003), but other 

studies show interaction with site (Olesen et al., 2000), available soil moisture (more available 

water led to smaller changes in kernel weight with N rate) (Campbell et al., 1977), and variety 

(Cox et al., 1989). 

N Effect on Quality measures 

Test Weight:  Test weight increased with higher rates of N in a study by Batey and Reynish 

(1976).  On the other hand, Johnson et al. (1972) found that test weight decreased as N rate 

increased from 0 to 135 kg ha-1 in two hard red winter wheat varieties. 

Protein:  Batey & Reynish (1976) found that protein levels increased with higher N rates, 

although the magnitude of the effect showed a marked dependence on year, which they 
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suggest may have to do with soil moisture and plant uptake of N late in the season.  Other 

studies have also found increased protein at greater N application rates (Olesen et al., 2000; 

Campbell et al., 1977).  Barbottin et al. (2005) found that nitrogen remobilization in wheat was 

significantly affected by both genotype and environment: genotypes with resistance to disease 

had stable N remobilization from vegetative organs in the face of disease pressure, while those 

susceptible to disease showed strongly decreased remobilization efficiency.  In environments 

with no limitations during grain fill, no effect of genotype was observed, but genotypic 

differences became apparent in conditions of stress during grain fill.  Differences in 

remobilization efficiency can be expected to have an effect on N and crude protein levels in the 

grain. 

Protein potential of wheat is partly regulated by genotype, but altering the level of applied N 

will affect protein levels.  Johnson et al. (1972) found that two varieties of hard winter wheat 

differing in their inherent crude protein content responded similarly to increased N application 

rates, such that the higher protein wheat maintained the same difference over the lower 

protein wheat across the range of N rates applied in their study (0 to 135 kg ha-1).  Protein 

response to increased N application rate was linear in both varieties in the study across the 

entire range of N rates. 

Slafer et al. (1990) found that grain N concentration had a negative trend with year of release 

across six varieties of bread wheat released in Argentina over the course of the twentieth 

century.  In the same study, grain nitrogen concentration were inversely correlated to both 

yield and harvest index.  In Ontario, a downward trend in protein has also accompanied the 

increased yields since 1980 (Reimer, 2011). 

Dry matter and N accumulation in the grain are separate processes; N in the grain is mostly 

from senescence of organs, while dry matter comes mostly from current photosynthesis 

(Simpson et al., 1983; Melaj et al., 2003).  As detailed in the section on fungicide effect on grain 

protein concentration below, which disease is being controlled on the wheat crop may make a 

difference in how much the protein concentration is affected with application of fungicides. 
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Nitrogen, Growth Regulators, and Lodging 

In stormy conditions, wind and water can increase the torque on the stem of wheat, causing it 

to lean either by partially uprooting the plant, or by bending the stem.  If lodging occurs early in 

the plant’s development, it may return to a partially upright habit, with the likelihood of doing 

so decreasing as the lodging happens later in development.  Nitrogen in excess of that released 

from the soil has generally been found necessary for higher grain yields in our present cropping 

system.  One danger of increased N, however, is lodging of wheat, which can lead to lower 

yields, lower test weight, increased protein levels, and possibly reduced milling quality (Pinthus, 

1973), as well as more difficult harvesting.  Similar decreases in yield and test weight were seen 

in barley subjected to lodging (Day, 1957).  Yield losses from lodging depend on when in the 

growth cycle of the plant the lodging occurs; lodging before heading or within a few days after 

results in reduced number of kernels, while lodging a week or more after heading affects size of 

kernels more (Laude & Pauli, 1956).  Lodging at about time of heading in irrigated soft white 

winter wheat was found to cause a decrease in yield of 23% on average, with significant 

reductions in test weight and milling score (Pumphrey & Rubenthaler, 1983).  Laude and Pauli 

(1956) observed yield decreases as high as 33% from pre-heading lodging, decreasing around 

heading, and increasing to 37% 11 to 15 days after heading, with smaller yield losses later in the 

season.   

Lodging has been implicated in significantly higher toxin production by the Fusarium 

graminearum species complex in Japan (Nakajima et al., 2008).  On the other hand, growth 

regulators have also been associated with increased levels of FHB infection (Fauzi & Paulitz, 

1994; Martin et al., 1991). 

To control lodging, growth regulators have been used to shorten and strengthen the wheat 

stem.  Use of chlormequat chloride (CCC) is limited in Ontario, partly due to the high cost 

(Johnson, 2011).  In other areas, grain yield response has been found rather variable.  Cox and 

Otis (1989) reviewed results from studies with growth regulators, and found some reporting 

yield increases only when lodging was present in the field, while others found yield response 

even in the absence of lodging. Ethephon, not looked at in our experiment, was found to be 



10 

 

more effective against lodging than CCC, but was only suggested when severe lodging potential 

existed, as yield was lowered in some cases.  Nafziger et al. (1986) found that CCC did not affect 

yield at either of their N application rates (84 and 168 kg ha-1).  Varietal interaction between 

CCC application and lodging score reduction was found by Nafziger et al. (1986), although none 

of the varieties showed a significant reduction in a year where lodging was less prevalent. 

Nitrogen Effect on Disease 

Changing management practices may affect the level of disease infestation, as well as crop 

susceptibility to disease.  The relationship between N rates and disease severity has several 

facets.  It is known that a denser canopy, as will result from increased N rates, slows the 

movement of air in the crop, and can result in higher relative humidity and prolonged leaf 

wetness (Tompkins et al., 1993).  This gives an environment more suitable for the growth of 

some pathogens, though not all (Olesen et al., 2003b).  However, Bainbridge (1974) found that 

increased N led to increased susceptibility to powdery mildew in barley even aside from the 

canopy effect; plants were inherently more susceptible to powdery mildew where high N rates 

were applied, even when spaced out to mitigate the canopy density effect. 

Shaner and Finney (1977) found that a variety resistant to powdery mildew had little increase in 

disease incidence under higher N rates, while a susceptible variety had a dramatically higher 

incidence.  They note that disease progress is complex and depends on multiple factors, of 

which N fertility is one.  Other researchers have also noted an increase in powdery mildew 

severity with increased N application rate (Olesen et al., 2003b; Roth et al., 1983; Cox et al., 

1989). 

Increased leaf rust severity with increased N rate has been observed (Mascagni et al., 1997), 

particularly when the N is split-applied at Zadok’s growth stage (GS) 25 and GS 31 (Cox et al., 

1989).  Increased rust infection was observed at higher N rates in two years where the disease 

was severe, but delaying the second part of a split N application helped lessen the effect 

(Darwinkel, 1980). 
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The effect of N rate on severity of septoria infestations varies in the literature.  Some studies 

report an increase in disease severity (Broscious et al., 1985), while another reported lowered 

disease severity with increased N (Johnston et al., 1979).  It is possible that transmission of 

septoria is influenced by N rate due to the effect on canopy, as increased N rates result in a 

thicker canopy and therefore reduced occurrence of rain splashes from the ground onto the 

plant canopy (Lovell et al., 1997).  Simón et al. (2003) concluded that increased N fertilization 

leads to more severe septoria infestations under conditions conducive to the growth of the 

disease. 

Increased N rates have sometimes been implicated in higher FHB infection levels (Martin et al., 

1991), but was not a factor in a study by Fauzi andPaulitz (1994), although conditions in one of 

their two field trials resulted in very low infection levels overall.  Schaafsma et al. (2001) found 

that N had little effect on either FHB levels or DON variability in the four years of their study, 

accounting for less than 2% of variability in DON across farm fields.  Lemmens et al. (2004) 

found that intensity of fusarium infection (and DON production) increased significantly as the 

rate of N increased from 0 to 80 kg ha-1, but there was no difference in DON in wheat between 

80 and 160 kg N ha-1.  In contrast, Heier et al. (2005) found significant increases in both FHB 

symptoms and DON levels when N was increased from 90 to 190 kg ha-1, although the effect 

was limited to one of two years for FHB. Although the role of N in increasing the disease is not 

understood, it was hypothesized that changes in crop canopy structure and characteristics may 

play a role (Heier et al., 2005).  Factors other than those under investigation in this experiment 

seem to play a major role in fusarium severity and DON production, such as year and previous 

crop, but susceptibility of variety is considered the most important agronomic factor 

(Schaafsma et al., 2001). 

Fungicide 

Fungicide applications can increase yield and protein in wheat by delaying the onset and spread 

of leaf diseases (Gooding et al., 1999).  The timing of the fungicide is important in that the 

onset of disease is only delayed; applications early in the season will not stop later infections, 

so it is important to apply fungicide to coincide with time of disease pressure.  Field trials in 
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Ontario with Stratego (trifloxystrobin plus propiconazole) showed a gain of 0.28 t ha-1, with a 

range of 0 to 1.28 t ha-1 (Johnson, 2007).  Trials with Headline (pyraclostrobin) applied at Zadoks 

Growth Stage (GS) 39 indicated an average grain yield increase of 0.45 t ha-1, with a range from 

0.2 to 0.88 t ha-1 (Hooker & Schaafsma, 2004).  Research on fungicide application at GS 65 

showed average yield increases of 0.27 t ha-1 with Folicur (tebuconazole) and 0.40 t ha-1 with 

Proline (prothioconazole), ranging from 0 to 1.35 t ha-1 increases (Hooker & Schaafsma, 2007).  

The efficacy of fungicide treatments on crop yield depends on several factors, including the 

fungicide disease inoculum level, the disease resistance of the wheat variety grown (Sutton and 

Roke, 1986), and the influence of past grower practices on inoculum load (Bailey et al., 2003). 

The various leaf and head diseases have different optimal temperature and moisture regimes, 

and severity of the infection will depend partly on whether the environmental conditions are 

favourable for growth and development through the canopy.  Generally, the lowest yield 

response to fungicides occurs in cool, wet seasons (Peltonen & Karjalainen, 1992).  If disease 

conditions are not severe enough to be a major yield-limiting factor, then the yield response to 

fungicides will tend to be lower (Weisz et al., 2011). 

Besides their effect in suppressing or delaying fungal infection, some of the fungicides 

recommended delay the senescence of canopy (Peltonen & Karjalainen, 1992; Bertelsen et al., 

2001).  The cause for this is not completely understood, but significantly lower spore 

germination was noted with azoxystrobin (a strobilurin), and reduced mycelial growth with 

epoxiconazole (a triazole) (Bertelsen et al., 2001).  The ability to hinder germination and growth 

may reduce the cost of defense reactions, which have been implicated in accelerating 

senescence and decreasing yield potential (Smedegaard-Petersen & Tolstrup, 1985).  The cost 

of defense reactions, against both pathogens and saprophytic fungi, may in part explain reports 

of increased yield even in lieu of visible disease (Bertelsen et al., 2001). 

Fungicides vary in their efficacy against different diseases (Beyer et al., 2006).  For example, 

Blandino et al. (2006) found that triazole fungicides were effective in reducing incidence of 

fusarium in wheat heads, reducing DON toxin levels in the grain, and increasing yield by 20%.  

Strobilurin fungicides applied in the same study increased yield and decreased visual symptoms 
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of the disease, but increased the level of DON compared to plots where no fungicide was 

applied.  For many growers, the reduction of DON is an important reason for applying fungicide 

at the T3 timing; the timing of application and active ingredient used are key factors in 

controlling FHB and lowering DON (Beyer et al., 2006).  In an overview of several studies done 

on the efficacy of triazoles in reducing DON levels, Beyer et al. (2006) found that triazole 

fungicides decreased DON content by 47 ± 4% from that of the untreated control. 

Fungicide and yield components:  Kelley (2001) found that a fungicide application at GS 37 to 

45 had no significant affect on head density or kernels per head, likely because those 

components were already determined by that stage.  Kernel weight was increased in the same 

study on nearly all varieties in all years.  Olesen et al. (2000) found that head density and 

kernels per head increased with fungicide application (applied as indicated by the disease 

growth model PC Plant Protection), but not significantly.  Similarly to Kelley, kernel weight 

increased significantly (8% averaged over two years) with fungicide application (at GS 37-45 in 

Kelley’s research), but the magnitude of the fungicide effect varied considerably between the 

two years (Olesen et al., 2000).  Ruske et al. (2003b) found greater increases in kernel weight 

with the use of the strobilurin azoxystrobin plus a triazole than with the triazole alone, which 

reflected the increased effect of strobilurin in maintaining green flag leaf area. 

Fungicide and protein:  Foliar fungicides at GS 37 to GS 45 had no beneficial effect on grain 

protein in winter wheat in six years of trials in a Kansas study on hard winter wheat (Kelley, 

2001).  Application of Tilt (propiconazole) at GS 47-55 had no effect on protein concentration, 

but increased protein quality (Peltonen & Karjalainen, 1997).  In contrast, Blandino et al. (2006) 

found that none of their seven foliar fungicide combinations affected the alveographic 

parameters of any of the three cultivars in their study.  Dimmock and Gooding (2002) suggest in 

a review of literature that the effect of fungicides on grain protein is partially dependent on 

which disease is being controlled: protein concentrations are rarely decreased when the main 

pathogen is either leaf rust or powdery mildew, while reductions in grain protein are more 

common when septoria is the main pathogen.  The different protein trend among diseases is 

not absolute, as some studies in their review indicated an interaction with variety. 
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Fungicide and test weight:  Test weights tended to be higher in all varieties when fungicides 

were applied (Olesen et al., 2000; Olesen et al., 2003a), though differences were not always 

significant (Kelley, 2001).  Ruske et al. (2003b) found that azoxystrobin added to a triazole 

fungicide was more effective than the triazole alone in increasing test weight of wheat, an 

effect likely related to the increased green flag leaf area duration with strobilurins compared to 

triazoles. 

Variety 

Varieties differ inherently in some traits; kernel weight, for example, is heritable and can be 

selected in breeding programs (Johnson et al., 1966).  Some varieties have inherently higher 

protein levels (Johnson et al., 1972) and test weights (Ruske et al., 2003).  Genetic resistance to 

the diseases studied here also differs between varieties (Bailey et al., 2003). 

Disease Resistance:  Differences exist between varieties in their resistance to various diseases, 

for a number of reasons.  Physiologically, some plants are less susceptible due to leaf angle: 

spore deposition patterns on planophile or pendulant leaves leads to greater leaf rust infection 

than on erectophile leaves, influencing varietal susceptibility (Gasowski, 1990).  This can act as a 

passive barrier to disease infection.  Septoria is thought to spread by rain splash from the lower 

canopy to the upper canopy, but Lovell et al. (1997) found that horizontal infection from older 

leaves to emerging leaves affects severity of infection on the mature canopy.  Varieties differ in 

terms of overlap time between successive leaves, and those with a shorter overlap time are less 

susceptible to spread of infection to the upper leaves (Lovell et al., 1997). 

Variety has been found as a significant factor in DON levels by a number of researchers (Cromey 

et al., 2002; Schaafsma et al., 2001), and Beyer et al. (2001) conclude that selection of a variety 

with some resistance is currently the most important method in reducing DON levels.  Both FHB 

symptoms and DON levels vary significantly with wheat variety.  FHB symptoms seen in the field 

and DON levels in the grain were significantly correlated in a study by Bai et al. (2001).  In 

contrast, Liu et al. (1997) found that while DON and percent fusarium damaged kernels (FDK) 

were correlated, FHB symptoms in the field were not correlated to DON levels in their study.  
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Cromey et al. (2002) found that FHB incidence and DON were related in a particular crop, but 

that relationship between the two was not apparent when multiple sites were examined.   

Varietal susceptibility to leaf rust differed in a study by Cox et al. (1989).  Fullington and 

Nityagopal (1985) found differences in varietal response to rust infection in terms of protein 

quality.  The proportion of different protein subunits changed more in some varieties in their 

study than others, suggesting that baking quality would be downgraded in some varieties, but 

not all.   

Interactions 

N rate by Fungicide:  Wiik and Rosenqvist (2010) found that fungicides were more effective in 

increasing yield at higher N rates.  Olesen et al. (2000) found greater yield response to fungicide 

application at higher N rates in one year of a two-year study.  On the other hand, in a later 

study, Olesen et al. (2003a) found no interaction between N rate and fungicide applications.  

Mascagni et al. (1997) found little evidence for an N rate by fungicide interaction on yield, as 

only one of their twelve sites showed significant interaction.  At the significant site, increased N 

application rate without fungicide decreased yield, while increased N rate with fungicide 

increased yield.   

No interactions were observed between N application rate and fungicide treatments in levels of 

either fusarium head blight damage or DON mycotoxin concentrations in winter wheat in a 

study by Heier et al. (2005). 

N rate by Variety:  No studies were found in the literature that showed interaction between 

variety and N rate; varieties generally responded similarly to changes in N application. 

Variety by Fungicide:  Peltonen and Karjalainen (1992) found a genotypic difference in 

response to application of Tilt (propiconazole), and suggest that cultivar should be part of the 

fungicide decision.  Similar results in terms of varietal response were found by Sutton and Roke 

(1986), who conclude that due to the variability in yield response across varieties, the value of 

fungicide sprays depends on the variety.  Mascagni et al. (1997) found significant yield increases 
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from fungicide on a leaf rust susceptible variety, but not in resistant or moderately resistant 

varieties.  Ruske et al. (2003a) found varietal differences in response of kernel weight to 

fungicide application. 

Ruske et al. (2003b) found varietal difference in response to fungicides in green flag leaf area 

and in yield, with greatest yield responses on susceptible varieties and in years which most 

favour disease growth. 

Environmental interaction with management practices 

Disease Severity:  Wiik and Ewaldz (2009) found that monthly mean air temperature and 

precipitation accounted for greater than 50% of annual variation in yield increase due to 

fungicides, kernel weight, leaf rust severity, and septoria in wheat in Sweden, but not powdery 

mildew or total yield.  Year and site are found to affect disease incidence, severity, and 

development in many studies (Gooding et al., 1999; Olesen et al., 2003; Olesen et al., 2000); 

often different diseases predominate in different years. 

Temperature:  High temperatures during grain fill affects the ability of the plant to efficiently 

translocate N from other plant parts, so more N may be lost from the plant, rather than put into 

the grain (Melaj et al., 2003).  This loss can occur in the form of volatilization from plant tissues 

during maturation (Palta & Fillery, 1993).  Increased temperature during the grain-filling period 

shortens the grain filling period; this increases the likelihood of decreased kernel size (Wrigley 

et al., 1994).  Dough strength tends to increase as temperature during grain fill increases from 

15 to 30oC, but temperatures over 30oC generally decreases dough strength (Wrigley et al., 

1994).  Given the likelihood of kernel size decrease, yield losses are also expected in years 

where grain is filled in hot conditions. 

Ecological concerns with more intense management 

Nitrogen Loss:  NH3 loss from the growing plant around the time of grain filling may account for 

some of the loss of N, and should not be discounted in calculations (Kanampiu et al., 1997).  

There is some evidence that varieties with more vegetative growth (i.e. lower harvest index) are 
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more susceptible to loss of N due to N escape from the plant tissues.  Excessive N rates may 

thus be taken up by the plant, and lost to the air instead of via the usual routes of soil N 

leaching and volatilization from the soil (Kanampiu et al., 1997). 

Fungicide Resistance:  Fungicide resistance is a growing concern, and more intense use of a 

limited set of fungicides in wheat could eventually lead to resistance, and thereby the loss of an 

effective tool.  Powdery mildew resistance to strobilurin fungicides was observed within two 

years of their introduction in 1997, and in Septoria tritici by 2002 in England (Fraaije et al., 

2004).  Efficacy of some triazole formulations also seemed to have decreased by 2004 (Fraaije 

et al., 2004).  Such developments indicate the need for an integrated approach to disease 

control, and not reliance on fungicides alone.  Given that profit increases due to fungicide 

application are uncertain when disease is minimal (Weisz et al., 2011), it also indicates that 

calendar-based spraying, without examining field conditions for disease pressure, is not a 

recommended practice. 

Economics of intense wheat management 

As mentioned in the section on nitrogen, without looking at interaction with fungicide, the 

current recommendations for N were shown to be the most economical in recent field trials 

(Johnson, 2005).  Greater yields may result from higher N rates, but unless the nitrogen:grain 

price ratio is low, higher rates were not economical in the 2005 study, as less than 30% of the 

trial locations showed increased profit at 120 kg ha-1 N rather than the recommended rate of 90 

kg ha-1. 

The economic benefits of fungicide application apart from other management factors are not 

always clear.  Weisz et al. (2011) found no economic advantage to applying foliar fungicides in 

conditions of low foliar fungal disease pressure.  Preventive fungicide applications without 

examining fields for presence of fungi may delay senescence, and boost yield, but are generally 

not profitable (Weisz et al., 2011).  Research conducted on hard red winter wheat found that 

year and site within year had significant effects on profitability (Wegulo et al., 2011), leading 

the authors to suggest that many factors need to be taken into account in fungicide spray 
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decisions.  Cook and King (1984) noted that yield and profit increases can be very high in some 

situations, but in others there will not be a yield increase, meaning of course that the fungicide 

cost is lost revenue.  Research in Sweden suggested that applying fungicides without taking 

weather factors and disease pressure into account was often unprofitable (Wiik & Rosenqvist, 

2010).  Research showing varietal differences in fungicide efficacy (Sutton & Roke, 1986; 

Peltonen & Karjalainen, 1997) suggests that profitability will differ across varieties with varying 

fungicide responses. 
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Chapter 1: Effect of Nitrogen and Fungicides on Yield and Yield Components 

 

1.1  Abstract 

Winter wheat yields in Ontario have been increasing at nearly the same percent rate of growth 

as maize over the last 30 years (2.0% per annum, compared to maize at 2.2%), but given the 

lower initial yield of wheat, and the near parity of price, wheat production acreage could 

decline.  It is possible that increased nitrogen rates and foliar fungicide application could 

increase wheat yield in Ontario.  Field studies were conducted on soft red winter wheat 

(Triticum aestivum L.) to examine the effect of applied nitrogen (N) rate, fungicide timing, and 

variety on wheat yield and yield components at nine sites in southwestern Ontario, Canada.  

Eight fungicide timing combinations were applied as splits on three N rate blocks (100, 135, and 

170 kg ha-1), applied across variety strips (between three and seven) in a strip-split-plot design 

with three replicates.  Yield was measured from each plot, and samples from each plot were 

analyzed for kernel weight.  Head density was estimated from stem counts on select treatments 

after harvest, and kernels per spike was calculated from grain yield and head density.  

Interaction between N application rate and fungicide application resulted in greater yield gains 

with increased N when fungicides were used.  In the treatment without fungicide, yield 

increases of 6.9% were recorded as N rate increased from 100 to 170 kg ha-1, while the 

treatments with three fungicides applied increased in yield by 11.0% with the same N increase.  

Varietal interaction with fungicide was observed at five of ten sites, affecting magnitude of yield 

increase; varietal response was inconsistent among sites, however.  Head density and kernels 

per spike were not significantly affected by N rate or fungicide at most sites, but kernel weight 

was increased by fungicide at Zadoks Growth Stage (GS) 65 at all measured sites, between 2.7% 

to 6.6% over the without fungicide treatments (p<0.05).  Fungicide at GS39 increased kernel 

weight at five of eight sites (p<0.05), with increases ranging from 3.2% to 5.7%.  In cropping 

systems using fungicides at GS 39 or later, it is likely that a higher N application rate would be 

beneficial. 
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1.2  Introduction 

Winter wheat ranks fourth in Ontario’s field crops in seeded area and farm value (McGee, 

2012), but the 30 year trend line yield increase for wheat is 66 kg ha-1 yr-1, lagging behind 

maize’s 120 kg ha-1 yr-1 (McGee, 2012).  As a percent of the 1980 yield, the difference in the 

trend lines is not great (corn: 2.2% yr-1, wheat: 2.0% yr-1), but as prices for the commodities are 

similar at present, the more rapid yield gain in corn may affect planting decisions.  Seed 

companies have spent more resources on corn genetics than wheat genetics: between 2008 

and 2010, nine new varieties of wheat (all classes) were introduced to the Ontario Cereal Crop 

Committee (OCCC) variety trials (OCCC, 2010 Ontario Winter Wheat Performance Trials) for the 

entire province of Ontario, while in the heat unit rating area in which our study took place, 35 

new varieties of corn were introduced in 2010 alone (Ontario Corn Committee, 2010 Ontario 

Hybrid Corn Performance Trials).  Closing the growing yield gap between wheat and corn would 

help keep wheat a viable crop in Ontario.  Nitrogen (N) application rate and fungicide use are 

greater in European production systems than Ontario (see Olesen et al., 2003 for example), and 

researching the effect of more intensive production practices in Ontario may help to increase 

yield and profitability. 

Yield response to N application rate has been studied in Ontario, and yield increases resulting 

from N rates higher than the current recommendation (90 kg ha-1) were determined to be not 

economically justified (Johnson, 2005).  Although too low an N application rate can limit yield, 

there are also potential problems with over-application of N, with increased probability of 

lodging.  For example, lodging was found to decrease yield potential by 23% in soft white winter 

wheat (Pumphrey & Rubenthaler, 1983), with similar losses found in barley (Day, 1957).  

Lodging is associated with wheat quality issues such as lower test weight and reduced milling 

score (Pinthus, 1973), and increased mycotoxin contamination when fusarium head blight (FHB) 

is present (Nakajima et al., 2008).  Furthermore, increased N application rates have been shown 

to increase susceptibility to foliar diseases (Roth et al., 1983; Mascagni et al., 1997; Olesen et 

al., 2003), due to thicker canopy and more humid canopy microclimate (Tompkins et al., 1993) 

and physiological changes to the crop (Bainbridge, 1974). 
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The application of one or more fungicides has been shown to increase yields primarily through 

disease control.  In Ontario, for example, fungicide applied to winter wheat at Zadoks Growth 

Stage (GS) 29 (Zadoks et al., 1974) resulted in a 2% increase in yield, while fungicides at GS 39 

resulted in a 5-6% increase in yield in Ontario (Hooker & Johnson, 2007).  At GS 65, application 

of triazole fungicides decreased FHB incidence and mycotoxin deoxynivalenol (DON) levels, but 

also increased yield 17.7% over treatments without fungicide (Blandino et al., 2006).  Although 

yield increases have been found with fungicide application in many environments, economic 

benefits are not certain at the time of application, particularly when disease pressure is 

unknown (Weisz et al.,2011; Cook & King, 1984; Wiik & Rosenqvist, 2010). 

Winter wheat yield response to fungicide application may be dependent on winter wheat 

variety, as observed by Sutton and Roke (1986).  Mascagni et al. (1997) found that a rust-

susceptible variety increased significantly (p<0.05) with application of fungicides (8.5%), while a 

rust-resistant variety increased by only 2.4%.  Cox et al. (1989) found varietal difference in foliar 

disease control and yield response to fungicide application in one of two years.  The impact of 

fungicide application on wheat yield varies with variety, because varieties have different 

disease susceptibilities, and hence the efficacy of fungicide in suppressing disease will vary. 

An important aspect of the interaction between variety and fungicide is the particular 

environment in which the crop is growing, in terms of inoculum level and suitability of the 

environment for the growth of pathogens (Wiik & Ewaldz, 2009).  Thus, both site and year 

might be expected to influence the efficacy of fungicides (Ruske et al., 2003), as fungicide 

application affects yields by controlling foliar disease. 

Response of different yield components to N and fungicide application involves competition 

within and among plants, and changing one component is likely to change the others (Campbell 

et al., 1977).  Increased N rate has been associated with higher head density (Olesen et al., 

2000), but may be affected by time of application (Spiertz & De Vos, 1983).  Frederick and 

Marshall (1985) found that kernels per head increased with more N at low N rates, but Olesen 

et al. (2000) found only slight increases in kernels per head at higher N rates; in contrast, Kelley 

(2001) found no N rate effect on kernels per head.  Kernel weight generally decreases with 
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increased N application rate (Batey & Reynish, 1976; Melaj et al., 2003), although the effect is 

site-dependent (Olesen et al., 2000).  Fungicide application after flag leaf emergence is 

associated with increased kernel size (Ruske et al., 2003; Olesen et al., 2000; Kelley, 2001). 

Nitrogen rate by fungicide interaction on wheat yield has been observed in some studies 

(Olesen et al., 2000; Wiik & Rosenqvist, 2010), where yield increase from fungicides is greater 

at higher N rates than at lower N rates.  On the other hand, Mascagni et al. (1997) found little 

evidence to support the interaction, as only one site of twelve showed a significant difference.  

The significant site showed a decrease in yield at higher N rates without fungicide application, 

but an increase in yield with fungicide application.  Since increased N is associated with greater 

disease growth, the effect of fungicide on disease control (and therefore yield) might be 

expected to be greater at higher N application rates.  Site might be expected to influence the N 

rate by fungicide interaction, however, as environment effects disease severity, and thus the 

effect of fungicides on yield (Wiik & Ewaldz, 2009). 

The objective of this study was to evaluate increased N application rates, effect of fungicides, 

and possible interaction between N rate and fungicides.  The hypothesis is that winter wheat 

yield response to fungicide application will be greater with higher N application rates.  A second 

hypothesis tested is that this interaction varies with winter wheat variety. 

1.3  Materials and Methods 

Site locations: Ten field sites in Southwestern Ontario were selected in three consecutive years 

(2008-2010 harvests).  All sites were on private farms in Elgin and Middlesex counties, except 

the 2010 Ridgetown site, which was situated at Ridgetown Campus in Chatham-Kent.  All sites 

were within a diameter of 100 km.  Soils were silt loams and silty clay loams. 

Experimental design: Experiments were installed as split-strip-blocks with three replicates, with 

varieties (varying from three to seven, depending on site) planted in strips the length of the 

field, with three N rates as blocks (100, 135, and 170 kg ha-1) applied perpendicular to the 

variety strips.  Figure 1 shows a sample rep layout.  Each N rate block was split into a factorial 

arrangement of three different fungicide timings, as outlined in Table 1.  Plant growth regulator 
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(PGR) was applied only to the plots that received 170 kg ha-1 N.  In the 2009 and 2010 sites, a 

zero N treatment was added to each rep, and in 2010 a 60 kg ha-1 N treatment was added; 

these received no fungicide, but were used to establish an intercept for N response curves.   

Treatment establishment: All sites were planted after soybean harvest in the fall (planting 

dates and other site information are presented in Appendix A Table 1), using a no-till drill (Great 

Plains drill at all sites in 2008 and the Ridgetown 2010 site, all other sites John Deere 750 drill) 

with 19 cm row spacing and a seeding rate of 3.7 million seeds per hectare.  Potassium (K) 

fertilizer was broadcast before seeding at levels indicated by soil tests, and and 

Monoammonium Phosphate (MAP) was placed in-furrow to provide 100 kg ha-1 of P2O5. 

 Between three and seven varieties of soft red winter wheat were sown at each site (Table 2), in 

strips the length of the field (not randomized by rep).  Varieties were chosen from among the 

highest yielding in the OCCC Ontario winter wheat performance trials (OCCC, 2008-2010).  A 

gap of 90 cm was maintained between the variety strips for harvesting the plots across the 

strips.  While absolute yield of plots may have increased slightly due to more available 

resources along plot edges, it was assumed that edge effect was similar among varieties and 

treatments. 

The three main factor nitrogen blocks were applied after snowmelt, as soon as field conditions 

permitted.  Application was prior to GS 30, which has been reported as the period of highest N 

uptake (Baethgen & Alley, 1989).  Liquid UAN (28% N) was the N source, and was applied using 

a John Deere 4730 sprayer equipped withTeeJet StreamJet SJ7 fertilizer streamer nozzles 

(Spraying Systems Co., Wheaton, Illinois).  Flow rate was controlled using Greenstar 2 

(SprayStar, Deere & Company, Moline, Illinois). 

The eight split plot factor fungicide treatments involved three different fungicides, applied at 

three different timings, and all possible combinations, applied according to stage of wheat 

development.  The first fungicide (T1) was applied at GS 29, and tankmixed with a 

recommended herbicide to control broadleaf weeds, as would be expected grower practice.  

Herbicide was applied alone to plots not receiving fungicide at T1.  The second timing of 

another fungicide formulation (T2) was targeted for GS 39, but varied between GS 39-49 
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depending on field and weather conditions at each site during this timing.  The third fungicide 

timing (T3) was applied between GS 60 and 65, which depended mainly on the heading date of 

each variety used in the experiment (Zadoks growth stage for each variety at application can be 

found in Appendix A Table 2).  Multiple fungicides will be herein referred to by a combination of 

the timings involved, e.g. T12 involves fungicide application at T1 and again at T2.  Date and 

stage of development at fungicide application for each site are presented in Table 3. 

Cycocel (chlormequat chloride, BASF Crop Protection, Limburgerhof, Germany) was applied as a 

PGR to plots receiving 170 kg ha-1 N, at an application rate of 1.15 kg a.i. ha-1.  Application took 

place at approximately GS 29, on the same day as the T1 fungicide was applied (Table 3).  At the 

Lucan site in 2009, sprayer malfunction caused a rate of approximately twice the label rate to 

be applied in one replication; no phytotoxicity was observed. 

In order to determine the influence of PGR on wheat yield, two fungicide treatments (without 

fungicide and T123 fungicides) were duplicated in the 170 kg ha-1 N block, but without PGR.  An 

analysis was done by site using yield data from these duplicated plots with and without PGR, 

using SAS PROC MIXED (SAS Institute Inc., Cary, NC) with PGR, Variety, Fungicide, and 

interactions between all three as fixed effects, and Rep and Rep x Variety as random effects.  

On the basis of this analysis of PGR effect (details given in the first paragraph of the results 

section), it was assumed that PGR did not significantly influence yield at sites where lodging was 

not present. 

Data measurements: At 17 to 24 days after anthesis, ratings were made of each plot for foliar 

diseases, recording the flag leaf separately from the rest of the canopy.  Severity (percent leaf 

infection) of septoria ((Mycosphaerella graminicola (Fuckel) J. Schröt. anamorph Septoria tritici 

Roberge in Desmaz.), leaf rust (Puccinia triticana Erikss. (syns. P. recondita Roberge ex Desm. F. 

sp. tritici (Erikss. & E. Henn.) D.M. Henderson)), and powdery mildew (Blumeria graminis (DC.) 

Speer f. sp. Tritici emend. É. J. Marchal (syn. Erysiphe graminis DC)), was rated visually.  In 

addition, percent infection of the heads by stagonospora glume blotch (Phaeosphaeria 

nodorum (E. Müll.) Hedjaroude (syn. Leptosphaeria nodorum E. Müll.) (anamorph Stagonospora 

nodorum (Berk.) E. Castell & E.G. Germano; syn. Septoria nodorum (Berk.)Berk.) was rated 
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visually, and FHB was rated for both incidence of disease and severity on infected heads.  

Incidence of fusarium infection was rated by examining 30 to 50 heads per plot for infection 

(sampled by gathering a handful of heads from 2 spots in each plot), and calculating the percent 

of heads infected.  Severity was assessed visually by estimating the percent of bleached 

spikelets on infected heads, the rating given being the average infection level of all infected 

heads in the sample handful. 

Wheat subjected to storms or windy weather may bend at the base of the stem, causing the 

stem to lean.  The severity of leaning can vary from slightly to completely (i.e. parallel to the 

ground), and depending on the period of wheat development, the crop may return to a more 

vertical growth habit (earlier in development is more likely to return to vertical) (Laude & Pauli, 

1956).  Lodging in this study was defined as wheat stems leaning greater than 30 degrees from 

vertical in an area of the plot, and was recorded during the season when it was observed.  

Lodging was minimal or absent in 2008 and 2009, and estimates were not made.  Lodging was 

estimated at three sites in 2010 by approximating the percent area of each plot that was 

lodged.   

Percent green leaf area of the canopy was estimated visually for all plots once the first plot at 

each site reached full leaf senescence (zero green leaf area).  Plots which had moderate (>25% 

of ground covered by weed foliage) or severe (>50% ground coverage) weed infestations were 

taken note of at Lucan and Belmont in 2009; other sites had few weeds in any plots and no 

ratings were made.  Yield data from weedy plots were not significant outliers, so the plots were 

not removed from the analysis. 

Grain yields, grain moistures, and test weights were measured with a Gleaner K2 combine 

(AGCO, Duluth, Georgia, USA) equipped with a HarvestMaster GrainGage Classic (Juniper 

Systems, Inc., Logan, Utah) grain measurement system.  Harvested plot size ranged from 17.4 

m2 to 18.6 m2, depending on site.  Several subsamples of grain were collected from each plot as 

the grain was weighed in the combine; these totaled to approximately 0.7 kg from each plot.  

This sample was used to determine thousand kernel weight (TKW), crude protein, Fusarium 

damaged kernels (FDK), and deoxynivalenol (DON) concentration. 



26 

 

Yield components were estimated in selected treatments after harvest in 2009 and 2010.  In 

2008, head density in all plots was estimated.  In 2009 and 2010, head density in each of the 

single T1, T2, and T3 fungicide treatments was estimated, as well as the without fungicide and 

the T123 plots; these were estimated on the 100 kg ha-1 N rate and on the 170 kg ha-1 N.  

Additionally, head density was estimated in the untreated (0 N) check plots.  The estimate of 

head density consisted of selecting two representative sample areas in each measured plot 

with a 0.5m by 0.4 m frame (two rows, for a total length of 1.0 m of row), and counting all 

stems clipped off during harvest.  The average of the two samples was used as the head density 

for the plot.  The head density estimation at Lucan in 2009 was incomplete when field tillage 

occurred and was not included in the analysis.  Head density, thousand kernel weight (TKW), 

and yield were used to calculate kernels per spike, which is therefore restricted to the 

treatments counted for head density, only at sites for which thousand kernel weight was 

available (seven sites). 

Thousand kernel weights were determined using a Seedburo 801 Count-a-Pak (Seedburo 

Equipment Company, Des Plaines, Illinois) to count 1000 kernels, which were then weighed.  

Thousand kernel weights were not determined for the 2009 and 2010 Belmont sites; a severe 

hail storm occurred at the 2009 Belmont site, due to which yield data were suspect, while 

insect damage rendered the 2010 data unusable. 

Percent fusarium damaged kernel (FDK) was assessed by weighing the proportion of infected 

kernels (determined visually by tombstones or kernels with mycelial growth) in a 25 gram 

subsample (Cromey et al.,2002). 

It is important to assess any treatment effects on soil N after harvest that would indicate a loss 

and impact to the environment.  Post-harvest residual soil N was measured by soil sampling as 

soon as possible after harvest, which varied from one to 21 days after harvest.  Due to limited 

resources, we chose to sample two fungicide combinations (without fungicide and T123) in 

each of three N rates (100, 135, and 170 kg ha-1) in each of three reps at most sites.  In each of 

the selected treatments, ten cores were extracted to a depth of 30 cm (across all varieties); the 

cores were mixed together, and a 200g subsample was submitted for analysis.  Samples were 
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analyzed from seven sites over two years (the 2008 samples were lost in a freezer failure).  

Extraction was performed according to the method of Maynard et al. (2008).  Analysis for both 

NH4 and NO3 was done using an Automatic Analyzer machine from SEAL Analytical (SEAL 

Analytical Ltd., Fareham, UK), using 0, 0.5, 2, 5, and 10 ppm standards. 

Weather was recorded at or within 10 km of each site using monitoring equipment from Adcon 

Telemetry (Adcon Telemetry GmbH, Klosterneuberg, Austria).  Weather parameters included 

hourly air temperature at 1.25m height, rainfall, and relative humidity.  Weather stations were 

typically installed in late April and monitored until after harvest.  Missing data were filled from 

the nearest Environment Canada weather station as necessary.  Monthly average temperature 

and precipitation data for each site are presented in Appendix A Table 4). 

A hailstorm damaged the trial at Belmont in 2009 at approximately GS 90, resulting in partial 

head threshing (visual estimate 30%), although estimation was difficult since 50 mm of rain 

accompanied the hail and carried some of the grain away from where it fell. Since the threshing 

effect of hail on different treatments may have been unequal, the data were not used for most 

analyses, particularly of yield and yield components. 

Data analysis: Data were analyzed using SAS PROC MIXED in SAS 9.1 (SAS Institute, Cary, NC) 

(model code is presented in Appendix B).  Random factors included Replicate (Rep), 

Rep*Variety, Rep*N rate, and Rep*Variety*N rate, as is appropriate for a strip-split plot design 

(Milliken & Johnson, 2009).  Where pooled analysis was used, random factors included Rep 

within Site, Site*Variety, Site*Variety*N rate, and Rep*Variety*N rate nested within Site, as 

suggested by the Ashton Statistical Lab, University of Guelph (Dr. O. Brian Allen, James Zhang, 

personal communication).  The experimental design of this study precludes simple effect of 

varieties because varieties were not randomized across replications, but the design does allow 

examination of all interactions with variety to be examined (Dr. O.B. Allen, Department of 

Mathematics and Statistics, University of Guelph).  In the kernel weight analysis, outliers were 

detected using Lund’s Test, and eight outliers were removed from the analysis, as the values 

were suspected to be data entry errors.  Due to different varieties and environmental 
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conditions, and for easier interpretation of treatment effects and interactions, most data were 

analyzed by site. 

Delta yield was used to analyze effects of inputs over a “control” yield to remove some of the 

variability between sites.  The “control” used for the analysis was the without fungicide 

treatment at the 100 kg ha-1 applied N rate, as this has been the recommended practice in 

Ontario until recently. 

Nitrogen response curves were generated for each fungicide treatment at each 2009 and 2010 

site, averaged across varieties, using a quadratic response function.  To generate the curves, the 

without fungicide treatment used the zero N plots at each site, while the T3 and T123 curves 

shown in this paper used the yield from the zero N plots with 3% added (T3) or 5% added 

(T123).  These numbers were chosen based on the diminishing yield increase with fungicide at 

lower N rates observed in this study.  Increases of 5% (T3) and 7% (T123), and yield increases of 

the same magnitude as that observed at the 100 N rate for each fungicide treatment, were also 

examined; curves were very similar in the 100 to 170 kg ha-1 N range for all three zero N 

assumptions.  It is not suggested that the N response curves be extrapolated beyond the 100 to 

170 kg N ha-1 rates in this study, however. 

A simplified model was also used to analyze some data, in which all fungicide treatments were 

considered one factor, i.e. eight levels of one factor rather than three factors of two levels each.  

This does not allow for examination of interaction between different fungicide timings, but 

does provide a simpler analysis of interactions between fungicide as a group and both N and 

variety.  This was used for analyzing head density, as the two-fungicide treatments were not 

counted, and therefore interaction could not be analyzed. 

1.4  Results and Discussion 

A.  Interaction between nitrogen application rate and fungicide application 

In the analysis of the PGR effect at the 170 kg ha-1 N rate (details given on page 24), PGR was 

associated with yield increases (p<0.05) at Ilderton in 2008 (2.9% increase) and Belmont in 2010 

(4.1% increase), but was not significant at seven sites.  Interaction between PGR and fungicide 
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was observed at three sites, but the magnitude and direction were inconsistent between sites.  

Lodging was observed at Belmont in 2010, but not at Ilderton in 2008; among the sites in this 

study, Lucan and Ridgetown in 2010 had the most lodging, but PGR was not a significant factor 

at those sites.  From this analysis of PGR effect, it was assumed that PGR did not significantly 

influence yield at most sites in this study, and that confounding effects of N and PGR were not 

significant.  Earlier studies by Nafziger et al. (1985) and Cox and Otis (1989) also found no yield 

effect of PGR in the absence of lodging.  Results of the analysis of variance are presented in 

Appendix A Table 3. 

The wheat grain yield response to N application rate depended on whether fungicide was 

applied; this caused an interaction (p<0.05) between N and at least one fungicide timing at 

seven of the nine sites (Appendix A Table 5).  Yield increases resulting from fungicide 

application were greater as N increased from 100 kg ha-1 to 170 kg ha-1: averaged across all 

sites, the without fungicide treatment increased yield by 6.9% as applied N increased from 100 

kg ha-1 to 170 kg ha-1, while the T123 fungicide treatment increased by 11.0% with the same N 

rate increase.   Interaction was particularly evident when multiple fungicides were applied 

(Figure 2).  Yield increases from a single fungicide application increased with N at three sites 

with fungicide application at T1, and at two sites with fungicide application at T2 or T3 (p<0.05), 

while yields increased more with multiple fungicide treatments at higher N rates at five sites 

(Table 4).   Other studies have shown similar interaction between N application rate and 

fungicide (Olesen et al., 2000), but interaction is not consistent between sites and years (Olesen 

et al., 2000; Olesen et al., 2003).   

Increasing effectiveness of multiple fungicides at higher N application rates may be related to 

different disease pressures at different times of the year, in which case more frequent fungicide 

application is likely to reduce infection regardless of the timing of disease pressure.  As the N 

rate is increased, winter wheat dry matter production increases (Olesen et al., 2003b), which 

creates an environment more suitable for the growth of some pathogens with less wind 

movement and greater humidity in the canopy (Tompkins et al., 1993).  If the increased canopy 
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biomass can be protected by one or more applications of a fungicide, then more leaf area 

should be available for the production of photosynthate and formation of yield. 

Belmont in 2010 was an exception to the N rate by fungicide interaction response that occurred 

at other sites.  At this site, the yield response to fungicide over the without fungicide treatment 

was less at the 170 kg ha-1 N rate compared to the yield response at the lower N rates.  In 

contrast to the other 2010 sites, yield increased significantly (p=0.006) with higher N 

application rates (11.5% increase at 170 kg ha-1 compared to 100 kg ha-1, averaged across 

fungicide treatments and varieties), but application of fungicides increased yields less at the 

170 kg ha-1 N rate (average of the seven fungicide treatments: 1.6% yield increase over the no 

fungicide treatment) than at the 100 kg ha-1 N rate (average of the seven fungicide treatments: 

6.0% increase over the no fungicide treatment.  Disease levels were lower at Belmont in 2010 

than other sites (Table 5), but the lower response to fungicides at higher N rates is not easily 

explained, although minor lodging at this site may partially account for some of the lack of 

response. 

Response to applied N varied among years, and among sites within years.  All sites in 2008 

increased yield when N rate increased from 100 kg ha-1 to 135 kg ha-1 (yield increases between 

3.3%-13.9% averaged across fungicides).  When N rate increased to 170 kg ha-1, two sites 

increased yield, but the Kerwood site decreased yield 5% below the 135 kg ha-1 N rate.  At 

Kerwood in 2008, the 170 kg ha-1 plots were affected more by winterkill, which appeared to be 

associated with topography, perhaps explaining the decreased yields.  Weed growth was likely 

encouraged by the thin canopy and high N, so weed pressure in the 170 kg N ha-1 plots was 

higher than the lower N rates.  Averaged across all sites in 2009, there was a consistent yield 

increase with every increase in N rate (7.8% increase from 100 kg ha-1 to 135 kg ha-1, 5.1% 

increase from 135 kg ha-1 to 170 kg ha-1), while the 2010 data show a lower and less consistent 

response at all N rate increases (no significant increases except at Belmont (11.5% increase at 

170 kg N ha-1 over 100 kg N ha-1, p=0.006)).  At Ridgetown and Lucan in 2010, the lack of 

significant change in yield in the 170 kg N ha-1 may be related to lodging that occurred at both 

sites; although the plots sprayed with PGR did not have significantly higher yields than the plots 
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without, some of the lodging was likely related to stems weakened by disease.  The average 

yields for all N rate and fungicide treatment are presented in Appendix A Table 6. 

Some lodging occurred only in 2010 at three sites (Ilderton had no lodging).  This year was 

relatively warm (2.2o C and 2.3o C warmer than 2009 and 2008 respectively, averaged from 

March to July), with a dry spring (109 mm in March and April 2010, 212 mm in 2009, 99 in 

2008), which may have increased soil microbial action and consequent availability of N from the 

breakdown of organic matter during the early part of the growing season.  Warmer 

temperatures during stem elongation are also associated with increased risk of lodging (In 

2010, only one of the four sites showed a significant response (p=0.006) to N in the without 

fungicide plots, which suggests there was more soil-supplied N available.  Average yield in the 

untreated (0 N) check plots was 3.0 t ha-1 in the 2009 sites, which was 48% of the “control” (100 

kg ha-1 N, no fungicide) yield of 6.4 t ha-1; the 2010 sites had an average yield of 4.6 t ha-1 in the 

0 N plots, 68% of the 6.7 t ha-1 average “control” yield.  The 2009 season started with a cold, 

wet spring, which may have resulted in less soil-released N; both 2009 sites had significant yield 

increases with increased N rates (p<0.01). 

Lodging at Lucan in 2010 was highly related to variety (p<0.0001), where three varieties had 

less than 6% lodging and the other three had greater than 34% lodging; lodging increased from 

2.5% at 100 kg ha-1 N to 42% at 170 kg ha-1 N (Table 6).  At the Belmont and Ridgetown sites, 

Rep x Variety x N rate was a significant cofactor, but N rate and wheat variety were not 

significant by themselves; lodging was unequal across reps at these sites, so while the trend 

toward greater lodging at higher N rates was present, it did not appear as significant in the 

analysis. 

PGR reduced lodging at Belmont (from 13% without to 6% with PGR) and Ridgetown (from 33% 

without to 15% with PGR) on the three varieties where lodging was a problem, averaged across 

the two fungicide treatments (no fungicide and T123) that had both PGR and no-PGR plots in 

the 170 kg ha-1 N rate.  Reduced lodging with PGR application is in accord with research done 

under conditions conducive to lodging (Nafziger et al., 1985; Cox & Otis, 1989).  Lodging at 

Lucan was reduced by only 15% with PGR compared to the same fungicide and N rate plots 
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without PGR.  Fungicide at T2, however, reduced lodging at Lucan by 57%, while it remained 

unchanged (p=0.76) at Belmont and increased at Ridgetown from 2.1 to 5.7% (p=0.002).  At 

Lucan, lodging was significantly correlated with powdery mildew on flag leaves (r=0.175, 

p=0.0002; n=462) and lower canopy (r=.097, p=0.0363; n=462), thus it is plausible that fungicide 

at T2 prevented powdery mildew growth, preventing weakening of the stems by powdery 

mildew and consequent increased lodging (Marshall, 2009). 

Since there was an N rate by fungicide interaction, N response curves change with different 

fungicide treatments, with greatest yield response to N generally observed in plots with more 

frequent fungicide application.  Sites with higher disease pressure have greater separation 

between yield response curves using the quadratic response curve (Figure 3; formulas in Table 

7).  Belmont in 2010, for example, had lower disease ratings in 2010 than the other sites, and 

the T3 and T123 curves are similar; Lucan shows greater separation between without fungicide 

and fungicide treated curves.  The response curves for the 2009 sites suggest that the yields 

were still increasing at the N rates in this study, while Ridgetown and Lucan in 2010 may have 

reached their highest yields nearer to the 100 to 170 kg N ha-1 range with the T123 fungicide, 

and begun to decline in the without fungicide plots (likely in part due to lodging at these two 

sites).  The difference between the treatments without fungicide and the T3 and T123 fungicide 

treatments suggests that the most economical rate of N may vary with efficacy of disease 

control by fungicides, as reported by other authors (Olesen et al., 2003a, Berry et al., 2010).  

B. Varietal interaction with nitrogen application rate, fungicide, and nitrogen x fungicide 

interaction 

 

Varietal selection changed between years, and while experimental design precludes direct 

comparison of the simple variety effect, differences in yield among varieties were observed at 

all sites.  These data are available for reference in Appendix A Table 7.  Variety was a significant 

factor (p≤0.01) in the analysis of variance at every site, but no single variety was always the 

highest yielding, indicating that factors beyond this study are important in yield formation. 



33 

 

There was no differential yield response to N fertilizer across varieties used in this study.  There 

were no N by variety interactions at any sites, nor in pooled data (p>0.19).  However, Rep x 

Variety x N rate interacted (p≤0.05) at all site-years but one (at which p=0.11), due to 

differences between reps in magnitude, and occasionally direction, of yield change between the 

100 kg N ha-1 plots and the higher N plots.  Yield increases changed among reps, and also 

among varieties in the different reps.  Spatial variability of soil N03-N is high, and a study by 

Denys et al. (2006) concluded that 5 m was the maximum sampling interval for mapping spatial 

variation of N in a field study in Ontario.  It is possible that soil N03-N variability could result in 

different N availability among reps, and within reps, which may have confounded any Variety x 

N effects.  It is likely, however, that the interaction was weaker than other effects in the study if 

it existed.  Nothing was found in the literature about varietal interaction with N application 

rates in winter wheat. 

Interaction between variety and one or more fungicide treatments was observed at five of ten 

site-years (p=0.05), or six site-years at p=0.10.  Fungicides increased yield across all varieties, 

but site affected the magnitude of the interaction between fungicide and variety.  For example, 

a comparison can be made between a site with interaction between variety and fungicide at T2, 

and one without, for both the 2009 and 2010 harvests (Table 8).  Yield increases at sites 

showing no significant interaction between variety and T2 ranged from 1.9%-5% and 3.5%-7.8% 

across varieties, while those with significant interaction ranged from 2-10.7% and 0.5%-5.1%.  

Varieties were not consistent in their magnitude of response to fungicide timings between sites 

or years, indicating that other factors affect fungicide efficacy. 

Varietal effect on the fungicide x N interaction was weak; significant interaction was limited to 

three sites (p=0.10) where T1 interacts with variety and N, as several varieties showed greater 

yield increases from T1 fungicide at higher N rates.  Which varieties were responsive varied 

among sites, however.  Analysis of data pooled from all sites showed a trend toward interaction 

between variety x N rate x T1 x T2 (p=.08).  While varietal effect on fungicide x N interaction is 

of limited significance, slicing variety x N x fungicide interactions across N rate shows that the 
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interaction between fungicide and variety is generally increased at higher N rates, with seven of 

nine sites following the trend (Table 9).   

The yield response to fungicides increased with increasing N rate on average (Figure 2).  

However, the magnitude of the yield response differed between varieties, and was influenced 

by the environment.  The frequency and magnitude of the N x fungicide interaction depended 

on the variety in most site-years.  Variety x N x Fungicide interactions (sliced by variety) shows 

the frequency with which varieties had significant responses (Table 10).  For example, yield 

increase with fungicide in Pioneer 25R51 was greater at the 170 kg ha-1 N rate than the 100 kg 

ha-1 N rate at every site at which it was planted, while RO55 had no significant interaction at 

any sites.  Of the two varieties grown in all site-years, 25R47 had greater yield increases at 

higher N rates at seven of nine site-years (p=0.05), while the variety Emmit showed N x 

Fungicide interaction at only four of nine site-years.  Appendix A Table 8 shows delta yield over 

“control” (100 kg ha-1, no fungicide) of all treatment combinations for varieties 25R47 and 

Emmit.  The delta yield of the most intense treatment (170 kg ha-1 N, T123 fungicides) is higher 

in 25R47 than Emmit at eight of nine site-years; more levels of means separation result across 

treatments with 25R47 than Emmit at six of nine sites, suggesting greater response to fungicide 

and N rate on 25R47 than Emmit. 

It is likely that under low disease pressure, few variety by fungicide interactions may occur; in 

conditions favourable to the development of disease, difference in varietal response to 

fungicide may become apparent (Peltonen & Karjalainen, 1997; Sutton & Roke, 1986).  Disease 

resistance of different varieties may play a role in the response differences to fungicide 

application.  For example, wheat variety performance trials by the Ontario Cereal Crop 

Committee publish ratings on commercially available varieties (OCCC, 2008-2010).  While 

statistics are not available for these ratings, 25R51 showed the highest disease growth rating 

for septoria and powdery mildew in two of the three reporting years (Table 11).  Ranking of the 

varieties was not consistent between years, however.  In this study, disease ratings indicate 

that higher levels of septoria and powdery mildew were found on 25R47 and 25R51 compared 

to those on Emmit and E1007R (experimental design precludes statistical comparison of simple 
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affects across varieties within site).  Leaf rust on the flag leaf was higher in Emmit, but the 

disease was found at lower levels than septoria in the three years of this study (Table 12). 

 Analyzing varieties separately within each site shows that effects and interactions were not 

equal across varieties.  Fungicide applications at T3 or T2 were associated with significant yield 

increases across most varieties and sites, while variety affected the importance of other effects.  

For example, N rate affected yield at four of the six sites in 2009 and 2010 in the variety Emmit, 

but only two sites for 25R47; on the other hand, Emmit shows only one site with interaction 

between N rate and fungicide applications, while 25R47 shows six interactions (Table 13).  

Variety 25R51 shows interaction between T2 and T3 at all six sites at which it was sown 

(averaged across all sites and N rates, yields increased 13.5% over without fungicide treatment 

with either T2 or T3, and increased 17.8% when both were applied), while at most two sites 

show the interaction in other varieties.  

Limited interaction between variety and increased N application rates and fungicide 

applications was found in this study, although a trend toward greater significance of fungicides 

in varieties with higher disease levels is present.  Large differences among varieties with regards 

to N rate x fungicide interaction are not well supported by data from this study.  Similarly, 

Mascagni et al. (1997) found no significant interaction between variety and management 

system in experiments in Louisiana. 

Interaction between fungicides:  Applying fungicides at both T2 and T3 increased yields 

(p=0.05) more than applying either one separately at all sites in 2010 (14.5% yield increase with 

T23, 9.4% for T3, 7.7% for T2) (Table 14).  In 2009, the T13 fungicide treatment was not 

significantly lower than T123, while in 2010 the T23 treatment was not lower than T123 (Table 

14).  The different patterns of fungicide efficacy observed in different years perhaps suggest 

that the pattern of disease growth differed between years, and therefore the most effective 

fungicide timing changed as well.  The data available from this study do not address this 

hypothesis in an effective manner, however, as only one disease rating was made.  Further 

investigation into most effective fungicide timing may need to involve more intense disease 

observation. 
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Green leaf area duration:  Green leaf area duration was affected by several factors in this 

experiment.  The 135 and 170 kg ha-1 N rates had greater green leaf area duration at all sites 

except the 2010 Lucan site (the 170 kg ha-1 N rate was lower than the 135 kg ha-1 rate, possibly 

due to disease and lodging).  T2 prolonged leaf greenness at all sites but one, having on average 

17.2% more green leaf area at time of rating, and T3 prolonged it at all sites, (average 14.8% 

more green leaf area at rating), but each was significant at only 5 sites.  T1 was also associated 

with delayed senescence of green tissue.  This was significant at five of nine site-years, but 

having only 4.9% more green leaf area at rating.  This agrees with previous research indicating 

delayed leaf senescence with strobilurin and triazole fungicides (Peltonen & Karjalainen, 1992). 

Residual soil nitrogen: Residual soil N (NO3 and NH4) was analysed from two fungicide 

treatments (without fungicide and T123) in all N rates (100, 135, and 170 kg ha-1 applied N).  

Post-harvest residual soil N in the form of NO3 was not affected by N rate and slightly decreased 

with T123 fungicide (p=0.11), but site-year had the greatest effect (Table 15).  A reduction in 

residual soil N with fungicide application was also found by Ruske et al. (2003).  Soil residual 

NH4 levels were not affected by N rate or fungicide application.  No interaction was observed 

between N rate and fungicide in either form of soil N.  Site was important in determining overall 

concentrations, significant at p=0.10 for both NO3 and NH4 in the pooled data.  The 

concentrations in 2009 were on average lower than those in 2010, perhaps reflecting the 

warmer and drier spring in 2010 with its resultant higher N mobilization by soil bacteria, 

although year was not significant when analyzed as a random variable (p=0.25 for both NH4 and 

NO3). 

C. Nitrogen application rate x fungicide interaction effect on winter wheat yield components 

 

Wheat yield consists of three components, fundamentally: head density, kernels per spike, and 

kernel weight.  Most often, factors that increase one component will lead to a decrease in 

another, due to competition both among and within plants (Campbell et al., 1977).  The 

number of kernels per given area depends on the head density, the number of fertile spikelets 
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per head, and the number of grains per spikelet.  Examining these components of grain yield 

can help to determine how the various treatments affected yield. 

Head Density: Our hypothesis going into the experiment was that more tillers would be 

produced at the 170 kg ha-1 N rate than the 100 kg ha-1 N rate, and that the earliest fungicide 

(T1) would result in higher head density due to early season protection, while T3 would not 

change head density due to temporal separation from the tillering period.  Averaged across all 

N and fungicide treatments, the simple effect of variety had the biggest effect on head density; 

experimental design precludes statistical separation, but 25R47 usually had the highest head 

density, which varied between 7% and 24% higher than Emmit, which had the lowest head 

density (Table 16).  Comparing the two varieties grown at all sites, 25R47 had significantly 

higher head density than Emmit (p=0.04), averaged across all sites and treatments.   

Head density was greater at the higher N rates at six of the eight sites, but significantly higher 

at only one (p=0.05) or two (p=0.10) sites (Table 17).  The 2010 Lucan site showed a reduced 

head density at the higher N rate, but this may be related to the difficulty of counting wheat 

stems after combining in a diseased and lodged site, in which the 170 kg ha-1 N rate plots 

showed more severe disease and lodging compared to the lower N rates.  Increased N rates 

have been found to increase head density in spring wheat (Campbell et al., 1977) and in winter 

wheat (Olesen et al., 2000), although it must be applied early in the season (Spiertz & De Vos, 

1983).  Increases in head density with increased N were found by Shah et al. (1994), but the 

effect was not found for late-planted winter wheat. 

Fungicide significantly affected head density at two of eight sites (p≤0.03), where the T123 

fungicide treatment resulted in 6% and 11% higher head density than the without fungicide 

treatments at Ridgetown and Belmont in 2010 (Table 17).  Interactions between effects were 

not observed at more than two sites for any combination, and no obvious pattern could be 

discerned in the data.  Olesen et al. (2000) found that fungicide increased head density by 3.7% 

in one year, but made no change in the other year of their study. 

Kernels per Spike: Number of kernels per spike was significantly influenced by variety at five 

(p=0.05) or six (p=0.10) of the seven sites, although which variety had the most kernels per 
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spike depended on the site.  For example, RO55 had the most kernels per spike in 2008, while 

at the 2009 site this variety had the least kernels per spike; 25R47 was either lowest or middle 

in 2008 and 2010, but ranked in the middle in 2009 among varieties. 

Increasing the N rate from 100 kg ha-1 to 170 kg ha-1 resulted in greater number of kernels per 

spike at six of seven sites, but the difference was significant (p<0.05) at only two sites, Ilderton 

in 2008 and West Lorne in 2009, at which sites the increase in kernels per spike was 18.5% and 

20.9% respectively (average increase across all sites was 8.5%).  Kerwood in 2008 and Lucan in 

2010 showed a smaller increase in kernels per spike with higher N rates, significant at p=0.10 

(average 9.9% increase).  Of the fungicide treatments, either of T3 or T123 showed the highest 

number of kernels per spike at all sites, with the T123 treatment bearing significantly more 

kernels per spike (9.5% - 18.2% increase) than the without fungicide treatment at three sites 

(Table 18).  Olesen et al. (2000) found similar results in their study: no significant change with N 

rate between 100 and 160 kg N ha-1, and significant increase in kernels per spike with fungicides 

in one of two years. 

Thousand Kernel Weight (TKW): At all sites, kernel weight was most affected by variety and 

fungicide application at T2 and T3.  Kernel weight is primarily a characteristic of the variety, and 

heritability is sufficiently high for selection in plant breeding (Johnson et al., 1966).  In this 

experiment, the same variety had the highest kernel weight at all sites (Emmit), while 25R51 or 

25R56 had the lowest kernel weight at all sites at which they were grown.  While experimental 

design does not allow for tests of significance, Emmit was between 7.7% and 15.5% higher than 

the lowest kernel weight variety at all sites. 

Fungicide at T3 significantly increased kernel weight at all sites, between 2.7% to 6.6% over the 

without fungicide treatments (p<0.05); fungicide at T2 increased kernel weight at five sites 

(p<0.05), with increases ranging from 3.2% to 5.7% (Table 19).  Treatments with T23 fungicide 

application had significantly higher kernel weights (p<0.05) than either T2 or T3 at Lucan in 

2009 (Table 19).  Interaction between T3 and N rate was observed at five sites (p<0.10); at 100 

kg ha-1 N, T3 increased kernel weight by 2.7%, while at 170 kg ha-1, T3 increased kernel weight 
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by an average of 4.5%.  Increased kernel weight with fungicide application has been reported in 

other research (Ruske et al., 2003; Olesen et al., 2000; Kelley, 2001). 

Increased N rate resulted in lower kernel weight at three sites (p=0.05), with a trend toward 

lower kernel weights at one more (p=0.10) (Table 20).  Lower kernel weight with increased N 

has been reported in several studies (Batey & Reynish, 1976; Melaj et al., 2003), while other 

studies have shown site-year as a factor in whether or not reductions were significant (Olesen 

et al., 2000).  As greater N shows a trend toward greater head density, limited resources within 

the plant were likely divided among more kernels (Campbell et al., 1977). 

 The importance of environment on kernel weight is apparent in Table 19.  The 2010 sites all 

show a lower average kernel weight than the 2009 sites, with mixed ranking in the 2008 sites.  

Varieties grown in both 2009 and 2010 showed highest kernel weights in the 2009 sites (data 

not shown).  Environment influences kernel weight primarily through temperature during grain 

fill, as hotter weather or heat stress is likely to decrease grain size (Wrigley et al., 1994).  The 

average temperature of the 2009 sites during June and July was 3.9oC lower than the 2010 sites 

(monthly temperatures are given in Appendix Table 4), so it is plausible that increased 

temperature contributed to lower 2010 kernel weights. 

 Varietal interaction with other factors was limited: no sites showed an effect of T1 fungicide 

application on kernel weight, two of nine sites showed varietal differences in response to T2 

fungicide application (at Ilderton in 2010, four of six varieties showed decreased kernel weight 

with T2 application), and T3 fungicide resulted in varietal differences in magnitude of kernel 

weight response.  Varietal influence on kernel weight responses to fungicides at T2 and T3 was 

not consistent between site-years, so the nature of the interaction is not known. 

Across data pooled from all sites and varieties, increasing applied N from 100 kg ha-1 to 170 kg 

ha-1 increased head density slightly (p<0.10), while decreasing kernel weight significantly 

(p<0.05).  Head density was not significantly affected by fungicides in the pooled data 

(individual sites showed significant increases from some treatments, as mentioned above), but 

kernel weight was increased by fungicides at T2 or T3.  Kernels per spike were increased 

significantly only by the T123 treatment (p=0.05), and also by increasing N to 170 kg ha-1 (Table 
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20).  These findings are similar to Olesen et al. (2000), who found similar effects to ours, but 

they also note the importance of environment in determining whether the effects will be 

significant or not. 

1.5  Conclusions 

Significant yield increases occurred with increased N rates at two of three sites in 2008, both 

2009 sites, and one of four sites in 2010, aside from the use of fungicides.  It is possible that N 

rates on some cash crop farms may be low under the present recommendation of between 95 

and 110 kg ha-1 at Nitrogen:Wheat $ kg-1 price ratios between 8 and 5 (Ontario Ministry of 

Agriculture, Food, and Rural Affairs (OMAFRA), 2009).  Year and site both influenced response 

of wheat yield to N; however, the response is difficult to predict.  Interaction of fungicide with 

N rate when applying multiple fungicides, and smaller increases with single fungicide 

applications, suggests that when fungicide use is planned, higher N rates will likely result in 

higher yield gains from the fungicide.  The data show few three-way interactions with N rate 

and fungicide use by variety, being restricted to one of nine sites.  Although differences were 

occasionally present between the highest and lowest responses by variety at a site, neither 

magnitude of response nor which variety responded the most was consistent between sites.  

Further research is needed to determine causes of differential varietal responses both within 

and among sites. 

 

Lodging is a concern with higher N rates, but was observed at only three of the ten sites in this 

study, and restricted mostly to the highest N rate.  Lodging at one site was associated with high 

levels of powdery mildew infection, a disease which is more severe in higher N levels, which 

suggests the need for greater disease control with higher N rates.  Residual soil N was not 

significantly different with higher N application rates in 2009 or 2010, which provides some 

indication that higher N rates will not result in greater soil N losses to the environment after 

harvest. 
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Further research not investigated in this study could include the effect of N rate on wheat at 

different populations, the effect of N timing and split application on yield and N use efficiency, 

and the effect of N timing on different planting dates.  Further work on varietal differences in 

fungicide efficacy may also be profitable with a more intense disease observation schedule.  

Finally, research on lodging of wheat is important, as this is still an important risk factor for 

increased N rates. 
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Table 1a: Fungicide treatment combinations and times of application, as applied to each  

main N rate. 

Fungicide 
Treatment 

  Stratego   Headline   Prosaro 

WF 
 

 - 
 

 - 
 

 - 

T1 
 

GS 28-30 
 

 - 
 

 - 

T2 
 

 - 
 

GS 35-40 
 

 - 

T3 
 

 - 
 

 - 
 

GS 60-65 

T12 
 

GS 28-30 
 

GS 35-40 
 

 - 

T13 
 

GS 28-30 
 

 - 
 

GS 60-65 

T23 
 

 - 
 

GS 35-40 
 

GS 60-65 

T123   GS 28-30   GS 35-40   GS 60-65 
WF: Without Fungicide; GS: Zadoks Growth Stage (Zadoks et al., 1974). 

 

Table 1b: Active ingredient and application rate of fungicides. 

Fungicide 
Timing 

Zadok's 
Growth 
Stage at 

application 

Fungicide 
Trade 
Name 

Fungicide Active 
Ingredients 

Applied rate   
(g active 

ingredient ha-1) 
Manufacturer 

T1 GS 29-32 Stratego 
propiconazole, 
trifloxystrobin 

62.5 
62.5 

Bayer CropScience, 
Monheim am Rhein, 

Germany 

T2 GS 39-49 Headline pyraclostrobin 125 
BASF, Limbergerhof, 

Germany 

T3 GS 60-65 Prosaro 
prothioconazole, 

tebuconazole 
111 
111 

Bayer CropScience, 
Monheim am Rhein, 

Germany 
The surfactant Agral 90 (nonylphenoxy polyethoxy ethanol) was added at 0.125% v/v to the prosaro formulation in 2008 and 

2009. 
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Table 2: Soft red winter wheat varieties established at study sites. 

    Varieties Established 

2008 Kerwood 25R23 E1007R 

 
25R47 RO55 

 
Emmit RO55 + Cruiser 

   Ilderton 25R23 
 

 
25R47 

 
 

Emmit   

   Lucan 25R47 
 

 
Emmit 

 
 

RO55 
  

   
    2009 

 
25R27 E1007R 

 
25R47 + Cruiser Emmit 

 
25R51 RO55 

 
25R56 

  
   

    2010 
 

25R39 E1007R 

 
25R47 Emmit 

  25R51 RO45 

In 2009 and 2010, same varieties were established at all sites. 

 

Table 3: Date and wheat growth stage (Zadoks Growth Stage (GS)) at application of fungicides and 

nitrogen, and harvest date.  

    N          T1       _          T2       _           T3        _ Harvest 

Year Site Date Date GS Date GS Date GS Date 

2008 Kerwood 21-Apr 3-May 29 27-May 39 7-Jun 60-65 6-Aug 

Ilderton 21-Apr 5-May 29 29-May 39 11-Jun 60-65 6-Aug 

Lucan 21-Apr 5-May 30 29-May 39 11-Jun 60-65 1-Aug 
2009 W. Lorne 17-Apr 6-May 29 30-May 45-49 10-Jun 60-63 31 Jul-3 Aug 

Lucan 18-Apr 8-May 30 2-Jun 41-45 15-Jun 61-63 7-13 August 

Belmont 17-Apr 8-May 30 2-Jun 39-42 15-Jun 61-63 14-15 Aug 
2010 Ridgetown 15-Apr 29-Apr 30 17-May 39-41 31-May 61-64 14-17 July 

Belmont 16-Apr 6-May 32 19-May 39-41 2 Jun* 60-63 21-26 July 

Lucan 19-Apr 6-May 31 19-May 39-40 4-Jun 61-64 27-29 July 

Ilderton 19-Apr 7-May 30 19 May† 39-40 7-Jun 61-64 30 Jul-4 Aug 
Fungicide dates with †: rain fell within 1 hour of application; with *: rain fell within 30 minutes of application. 
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Table 4: Delta yield (t ha
-1

) of fungicide treatments from without fungicide treatment of each N rate. 

Year Site 

N rate Fungicide Treatment 

(kg ha
-1

) T1 T2 T3 T12 T13 T23 T123 

2008 
Kerwood 100 -0.11   0.10   0.26   0.15   0.18   0.14   0.52   

  135 -0.14   -0.01   0.16   0.31   0.54   0.35   0.34   

  170 -0.15   0.38   0.47   0.35   0.53   0.44   0.53   

Lucan 100 0.02   0.24   0.09 b 0.21 b 0.01 b 0.59   0.57 b 

  135 -0.21   0.59   0.50 ab 0.35 b 0.31 ab 0.43   0.80 ab 

  170 0.28   0.50   0.68 a 0.88 a 0.82 a 0.88   1.29 a 

Ilderton 100 -0.12   0.26   0.36   0.11   0.22   0.38   0.65   

  135 0.04   0.22   0.46   0.13   0.29   0.42   0.59   

  170 -0.33   0.02   0.17   0.02   0.18   0.14   0.35   

2009 West Lorne 100 0.17   0.35   0.15   0.30 b 0.31 b 0.31   0.35   

  135 0.31   0.62   0.48   0.48 ab 0.67 ab 0.65   0.72   

  170 0.31   0.53   0.61   0.83 a 0.85 a 0.54   0.78   

Lucan 100 0.22 b 0.77 ab 0.95   0.56 b 0.68 b 0.62 b 0.76 b 

  135 0.07 b 0.57 b 0.63   0.67 b 0.73 b 0.7 ab 1.09 b 

  170 0.61 a 0.97 a 0.81   1.10 a 1.30 a 0.97 a 1.55 a 

 
2010 

Ridgetown 100 0.07 b 0.39   0.56 b 0.35 b 0.61 b 0.62 b 0.76 b 

  135 -0.10 b 0.40   0.66 ab 0.26 b 0.51 b 0.97 b 0.76 b 

  170 0.52 a 0.71   0.98 a 1.14 a 1.30 a 1.39 a 1.43 a 

Belmont 100 0.01 ab 0.25 ab 0.39   0.10 b 0.52 a 0.72 ab 0.55 ab 

  135 0.21 a 0.46 a 0.55   0.57 a 0.54 a 0.84 a 0.76 a 

  170 -0.29 b -0.01 b 0.36   -0.06 b -0.02 b 0.45 b 0.36 b 

Lucan 100 0.24   0.78   0.72   0.90 b 0.92   1.17 b 1.41 b 

  135 0.25   1.04   1.03   1.10 ab 1.05   1.83 a 1.65 ab 

  170 0.05   0.92   0.96   1.35 a 1.06   1.61 a 1.87 a 

Ilderton 100 0.33   0.40   0.47   0.48   0.40 b 0.60 b 0.75   

  135 0.35   0.44   0.62   0.79   0.91 a 0.64 ab 1.06   

  170 0.16   0.57   0.39   0.87   0.78 ab 1.02 a 1.17   

Yields in the same fungicide treatment at the same site not followed by the same letter are significantly different (p=0.05, 

Tukey-Kramer). 
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Table 5: Disease severity (percent of leaf area infected, pooled across varieties, N rates, and  

fungicides) at study sites. 

 

    Leaf Infection (% of area) 

  
     Septoria   _      Leaf Rust   _ Powdery Mildew 

  Site Flag Canopy Flag Canopy Flag Canopy 

2008 Kerwood 3.1 3.1 1.0 1.6 0.0 0.1 

Ilderton 2.6 6.8 0.8 0.8 0.3 0.0 

Lucan 2.2 5.2 0.5 0.7 1.2 2.6 

2009 WestLorne 2.6 17.0 0.5 0.2 0.2 0.1 

Lucan 3.1 21.8 0.4 0.1 0.0 0.0 

Belmont 2.0 15.3 0.6 0.2 0.0 0.0 

2010 Ridgetown 10.1 19.4 1.7 0.8 0.7 1.0 

Belmont 5.0 17.4 1.0 0.2 0.1 0.0 

Lucan 11.2 31.2 1.3 0.8 3.1 4.2 

Ilderton 6.3 27.2 3.5 2.0 0.7 0.9 

Flag: Flag leaf; Canopy: leaves other than flag leaf. 

 

Table 6: Lodging (% of plot at harvest) by variety and N rate at three sites in the 2010 harvest year. 

Site 

N rate Lodging in plot (% of area) by Variety   

(kg ha-1) 25R39 25R47 25R51 E1007R Emmit RO45 SE 

Lucan 100 6.2 0.0 14.8 0.0 0.3 2.6 7.3 

 
135 24.8 20.6 47.3 0.0 2.7 4.2 7.2 

 
170 72.1 91.7 71.3 2.7 14.4 0.0 6.2 

Belmont 100 0.0 0.0 0.0 0.0 1.7 0.0 4.0 

 
135 0.0 0.0 0.0 0.0 1.9 0.0 4.0 

 
170 17.5 7.3 5.0 1.3 1.7 0.0 3.8 

Ridgetown 100 0.0 0.0 0.0 0.0 0.0 0.0 10.8 

 
135 14.1 14.1 0.0 0.0 1.9 0.0 10.8 

  170 28.4 25.9 18.1 2.5 0.3 0.0 10.6 
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Table 7: Formulae for N response curves of the 2009 and 2010 sites.  

Year Site Fungicide 

Yield = a+ bx + c x2 (kg ha-1) 

r2 p n a SE a b SE b c SE c 

2009 West 
Lorne 

WF 3090 110 41.4 2.84 -0.098 0.017 0.97 <.0001 82 

T3 3180 110 39.5 2.85 -0.068 0.017 0.98 <.0001 80 

T123 3230 110 42.5 2.84 -0.082 0.017 0.97 <.0001 82 

Lucan WF 2950 160 36.3 3.51 -0.104 0.021 0.95 <.0001 83 

T3 3050 160 48.3 3.49 -0.153 0.021 0.97 <.0001 84 

T123 3100 160 39.5 3.51 -0.074 0.021 0.94 <.0001 82 

2010 Ridgetown WF 6040 150 31.8 3.33 -0.13 0.019 0.85 <.0001 90 

T3 6240 150 34.2 3.66 -0.119 0.022 0.94 <.0001 72 

T123 6370 150 31.5 3.66 -0.093 0.022 0.93 <.0001 72 

Belmont WF 3900 210 18.5 4.01 0.002 0.023 0.85 <.0001 90 

T3 4110 220 29.3 4.42 -0.059 0.026 0.94 <.0001 72 

T123 4180 220 32.7 4.44 -0.08 0.027 0.91 <.0001 71 

Lucan WF 4590 160 32.2 3.31 -0.13 0.018 0.88 <.0001 89 

T3 4620 170 38.3 3.53 -0.13 0.02 0.97 <.0001 66 

T123 4730 170 44.2 3.53 -0.139 0.02 0.96 <.0001 66 

Ilderton WF 3890 140 32.7 3.13 -0.103 0.017 0.94 <.0001 84 

T3 4010 140 41.3 3.33 -0.144 0.019 0.95 <.0001 65 

T123 4100 140 39.8 3.32 -0.112 0.019 0.96 <.0001 66 
WF: without fungicide; T3: fungicide at Zadoks Growth Stage (GS) 65; T123: fungicide at GS 29, GS 39, and GS 65; SE: Standard 

Error. 
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Table 8: Yield (t ha
-1

) and percent yield increase of winter wheat varieties to fungicide application at 

Zadoks Growth Stage 39 at four sites. 

      Soft red winter wheat variety 

2009 
 

T2 25R47 25R47Cr 25R51 25R56 E1007R Emmit RO55 

 
West 0 7.3 7.3 7.3 7.2 6.9 7 6.9 

 
Lorne 1 7.6 7.4 7.6 7.6 7.1 7.2 7 

 
Yield Gain 3.4% 2.2% 3.5% 5.0%* 3.2% 2.0% 1.9% 

 
Lucana 0 6.7 6.4 6.6 6.5 5.9 6.5 6.2 

  
1 6.9 6.8 7 6.8 6.6 6.8 6.4 

 
Yield Gain 2.0% 6.4%* 6.9%* 4.6% 10.7%* 5.0% 4.6% 

          2010 
 

T2 25R39 25R47 25R51 E1007R Emmit RO45 
 

 
Mapletona 0 6.5 6.8 7 6.9 6.3 6.7 

 

  
1 6.9 7 7.3 7 6.6 6.9 

 

 
Yield Gain 5.1%* 2.9% 4.9%* 0.5% 4.7% 2.3% 

 

 
Ilderton 0 7.1 7 6.6 6.8 6.6 6.4 

 

  
1 7.5 7.3 7.1 7.1 6.9 6.7 

   Yield Gain 6.1%* 5.6%* 7.8%* 3.5% 4.5%* 5.0%*   
T2: 1 indicates application of fungicide at Zadoks Growth Stage 39, 0 indicates no application at GS 39. 
a: site with significant variety x T2 fungicide interaction; *: significantly (p=0.05) higher yield with application of fungicide at T2. 
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Table 9: F-values and probabilities for Variety*N rate*fungicide 

 sliced by N rate, at nine sites. 

    

N 
rate F value p>F Num DF 

Den 
DF 

2008 Kerwood 100 1.77 0.0024 47 322 

135 2.86 <.0001 47 322 

170 3.37 <.0001 47 322 
Ilderton 100 2.09 0.0052 23 126 

135 1.64 0.0454 23 126 

170 1.69 0.0356 23 126 
Lucan 100 2.75 <.0001 23 197 

135 4.59 <.0001 23 197 

170 5.91 <.0001 23 197 
2009 W Lorne 100 0.82 0.8152 55 278 

135 2.07 <.0001 55 278 

170 2.75 <.0001 55 278 
Lucan 100 1.85 0.0007 55 288 

135 2.53 <.0001 55 288 

170 3.94 <.0001 55 288 
2010 Ridgetown 100 2.95 <.0001 47 248 

135 4.69 <.0001 47 248 

170 8.03 <.0001 47 248 

Belmont 100 2.10 0.0002 47 247 

135 2.40 <.0001 47 247 

170 2.40 <.0001 47 247 

Lucan 100 6.75 <.0001 47 246 

135 11.23 <.0001 47 246 

170 13.41 <.0001 47 246 

Ilderton 100 1.53 0.0211 47 251 

135 3.32 <.0001 47 251 

170 4.92 <.0001 47 251 
Model has only a single fungicide effect rather than separate T1, T2, and T3  
effects (i.e. interaction between fungicide timings is not part of the model). 
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Table 10: Number of sites showing fungicide x N 

rate interactions for each variety in the study, and 

number of sites at which each was planted. 

Variety 
Sites 

Planted 

Sites with significant 
yield  differences 

(p<0.05) 

25R23 2 1 

25R39 4 3 

25R47 9 7 

25R47Cr 2 1 

25R51 6 6 

25R56 2 1 

E1007R 7 6 

Emmit 9 4 

RO45 4 4 

RO55 4 0 

RO55Cr 1 0 
Sites Planted indicates the number of sites at which a variety 
was planted; sites with significant yield difference are tallied in 
the second column. 

 

Table 11: Ontario Cereal Crop Committee disease ratings for eight soft red winter wheat varieties from 

three years, with varietal fusarium rating. 

                  2008              _               2009            _        2010    _ 
Fusarium 

Rating 
Variety 

PM     
(0-9) 

Rust    
(0-9) 

Septoria 
(0-9) 

PM     
(0-9) 

Rust    
(0-9) 

Septoria 
(0-9) 

PM     
(0-9) 

Septoria 
(0-9) 

25R39  -  -  -  -  -  - 3.9 2.0 MS 

25R47 2.7 0.8 2.3 1.5 0.8 2.3 2.0 2.1 MS 

25R51 1.2 1.1 2.6 2.3 1.8 2.9 4.1 3.3 MR 

25R56 2.5 1.1 1.7 1.0 0.6 2.4 3.4 2.3 S 

E1007R 1.0 2.5 2.0 1.1 3.3 2.4 1.4 1.7 S 

Emmit 1.9 2.8 2.1 0.9 2.1 3.1 2.4 2.4 MS 

RO45 1.0 2.3 1.9 1.1 1.9 2.3 2.0 2.3 HS 

RO55 1.0 1.1 1.6 0.8 1.5 2.4 1.9 2.9 S 
Ratings from 0-9, where lower number indicates lower disease level. PM: Powdery Mildew; Rust: Leaf Rust; Septoria: Leaf 
Septoria.  Fusarium rating: HS: highly susceptible; S: susceptible; MS: moderately susceptible; MR: moderately resistant. Leaf 
rust was minimal in 2010, and ratings were not given. 
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Table 12: Observed levels of three common foliar diseases (% leaf infection) on 

four varieties of soft red winter wheat grown at six sites over 2009 and 2010. 

Variety 
Septoria   Powdery Mildew   Leaf Rust 

Flag   Other   
 

Flag   Other   
 

Flag   Other   

25R47 7.1 
 

24.4 
  

1.9 
 

2.1 
  

0.7 
 

0.3 
 25R51 9.1 

 
24.9 

  
0.6 

 
0.6 

  
0.9 

 
0.4 

 E1007R 6.0 
 

22.0 
  

0.1 
 

0.0 
  

1.3 
 

0.6 
 Emmit 5.8 

 
21.4 

 
  0.1 

 
0.2 

 
  3.0 

 
1.5 

 SE 0.81   0.7     0.29   0.38     0.74   0.55   

 

Table 13: Number of sites in the 2009 and 2010 harvest 

seasons (6 sites total) at which various factors and 

interactions were significant (p=0.05).  N: N rate; T1: 

fungicide at Zadok’s Growth Stage (GS) 29; T2: fungicide 

at GS39; T3: fungicide at GS65. 

 
Sites showing significance (p=0.05) 

  25R47 25R51 E1007R Emmit 

N 2 3 3 4 

T1 3 4 3 2 

T2 5 6 5 5 

T3 6 6 6 6 

N*T1 4 2 2 1 

N*T2 1 1 2 0 

N*T3 1 0 1 0 

T1*T2 0 1 0 0 

T1*T3 0 0 0 0 

T2*T3 2 6 1 1 

T1*T2*T3 0 1 0 0 

N*T1*T2 0 0 1 1 

N*T2*T3 0 0 0 0 

N*T1*T3 0 0 0 0 

N*T1*T2*T3 0 1 0 0 
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Table 14: Yield of winter wheat under eight fungicide 

treatments over three years, averaged across site, variety, and N 

rate. 

  

Fungicide 

Mean SE Means 
Separation   t ha-1 

2008 WF 6.35 0.61 C 

T1 6.25 0.61 C 

T2 6.58 0.61 B 

T3 6.70 0.61 B 

T12 6.65 0.61 B 

T13 6.73 0.61 AB 

T23 6.74 0.61 AB 

T123 6.96 0.61 A 

2009 WF 6.35 0.35 D 

T1 6.62 0.35 C 

T2 6.98 0.35 B 

T3 6.95 0.35 B 

T12 6.99 0.35 B 

T13 7.09 0.35 AB 

T23 6.98 0.35 B 

T123 7.21 0.35 A 

2010 WF 6.79 0.38 D 

T1 6.94 0.38 D 

T2 7.32 0.38 C 

T3 7.43 0.38 BC 

T12 7.45 0.38 BC 

T13 7.51 0.38 B 

T23 7.78 0.38 A 

T123 7.84 0.38 A 
WF: without fungicide; T1: fungicide at Zadoks Growth Stage (GS) 29; T2: 
fungicide at GS 39; T3: fungicide at GS 60-65; other treatments consist of 
multiple fungicides as indicated by numbers. 

  

  



52 

 

Table 15:  Residual soil NO3 concentrations (ppm) after wheat harvest at three N application rates and 

two fungicide treatments at seven sites. 

           100 kg ha-1    _         135 kg ha-1    _         170 kg ha-1    _   

Year Site WF T123 WF T123 WF T123 SE 

2009 W Lorne 6.7 6.5 6.7 6.3 7.3 6.5 0.6 

 
Lucan 2.3 3.4 3.0 3.2 3.0 2.4 0.5 

 
Belmont 3.4 2.9   4.3* 3.9 3.4   2.3* 0.6 

2010 Ridgetown 6.4 4.8 5.8 6.5 7.2 7.4 1.4 

 
Belmont 6.5 6.4 6.3 7.0 7.7 7.1 1.2 

 
Lucan 9.6 11.8 12.8 9.1 9.1 7.8 1.6 

  Ilderton 9.8 9.3 10.3 8.5 10.6 9.7 1.4 
WF: without fungicide; T123: fungicide at Zadoks Growth Stage (GS) 29, GS 39, and GS 65; *: indicates two treatments at the 
same site that are significantly different (p=0.05). 

 

Table 16: Head density (heads m
-2

) of seven varieties of soft red winter wheat at eight sites, averaged 

across treatments. 

Variety 
2008   2009   2010 

Kerwood Ilderton Lucan   
West 
Lorne   Ridgetown Belmont Lucan Ilderton 

25R39  -  -  - 
 

 -  
 

770 650 700 600 

25R47 720 650 870 
 

620 
 

860 680 770 750 

25R51  -  -  - 
 

640 
 

790 680 700 680 

E1007R 690  -  - 
 

570 
 

800 650 720 640 

Emmit 580 640 730 
 

580 
 

740 630 650 610 

RO45  -  -  - 
 

 - 
 

730 670 680 610 

RO55 620  - 780    -    -  -  -  - 

SE 30 10 30   20   20 30 20 20 
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Table 17: Effect of N rate and fungicide treatment on head density of soft red winter wheat at eight sites.  

N rate 2008   2009   2010 

(kg ha-1) Kerwood Ilderton Lucan   
West 
Lorne   Ridgetown Belmont Lucan Ilderton 

100 660 640 760 † 
 

600 
 

750 * 650 
 

720 640 

170 680 640 830 † 
 

610 
 

820 * 680 
 

690 660 
                            

Fungicide 
             WF 670 660 770 

  
610 

 
770 ab 630 b 690 680 

T1 670 630 780 
  

630 
 

780 ab 670 ab 700 620 

T2 690 650 810 
  

610 
 

810 ab 680 ab 720 650 

T3 640 630 790 
  

590 
 

750 b 640 b 690 630 

T123 670 630 830     610   810 a 700 a 720 650 
†: Significantly different at p=0.10; *: significantly different at p=0.05.  For fungicide treatments, treatments not followed by the 
same letter are significantly different (p=0.05).  WF: without fungicide; T1: fungicide at Zadoks Growth Stage (GS) 29; T2: 
fungicide at GS 39; T3: fungicide at GS 60-65; T123: fungicide at all three timings. 
 

Table 18: Kernels per spike of soft red winter wheat under different fungicide schedules, calculated from 

head density, yield, and kernel weight.   

  2008   2009   2010 

Fungicide Kerwood Ilderton Lucan   W. Lorne   Ridgetown Lucan Ilderton 

WF 22.4 27.4  b  23.1 
 

30.0 
 

30.7 28.2  b  27.4  b  

T1 22.2 28.0  ab 22.6 
 

29.6 
 

32.0 29.3  ab 31.4  a  

T2 22.1 28.1  ab 22.3 
 

31.5 
 

30.5 30.0  ab 31.0  a  

T3 24.2 29.3  ab 22.5 
 

31.9 
 

33.2 30.6  ab 30.4  ab  

T123 23.1 30.0  a  23.2   31.4   31.6 32.7  a  32.4  a   
Values within the same site not followed by the same letter are significantly different (p=0.05).  WF: without fungicide; T1: 
fungicide at Zadoks Growth Stage (GS) 29; T2: fungicide at GS 39; T3: fungicide at GS 65; T123: fungicide at all three timings. 
 

Table 19: Thousand kernel weight (g/1000 kernels) under four fungicide treatments, at nine sites. 

Year Site 

Fungicide Treatment 

SE WF   T2   T3   T23   

2008 Kerwood 34.6 e 36.0 d 36.5 bcd 37.0 ab 0.2 

 
Ilderton 40.5 c 40.9 bc 41.6 a 41.8 a 0.6 

  Lucan 37.3 d 38.5 bc 38.7 ab 39.6 a 0.3 

2009 West Lorne 37.7 d 38.6 bcd 39.3 abc 39.9 a 0.3 

  Lucan 36.8 d 38.9 c 39.3 bc 40.3 a 0.5 

2010 Ridgetown 33.7 c 34.9 b 35.8 a 35.9 a 0.5 

 
Lucan 33.2 d 34.6 c 35.5 ab 35.9 a 0.2 

  Ilderton 35.6 c 35.8 c 36.8 a 36.0 bc 0.2 
Treatments at the same site not followed by the same letter are significantly different at p=0.05.  WF: without fungicide; T2: 
fungicide at GS 39; T3: fungicide at GS 65; T23: fungicide at both timings. 
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Table 20: Kernel weight (g per 1000 kernels) at three N rates. 

    N application rate kg ha-1 

Year Site 100   135   170   

2008 Kerwood 36.7 a 36.3 a 35.6 b 

Ilderton 41.7 a 41.2 ab 40.7 b 

Lucan 39.0   38.6   38.1   

2009 W Lorne 39.2   39.3   38.7   

Lucan 38.9   38.8   38.8   

2010 Ridgetown 36.0   34.5   33.9   

Lucan 35.3 a 34.7 ab 34.2 b 

Ilderton 36.0   36.1   36.1   
Treatment values at the same site not followed by the same letter are significantly different (p=0.05). 
 

 
Table 21: Yield components of soft red winter wheat as affected by fungicide or 

N rate, from data pooled over 8 sites. 

  Head Density Spike fertility TKW 

Fungicide     Spikes m-2  Kernels spike-1 (g) 

WF 680 28.0 b 35.8 e 

T1 690 28.2 b 35.8 e 

T2 690 28.8 ab 36.9 d 

T3 670 29.3 ab 37.5 bc 

T123 700 29.8 a 37.9 a 

      N rate (kg ha-1) 
                100 680* 27.4 b 37.4 a 

           170 700* 30.2 a 36.7 b 

SE 20 0.8   0.5   
*: significantly different at p=0.10; treatments within column not followed by the same letter are 
significantly different (p=0.05).  WF: without fungicide; T1: fungicide at Zadoks Growth Stage (GS) 
29; T2: fungicide at GS 39; T3: fungicide at GS 65; T123: fungicide at all three timings. 
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T3 0 0 1 1 0 1 1 0 0 0 0 0 1 1 1 0 1 0 1 1 0 0 1 0 1 0 

T2 0 1 0 1 0 1 0 1 0 0 1 0 1 0 1 1 0 0 1 0 1 0 1 0 0 1 

T1 0 0 0 0 0 1 1 1 1 0 1 1 1 1 0 0 0 0 1 1 1 1 0 0 0 0 

PGR - - - - - - - - - - - - - - - - - - + + + + + + + + 

Nitrogen 6
0

 

N @ 135 kg/ha 0 N @ 100 kg/ha N @ 170 kg/ha 

Figure 1: Example of experimental design of one rep.  Fungicide treatments are randomized within N 

rate blocks, varieties were not randomized between reps.  T1: fungicide at Zadoks Growth Stage (GS) 29; 

T2: fungicide at GS 39; T3: fungicide at GS 60-65; 1 indicates applied, 0 indicates not applied.  PGR: plant 

growth regulator, - indicates not applied, + indicates applied.  
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Figure 2: Delta yield (t ha
-1

) for each of the fungicide treatments over the without fungicide treatment for 

each of the three N rates, averaged across 9 sites.  T1: fungicide at Zadok’s growth stage (GS) 29; T2: 

fungicide at GS39; T3: fungicide at GS65; combination of numbers indicates application of fungicides at 

multiple GS as indicated above.  **: significantly different within fungicide treatment (p=0.05); * 

significantly different within fungicide treatment (p=0.10). 
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Figure 3a: N response curves for select fungicide treatments at the 2009 sites.  Equations are given in 

Table 6. Treatments T3 and T123 did not have 0 N plots, so numbers were generated by adding 3% to 

UTC yields for the T3 treatments, and 5% for the T123 plots, in line with the diminishing yield gain 

observed as N rate is lowered.  WF: without fungicide; T3: fungicide at Zadoks Growth Stage (GS) 65; 

T123: fungicide at GS 29, GS 39, and GS 65.  Data points are offset 2 kg ha
-1

 for the WF and T123 

treatments to provide clarity between groups. 
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Figure 3b: N response curves for select fungicide treatments at two 2010 sites.  Equations are given in 

Table 6. Treatments T3 and T123 did not have 0 N plots, so numbers were generated by adding 3% to 

UTC yields for the T3 treatments, and 5% for the T123 plots, in line with the diminishing yield gain 

observed as N rate is lowered.  WF: without fungicide; T3: fungicide at Zadoks Growth Stage (GS) 65; 

T123: fungicide at GS 29, GS 39, and GS 65.  Data points are offset 2 kg ha
-1

 for the WF and T123 

treatments to provide clarity between groups. 

2 

3 

4 

5 

6 

7 

8 

9 

10 

0 20 40 60 80 100 120 140 160 

Y
ie

ld
 (

t 
h

a-1
) 

Applied N (kg ha-1) 

Ridgetown 2010 

WF T3 T123 

Yield WF Yield T3 Yield T123 

2 

3 

4 

5 

6 

7 

8 

9 

10 

0 20 40 60 80 100 120 140 160 

Y
ie

ld
 (

t 
h

a-1
) 

Applied N (kg ha-1) 

Belmont 2010 

WF T3 T123 

Yield WF Yield T3 Yield T123 



59 

 

 

 

Figure 3c: N response curves for select fungicide treatments at two 2010 sites.  Equations are given in 

Table 6. Treatments T3 and T123 did not have 0 N plots, so numbers were generated by adding 3% to 

UTC yields for the T3 treatments, and 5% for the T123 plots, in line with the diminishing yield gain 

observed as N rate is lowered.  WF: without fungicide; T3: fungicide at Zadoks Growth Stage (GS) 65; 

T123: fungicide at GS 29, GS 39, and GS 65.  Data points are offset 2 kg ha
-1

 for the WF and T123 

treatments to provide clarity between groups. 
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Chapter 2: Effect of Nitrogen Fertility and Fungicide Regime on Wheat Quality 

2.1  Abstract 

The effect of management practices on quality characteristics of wheat is important, as end 

users of wheat often require wheat flour with specific characteristics.  Crude protein, test 

weight, deoxynivalenol (DON), and alveograph parameters are used as indicators of potential 

quality.  Field studies were conducted on soft red winter wheat (Triticum aestivum L.) to 

examine the effect of applied N rate, fungicide timing, and variety on grain protein 

concentration, test weight, DON content, and baking quality parameters at nine sites in 

southwestern Ontario, Canada.  Eight combinations of fungicide timing were applied as splits on 

three N rate blocks (100, 135, and 170 kg ha-1), which were applied across varietal strips 

(between three and seven) in a split-strip-plot design with three replicates.  Samples from each 

plot were analyzed for crude protein using NIR spectroscopy, and for test weight using an 

Ohaus measure and Cox funnel or GrainGage equipped on the harvester.  DON concentrations 

were tested on a select set of treatments using ELISA, and baking quality parameters were 

measured on a select set of treatments using an alveograph.  Protein concentrations increased 

with increasing N rate, while effect of fungicide varied with time of application.  Test weight 

was increased with later applications of fungicide, but earlier applications had less effect.  DON 

levels were reduced with application of a triazole fungicide at Zadoks Growth Stage 65.  

Alveograph parameters generally increased with increased N application, while fungicides had 

little effect on most varieties.  With the exception of end uses requiring low protein 

concentrations, the increased inputs tested in this study did not negatively affect wheat grain 

quality. 

2.2  Introduction 

Wheat quality is measured with a number of different parameters, from initial tests of quality 

at the whole grain level, to tests of baking quality of flour.  Some important indicators of wheat 

quality include crude protein, test weight, and concentration of the mycotoxin deoxynivalenol 

(DON).  The Canadian Grain Commission has minimum test weight standards for grading soft 

red wheat, but soft red wheat is not graded on protein or DON concentrations (Canadian Grain 
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Commission, 2011).  As parameters used at the agronomic level are not always indicative of the 

quality to the end user (Lambert & Wilson, 2003), alveograph parameters (P, W, and L) are used 

to measure quality of the dough produced from the milled wheat.  The effect of agronomic 

practices such as nitrogen application rate and foliar fungicides on wheat quality in Ontario has 

received less attention than yield, perhaps because it does not affect wheat grade as directly as 

it does for Western hard wheat classes.  Nevertheless, quality is critical for the end user; 

agronomic practices that result in high yield but inferior quality are not desirable to the 

industry.  Therefore, studying the effects of agronomic practices on quality may be argued to be 

equally important to effects on yield. 

Protein is required at different levels for different end products, so having some idea of market 

demand is important for managing wheat.  Soft wheat crude protein requirements are lower 

than those for hard wheat.  Currently, there are no price incentives for reaching protein levels 

for soft wheat in Ontario, but protein is important for some markets destinations.  For instance, 

some Egyptian markets require soft wheat with a minimum protein of 11% (Ross, 2011), which 

is higher than levels of most wheat grown in Ontario.  Other markets such as Korea and Japan 

require protein in the range of 9 to 10% (Mulla et al., 1992).  Research has shown that protein is 

affected by several factors, including water stress-nitrogen interactions (Mulla et al., 1992), 

wheat variety, rate of N application, N timing and method of application, as well as interactions 

between factors (Rao et al., 1993).  High N application rates have been found to increase 

protein content (Olesen et al., 2000; Campbell et al., 1977).  Fungicide application has been 

shown to decrease protein levels in some situations, but there is some evidence that a 

reduction in protein is more likely when fungicides are applied to control septoria than when 

powdery mildew or leaf rust are the main diseases (Dimmock & Gooding, 2002). 

Test weight is another indicator of wheat quality, where lower test weights are associated with 

lower quality; minimum test weight requirements can separate different grades of wheat in 

Canada (Canadian Grain Commission, 2011).   Lower test weight may indicate less complete 

filling of the grain, and therefore lower flour yield (Ruske et al., 2003).  Test weight is affected 

by packing characteristics of the wheat, and therefore may not be the most accurate measure 
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of wheat quality.  Ideally, a single variety harvested under similar conditions should produce a 

consistent test weight, but wetting-drying cycles after maturity and before harvest tend to 

reduce kernel density and packing efficiency due to changes in the kernel surface, thus lowering 

test weight (Czarnecki  & Evans, 1986).  Test weight may also be affected by agronomic 

practice, but the results are variable.  For example, test weights have been shown to decrease 

with increasing N levels (Roth et al., 1983; Johnson et al., 1972), but the opposite trend has also 

been observed (Batey & Reynish, 1976).  Kelley (2001) and Ruske et al. (2003) found that 

fungicide application increased test weights at most site and variety combinations tested.  

Although increases were not always significant, the effect of variety was strongly associated 

with variability of test weight increases due to fungicide in both studies.  

Deoxynivalenol (DON) is a mycotoxin produced by members of the Fusarium species (Fusarium 

graminearum species complex; Yoshida et al., 2008).  Accumulation of this toxin in sufficient 

levels in the grain can cause downgrading of the wheat due to unsuitability for consumption (Xu 

et al., 2006), and consequently lower prices for growers.  Research has shown that application 

of a triazole fungicide at anthesis reduces level of toxin in the harvested grain by 47% ± 4% 

(Beyer et al., 2006).  Environmental conditions around the time of heading play a major role in 

the level of fusarium infection and mycotoxin production (Hooker et al., 2002), as does weather 

post-anthesis (Nakajima, 2007; Cowger et al., 2009).  Other factors influencing the severity of 

the disease, and toxin production level, at various sites includes crop rotation and tillage 

(Schaafsma et al., 2001; Dill-Mackey and Jones, 1999).  Varietal resistance ranges from 

susceptible to moderately resistant in current Ontario varieties (Ontario Cereal Crop Committee 

(OCCC), 2008-2010); at 7 of the 10 sites a moderately resistant variety was included, with a 

susceptible variety at all sites. 

Baking quality cannot be inferred from protein levels and test weight (Lambert & Wilson, 2003), 

so tests must be done by milling wheat into flour and testing characteristics of dough made 

from the flour.  The alveograph P-value is a measure of the strength of the dough, found by 

measuring the force required to expand a bubble of the dough.  Alveograph L-value is a 

measure of the extensibility of the dough, found by expanding the bubble of dough until it 
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bursts.  The alveograph W-value measures the work required to inflate the bubble of dough.  

Lactic Acid Solvent Retention Capacity measures the percent of initial solvent held by the flour 

after centrifugation, and is used to measure suitability for use in making crackers.  The four 

parameters together indicate the suitability of the wheat flour for different baking purposes 

(Reimer, 2011).  Little can be found in the literature on the effect of N rate and fungicide 

application on alveograph parameters, particularly of soft wheat. 

The objectives of this research were to investigate the effect of increased N application rates 

and fungicide application timings on the protein levels, test weight, and DON levels of soft red 

winter wheat in Ontario.  A single year of data also provides initial indications of the effect of N 

rate and fungicide application on alveograph parameters.  It is hypothesized that increased N 

application rates will result in higher protein levels (since more N is available, and may be taken 

up later in development), but will have little effect on test weight (which is not as likely to be 

affected by N as protein levels).  A second hypothesis is that foliar fungicides will increase test 

weight (due to increased flag leaf area duration, and therefore more photosynthate available 

for grain filling), but will reduce protein (due to similar levels of nitrogen in larger kernels 

resulting from increased grain filling), and reduce DON levels when applied at anthesis (similar 

to previous research results).  It is also hypothesized that baking quality will not be decreased at 

higher N application rates, since protein content has been trending downward, and increased N 

may not bring protein above previous concentrations; fungicides may increase baking quality 

due to greater photosynthate available for grain fill. 

2.3  Materials and Methods 

Site location and experimental design:  Field trials were established at ten locations in 

southwestern Ontario, three each in 2008 and 2009, and four in 2010.  Between three and 

seven high-yielding (Ontario Cereal Crop Committee, 2008 - 2010) varieties of soft red winter 

wheat commonly grown in Ontario were planted at each site.  Experiments were installed as 

split-strip-blocks with varieties planted in strips the length of the field, and three N rates 

applied in blocks (100, 135, and 170 kg ha-1) along the variety strips.  Each N rate block was split 

into a factorial arrangement of three different fungicide timings, as outlined in Table 1.  There 
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were three replicates at each site.  Chapter 1 gives further details for the trials, including 

experimental design, location of sites, and cultural practices and timings. 

Data measurements: Samples were taken from harvested grain of each plot, from each of 

which a subsample was analyzed for protein concentration using a Unity Scientific SpecStar 

2500-X Near-Infrared Analyzer (Unity Scientific Inc., Purcellville, Virginia), with protein recorded 

on a dry matter basis.  Unfortunately, insect infestation in storage rendered several sites 

unusable for protein analysis; this included the Lucan site in 2008 and 2009, and the Belmont 

site in 2010.  Protein levels at Belmont in 2009 were out of range compared to the other sites, 

showing higher protein across all treatments.  It is possible that the wheat at Belmont was 

“selectively threshed” by the hailstorm: for instance, if larger kernels were removed from the 

heads by the hail, the smaller kernels remaining would contain a lesser proportion of 

endosperm compared to the relatively more protein-rich other parts of the kernel, therefore 

increasing the protein.  The site was dropped from further analysis.   

Test weight was measured at harvest in 2009 and 2010 using HarvestMaster GrainGage Classic 

(Juniper Systems, Inc., Logan, Utah) equipped on the combine. In 2008, test weight was 

measured manually using a 0.5 L Ohaus measure and Cox funnel, as per the procedures of the 

Canadian Grain Commission (Canadian Grain Commission, 2011).  The measurements from 

Ilderton in 2008 were discarded, as a recording error restricted accuracy to two fewer 

significant digits than other sites.  The test weight data from Belmont in 2009 was not used due 

to uncertainty about the effects from hail damage before harvest; values from the site were 

lower than the other 2009 harvest sites, and it was uncertain whether different treatments 

would have been affected differently by hail.   

Test weights in this study have a caveat: readings were taken on a wide range of moisture 

contents; conversion to standard test weight depends on physical characteristics of the grain 

staying the same at higher moistures.  Some plots at Lucan in 2009 were harvested at greater 

than 22% moisture; it is possible that packing characteristics change at higher moistures, so test 

weights might change slightly.  Using moisture content to standardize test weights should give a 

reasonable estimate, however (Hellevang, 1995).  Comparison of the test weight measurements 
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taken by the grain measurement equipment on the combine against the levels found from 

manual analysis diverged more for readings taken at higher moisture contents.  Test weight and 

moisture measurements were performed on grain that was not completely clean of chaff; 

although the test weight given was the average of a number of samples (depends on yield, but 

usually at least seven), a sample of a variety that contained chaff could have a lower test weight 

compared to other varieties with similar treatment but threshed and cleaned better. 

DON levels were checked on a select set of treatments: no fungicide and T3 fungicide, at the 

100 kg ha-1 N rate.  Samples were taken for each variety at each site, from each of the three 

reps.  A 50g subsample was made with a Boerner divider from the sample of each plot, and 

ground for 40 seconds to make flour of the entire kernel, from which a 10g subsample was 

taken for analysis.  The EZ-Quant® DON .5 ppm Plate Kit (Diagnostix Ltd., Mississauga, Ontario) 

was used to determine DON levels in the samples. 

Grain samples were also sent to the Canadian International Grains Institute (CIGI, Winnipeg, 

MB) for an analysis of various baking quality parameters.  The samples were sourced from the 

2010 harvest only, which included six varieties (25R39, 25R47, 25R51, E1007R, Emmit, RO45) in 

four treatments (no fungicide and the two-fungicide treatment (i.e. T1 + T3, or T13), at 100 and 

170 kg N ha-1) at four locations.  From an initial statistical analysis done by CIGI, two locations 

were not used in further analysis, as flour protein concentrations were either lower (Belmont) 

or higher (Ridgetown) than the average.  Crude protein levels were measured from the samples 

using the Dumas method combustion nitrogen analysis.  Three alveograph parameters, 

measuring protein quality, were also studied in the analysis: P (pressure required to inflate the 

dough), L (dough extensibility), and W (work required to inflate the dough bubble). 

Data analysis: Data were analysed by site using PROC MIXED (SAS Institute, Cary, NC).  The 

residuals for each site were checked for normality using PROC UNIVARIATE (SAS Institute); 

residuals were plotted against predicted values to check for uniform error distribution.  Several 

protein data were examined using Lund’s test (Lund, 1975) for outliers, and removed from the 

data on the basis of the test; data entry errors were the suspected cause of the outliers.  Lucan 

in 2008 and West Lorne in 2009 contained influential data points, but they were not deemed 
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outliers by Lund’s test (Lund, 1975), and so were retained in the analysis.  The data were 

normal apart from these points, so the sites were included in the analysis. 

Analysis of the DON values was limited to eight sites, as samples from Lucan in 2008 and 2009 

were damaged in storage before they could be analysed.  Additionally, West Lorne in 2009 and 

Belmont in 2010 were limited to two reps due to sample damage (insect) in storage.  A plot of 

residuals showed normal distribution at all sites, with reasonably even distribution of residuals, 

although with a slight increase in residual error as predicted DON values increased.  The 

statistical analysis used a model based on T3, Variety, and T3 x Variety as fixed variables, with 

Rep and Rep x Variety as random factors. 

A mixed model was used to analyze the baking quality data, with N Rate and Fungicide as fixed 

variables, and Variety as a random variable.  Analysis included two N rates (100 and 170 kg N 

ha-1) and two fungicide programs (no fungicide and T13) across six varieties.  Two sites were 

analyzed for crude protein, Lactic Acid Solvent Retention Capacity (LA SRC), and alveograph P, L, 

and W. 

The SAS code used for protein, test weight, and DON analysis is presented in Appendix A. 

2.4  Results and Discussion 

Protein:  The simple effect of comparisons across varieties cannot be separated statistically at 

each site due to the experimental design, but some general trends were observed: varietal 

differences in protein were not completely consistent among sites, but varieties tended to rank 

either among the higher protein concentrations (e.g., RO55, E1007R, RO45), or among the 

lower protein concentrations (e.g., 25R39) (Table 22).  Although data from 2009 was restricted 

to one site, protein concentrations tended to be lower at this site compared to other site years.  

The unfertilized control plots from 2009 showed the greatest visual symptoms of N deficiency, 

so it is likely that, compared to the other two years, there was less N available for the plant to 

use in grain protein.   
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Protein increased as applied N increased from 100 kg ha-1 to 170 kg ha-1 at six of seven sites 

(p<0.05), by 1.0% of dry matter (9.6% increase) averaged across the fungicide treatments and 

sites (Figure 4).  A similar trend toward increased protein with increased N has been noted in 

other research (Wieser & Seilmeier, 1998 ), although there appears to be a level of N above 

which grain no longer acts as a sink for N (Garrido-Lestache et al., 2004).  Research in Manitoba 

has found that available soil moisture is also a factor in protein, and conflicting reports as to the 

effect of N and soil moisture abound in the dryer prairie climate (Campbell et al., 1977). 

Fungicide effect on protein concentration was inconsistent at T1, was positive at T2, and was 

negative at T3.  Fungicide application at T1 decreased protein by 0.2% of dry matter at West 

Lorne in 2009 (p<0.05), while fungicide at T1 increased protein at Ilderton and Lucan in 2010 by 

0.1% of dry matter (p<0.05).  No significant difference among protein concentrations was found 

with fungicide application at T1 in 2008 at any site.  Fungicide at T2 increased protein at all sites 

except the 2010 Lucan site, but only significantly (p<0.05) at West Lorne (2009) and Ridgetown 

(2010).  Kelley (2001) found no significant effect of fungicides at T2 on protein.  The fungicide 

application at T3 decreased protein at every site between 0.1% and 2.4% from the no fungicide 

treatment, with a significant (p<0.05) reduction at five of the seven.  Since fungicide at T3 

increased yield at all sites, there was likely a dilution effect: fungicide at T3 increased kernel size 

(see Chapter 1), while the amount of protein may not have increased to the same degree as the 

carbohydrates.  Garrido-Lestache et al. (2004) found a negative relationship between yield and 

protein at the field production scale, although protein concentrations result from multiple 

factors, including N, yield, temperature, and water availability. 

Interaction between factors was not consistent among sites, nor sites within year.  Fungicide 

interaction with N was found at one site with T3, two sites with T2, and five sites with T1, but 

the direction of the interaction varied between sites, so no clear trend was observed.  The 

change in protein concentration due to fungicide application was similar among N levels (within 

0.5% for T1, 0.1% for T2 and T3).  Varietal interaction with fungicide was neither strong nor 

consistent between sites.  Interactions between fungicide timings were restricted to at most 

three sites for each combination, and inconsistent in direction and magnitude.  Fungicide 
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effects on grain protein concentration may depend in part on which pathogen was controlled, 

and on varietal susceptibility to diseases.  There is some evidence that controlling powdery 

mildew or leaf rust does not affect grain protein concentration, but controlling septoria may 

decrease grain protein concentration (Dimmock & Gooding, 2002). 

No correlation between yield and protein was found at Lucan in 2008 and Ilderton in 2010, 

while protein increased with yield (r>0.13, p<0.01) at Lucan in 2010 and Kerwood in 2008, and 

increased strongly with yield (r>0.28, p<0.0001) at Ilderton in 2008 and West Lorne in 2009.  

Protein decreased slightly with yield at Ridgetown in 2010 (r=-0.11, p=0.03).  Stone and Savin 

(1999) propose that wheat yield and protein responses to nitrogen fall into three phases: in the 

first phase, yield increases and protein decreases, as starch accumulation is more responsive 

than protein accumulation.  In the second phase, yield and protein both increase in response to 

increased nitrogen, and in the third phase, yield is maximized with nitrogen, but protein 

continues to increase with higher N rates.  A trend similar to this proposed three phase 

response is found in Ontario field research done by Denys et al. (2006).  In the current study, 

the two sites with the highest protein response to N also had significantly higher yields at the 

higher N rates (see Chapter 1), perhaps suggesting that the N rates were within the second 

responsive phase.  Sites with lower correlation between yield and protein showed increases in 

protein levels (Figure 4), perhaps indicating that they were in the third phase of the N and 

protein response curve. 

Correlation between protein concentration and yield showed differences among N rates.  

Protein concentration and yield generally increased as applied N increased, however, at some 

sites protein concentration decreased as yields increased within N rates.  Three of seven sites 

showed a negative correlation between yield and protein concentration (p<0.01) at the 135 and 

170 kg ha-1 N rates, but not at the 100 kg ha-1 N rate; one additional site showed the negative 

correlation only at the 170 kg ha-1 N rate (Table 23).  One site showed a positive correlation 

between yield and protein concentration at 100 kg N ha-1 (p<0.01); no sites showed a negative 

correlation at that N rate.  The trend at five of seven sites was towards stronger negative 

correlation between yield and protein concentration at higher N application rates.  This trend 
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perhaps reflects the trend discussed in Chapter 1 where increased fungicide efficacy was 

observed at higher N rates; if the fungicides are responsible for yield increases, then at higher N 

rates one might expect greater effect on both yield and protein concentrations. 

Test Weight:  Three factors predominantly affected test weight: variety of winter wheat, 

fungicide at T2, and fungicide at T3.  The three factors predominate at sites harvested both at 

standard moisture and with higher moisture plots, so it will be assumed that using the grain 

moisture content to standardize test weights provided a reasonable estimate.  Interaction 

between fungicide timing and N application rate was also observed.  The experimental design 

used precludes statistical comparison of varieties at each site, but ranking of varieties at each 

site was generally consistent.  For example, the test weight of Emmit was between 0.4% and 2% 

higher than 25R47, with other varieties similar to or ranging between 25R47 and Emmit (Table 

24).  Varietal difference in test weights was reported by Ruske et al. (2003).  Yamazaki and 

Briggle (1969) found that test weight was more related to packing efficiency than grain density, 

and that packing efficiency was significantly different between varieties.  Varietal interaction 

was important at Lucan in 2010; the variety with the most lodging showed the greatest increase 

in test weight from T2 (2.3%, against average 0.9% across all varieties) or T3 fungicides (4.2%, 

against 2.2% average across all varieties) compared to the without fungicide treatment, but 

otherwise was not significant. 

Fungicide at the T3 timing increased test weight from 0.3% to 2.3% over the without fungicide 

treatment at seven of eight sites (p<0.0001).  Fungicide at T2 increased test weight between 

0.2% to 0.9% (p<0.03) at four sites, but decreased test weight at Belmont in 2010 (p=0.001) 

(Table 25).  The Lucan 2010 site showed the highest gain in test weight from fungicide 

application, likely related to lodging that occurred towards the end of the season, and 

especially the plots with the most disease.  Kelly (2001) found increases in test weight with 

application of fungicides, and Ruske et al. (2003) reported greater test weight increases when 

three fungicides were applied compared to two.  These reports are similar to results from our 

study. 
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There was a trend toward higher test weights at higher N rates at seven of eight sites (average 

increase of 0.9%), but the increase was not significant.  Batey & Reynish (1976) found 

consistent increases in grain density (one component of test weight) as N application rate 

increased, but significant differences were found only between the low N rates (0 or 50 kg ha-1) 

and the highest rates (150 or 175 kg ha-1), not in the range of N rates in the present study.  In 

contrast, Roth et al. (1983) found decreasing test weights as they increased N from 0 to 100 kg 

ha-1, but as their highest N rate was our lowest, it is possible that response differs at lower and 

higher N rates.  Mascagni et al. (1997) found significant N rate by environment interaction in 

test weights in the Gulf Coast region 

Test weight response to N rates depended on whether a fungicide was applied, but the 

interaction was not consistent across all sites.    Fungicide at T1 reduced test weight at the 100 

kg ha-1 N rate at three of eight sites (p<0.05).  The same trend occurred at four other sites, but 

the difference was not significant.  At the 170 kg ha-1 N rate, fungicide at T1 increased test 

weight at two sites (p<0.05), with a similar but not significant trend at three more (Table 26).  

While the direction of the effect of T1 on test weight reversed at higher N rates at some 

locations, significant changes in both directions were not found at any sites.  Application of 

fungicide at T3 increased test weight more at the 170 kg ha-1 N rate (seven of eight sites, 1.1% 

average test weight increase) than at the 100 kg ha-1 N rate (six of eight sites, 0.6% average test 

weight increase) (Table 25).  It should be noted that the effects associated with increased test 

weight were also associated with increased yield, a relationship also observed by Garrido-

Lestache et al. (2004) in hard spring wheat. 

Deoxynivalenol (DON):  T3 fungicide lowered DON values in the wheat grain at all sites 

between 23% and 41%, significantly (p<0.05) at seven of the eight (eighth site at p=0.06).  

Varieties cannot be compared statistically at each site due to the experimental design, but 

variety 25R51 had the lowest DON ratings at every site at which it was planted, while E1007R 

was among the highest, and other varieties fell in between, though rankings changed with site 

(Table 27).  At the Ilderton site in 2008, the variety Emmit had significantly lower DON levels 

with T3 fungicide application, while the other varieties were not significantly lower than the no 
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fungicide treatment.  Efficacy of T3 fungicide in reducing DON levels was not consistent across 

varieties at different sites, however, so the nature of the interaction is not certain from this 

study. 

The limited testing done for DON in this project confirmed that application of a triazole 

fungicide at T3 lowers the rate of DON in wheat, as reported by Beyer et al. (2006) and Blandino 

et al. (2006).  Varietal susceptibility to fusarium is known to differ, and is a significant factor in 

DON contamination levels both between and within years (Schaafsma et al., 2001).  In our 

study, 25R51 had the lowest DON levels at all sites at which it was grown, which supports the 

Ontario provincial trial Moderately Resistant rating, compared to Moderately Susceptible or 

Susceptible for all the other varieties (OCCC, 2008 - 2010). 

Baking Quality:  Flour protein (crude protein) increased (p<0.05) between 14% and 20% with 

170 kg ha-1 applied N compared to 100 kg N ha-1 (Table 28), while wet gluten levels also 

increased at the 170 kg ha-1 N rate (Reimer, 2011).  Fungicide effect on flour protein was not 

significant.  The three alveograph parameters measuring protein quality (P, L, and W) were 

influenced by both variety and N rate, while alveograph P and W values were influenced by 

fungicide.  Significant differences among varieties existed in each of the alveograph parameters, 

and in the lactic acid solvent retention test (LA SRT), but performance in the alveograph and 

SRT were not necessarily related to flour protein quantity (Table 29).  Increasing the N 

application rate from 100 kg ha-1 to 170 kg ha-1 resulted in an increase in each alveograph 

parameter across all varieties, but the increase was significant only on some varieties (Table 

30).   Fungicide application increased alveograph P and W slightly on most varieties, but 

significant increases were restricted to variety 25R39. 

Genotype strongly influences protein response to increased N rates, as varieties demonstrate 

not only a range of crude protein accumulation responses, but also differences in the rate at 

which different kinds of proteins increase (Wieser & Seilmeier, 1997).  The ratio of proteins has 

an effect on the quality of the flour for different end uses (Wrigley et al., 2009), so it is possible 

that increased N application rates will affect varieties differently for baking quality.  Increased 

alveograph W value with increased N application rate was also observed in hard red spring 
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wheat by Garrido-Lestache et al. (2004), but they note that the magnitude of the effect 

depended partially on precipitation during the grain-filling period. 

Conclusions should not be drawn on the results of two geographically close sites in one year – 

further research is needed before solid conclusions can be drawn (Reimer, 2011).  Research by 

Blumenthal et al. (2004) indicates that dough characteristics are affected by relative humidity 

and heat during grain fill, for example, so a different season may show different results.  

Preliminary results from this study, however, suggest that protein quality does not necessarily 

correspond to protein quantity, as some varieties showed good quality without high quantities 

of protein. 

2.5  Conclusions 

Protein levels were slightly decreased by application of fungicide at T3, but the increase was 

offset by the large increase in protein when higher rates of N were applied.  The end use of 

wheat flour determines what level of protein is acceptable in wheat, but knowledge about the 

expected effect of agronomic practices such as fertilization rate and fungicide are useful to 

farmers and processors.  The baking quality analysis performed by CIGI indicates that for many 

end uses, the higher N rates and fungicide applications used in this study did not lower the 

quality of the flour, and in some cases increased the quality. 

Test weight is a grade factor in Ontario wheat, and practices increasing test weight may make a 

difference in price received.  Increased N rate had little effect on test weight in this study, while 

fungicides at T2 or T3 increased it at some sites.  There is some evidence that test weights are 

increased by fungicide application more at the higher N rates than the 100 kg ha-1 rate, 

although this was not completely consistent among sites. 

The DON-reducing effect of triazole fungicides applied at T3 was confirmed in this study, with 

average reduction of 35% across all sites.  Some evidence suggests that DON production may 

increase with increased N levels (Heier et al., 2005), however that possibility was not tested in 

this study.  
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Table 22: Protein by variety at study sites (% crude protein, dry matter basis), average across all N rates 

and fungicides. 

  2008   2009   2010 

Variety Kerwood Ilderton Lucan   W. Lorne   Ridgetown Lucan Ilderton 

25R23 11.3 10.9 - 
 

- 
 

- - - 

25R39 - - - 
 

- 
 

10.8 10.6 10.6 

25R47 11.3 11.2 11.1 
 

10.7 
 

10.9 10.9 11 

25R47Cr* - - - 
 

10.6 
 

- - - 

25R51 - - -   
 

10.2 
 

10.7 10.9 10.9 

25R56 - - - 
 

9.5 
 

- - - 

E1007R 11.6       
 

10.8 
 

11.8 11.5 11.7 

Emmit 11.3 11 11.1 
 

10.4 
 

11.1 11 11.2 

RO45 -  -  - 
 

- 
 

11.3 11.5 11.6 

RO55 12.3  -  12.3 
 

10.9 
 

- - - 

RO55Cr* 11.9  -  -   -   - - - 
*: Cr indicates Cruiser-treated seed. 
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Table 23: Pearson Correlation coefficients between grain yield and grain crude protein at three N 

application rates at each of seven sites, with probability and number of observations. 

Year Site N rate r Prob > r n 

2008 Kerwood 100 kg ha-1 0.232 0.003 167 

135 kg ha-1 -0.075 0.335 167 

170 kg ha-1 -0.067 0.393 167 

Ilderton 100 kg ha-1 0.088 0.464 72 

135 kg ha-1 -0.391 0.001 72 

170 kg ha-1 -0.371 0.001 72 

Lucan 100 kg ha-1 0.060 0.561 96 

135 kg ha-1 -0.174 0.093 94 

170 kg ha-1 -0.085 0.419 92 

2009 West Lorne 100 kg ha-1 -0.098 0.378 83 

135 kg ha-1 0.120 0.266 88 

170 kg ha-1 -0.303 <0.001 145 

2010 Ridgetown 100 kg ha-1 -0.137 0.108 139 

135 kg ha-1 -0.296 <0.001 141 

170 kg ha-1 -0.272 0.005 107 

Lucan 100 kg ha-1 -0.007 0.936 136 

135 kg ha-1 0.134 0.111 142 

170 kg ha-1 0.125 0.137 144 

Ilderton 100 kg ha-1 -0.135 0.110 142 

135 kg ha-1 -0.414 <0.001 143 

170 kg ha-1 -0.370 <0.001 144 
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Table 24: Test weight (kg hL
-1

) by winter wheat variety and site, averaged across all N application rates 

and fungicide treatments. 

  2008   2009   2010 

  Kerwood Lucan   W. Lorne Lucan   Ridgetown Belmont Lucan Ilderton 

25R23 70.6 
         25R39 

      
74.7 76.3 76 75.3 

25R47 70.5 73.8 
 

75.8 70.2 
 

74.9 76 75 74.5 

25R47Cr* 
   

75.8 70.2 
     25R51 

   
76.8 70.4 

 
75.3 76.7 74.6 75.1 

25R56 
   

76.4 70.6 
     E1007R 70.9 

  
77.5 70.3 

 
75.5 76.3 75.9 75.2 

Emmit 71.6 75 
 

76.8 71.2 
 

76.3 76.5 76.5 75.8 

RO45 
      

76.5 77.6 76.4 75.7 

RO55 72.5 74.3 
 

77 71 
     RO55Cr* 71.9                   

*: Cr indicates Cruiser-treated seed. 

 

 

Table 25: Test weight (kg hL
-1

) of winter wheat by fungicide treatment and site, averaged across N rate 

and variety. 

  2008   2009   2010 

  Kerwood Lucan   W. Lorne Lucan   Ridgetown Belmont Lucan Ilderton 

UTC 70.7 d 74.0 b 

 
76.3 c 70.6 b 

 
75.3 

 

76.2 de 74.5 e 75.1 bc 

T1 70.4 d 74.0 b 

 
76.4 c 69.5 d 

 
75.9 

 

76.5 bc 74.5 e 74.8 c 

T2 71.0 cd 73.9 b 

 
76.6 abc 70.8 b 

 
75.5 

 

76.0 e 75.4 d 75.2 b 

T3 72.0 a 74.8 a 

 
76.7 ab 71.5 a 

 
75.8 

 

76.8 ab 76.2 c 75.3 ab 

T12 71.3 c 74.0 b 

 
76.5 bc 69.9 cd 

 
75.8 

 

76.4 cd 75.3 d 75.0 bc 

T13 71.4 bc 74.5 ab 

 
76.6 abc 70.4 b 

 
75.5 

 

77.1 a 76.4 bc 75.3 ab 

T23 72.0 ab 74.9 a 

 
76.9 a 71.6 a 

 
75.0 

 

76.6 bc 76.7 ab 75.6 a 

T123 71.9 ab 74.8 a   76.6 abc 70.3 bc   75.4 
 

77.0 a 76.8 a 75.6 a 

UTC: no fungicide; T1: fungicide at Zadoks growth stage (GS) 29; T2: fungicide at GS 39; T3: fungicide at GS 60-65; 

other treatments are multiple fungicide as indicated by number combination.  Treatment values at the same site 

not followed by the same letter are significantly different (p=0.05, Tukey-Kramer). 

  



76 

 

Table 26: Change in winter wheat test weight (% change from without fungicide treatment) with 

application of fungicide at T1 (Zadoks Growth Stage (GS) 29) or T3 (GS 65), averaged across variety. 

    T1 Fungicide   T3 Fungicide 

Year Site 100 kg/ha 135 kg/ha 170 kg/ha 
 

100 kg/ha 135 kg/ha 170 kg/ha 

2008 Kerwood -0.1% 
 

-0.2% 
 

-0.3% 
  

0.9% * 1.9% * 1.3% * 

Lucan -0.1%   0.1%   -0.2%   
 

1.0% * 1.2% * 0.9% * 

2009 W Lorne -0.9% * 0.1%   0.3% † 
 

0.1%   0.5% * 0.4% * 

Lucan -1.4% * -1.7% * -1.4% * 
 

0.7% * 1.5% * 1.0% * 

2010 Ridgetown 0.0%   -0.9%   1.8% * 
 

-0.7%   -0.2%   0.1%   

Belmont -0.2% 
 

1.0% * 0.5% * 
 

0.6% * 0.5% * 1.3% * 

Lucan 0.1% 
 

0.0% 
 

0.1% 
  

1.8% * 2.3% * 2.3% * 

Ilderton -0.6% * 0.2%   -0.2%     0.5% * 0.4% * 0.8% * 

  Average -0.4%   -0.2%   0.1%     0.6%   1.0%   1.0%   
*=significantly different from without fungicide treatment at p=0.05; †: significantly different from without fungicide treatment 

at p=0.10 (Tukey-Kramer). 

 

 

Table 27: Effect of T3 fungicide on winter wheat deoxynivalenol (DON) levels (mg kg
-1

), and level of 

DON found in varieties at each site, averaged across fungicide treatments. 

  2008   2009   2010 

Fungicide Kerwood Ilderton   W. Lorne   Ridgetown Belmont Lucan Ilderton 

UTC 0.40 0.26 
 

0.16 
 

0.77 0.99 0.31 0.26 

T3 0.28 0.16 
 

0.10 
 

0.60 0.60 0.19 0.15 

Reduction (%)  -28%*  -37%*    -38%*    -23%*  -39%*  -38%†  -41%* 

S.E. 0.06 0.02   0.01   0.35 0.13 0.04 0.04 

Variety                   

25R23 0.35 0.19 
 

 - 
 

 -  -  -  - 

25R39  -  - 
 

 - 
 

0.45 0.52 0.18 0.13 

25R47 0.3 0.17 
 

0.17 
 

0.77 0.48 0.25 0.22 

25R47Cr  -  - 
 

0.16 
 

 -  -  -  - 

25R51  -  - 
 

0.05 
 

0.3 0.43 0.1 0.07 

25R56  -  - 
 

0.12 
 

 -  -  -  - 

E1007R 0.58  - 
 

0.15 
 

1.23 1.48 0.5 0.45 

Emmit 0.35 0.28 
 

0.15 
 

0.68 1.03 0.2 0.15 

RO45  -  - 
 

 - 
 

0.67 0.82 0.28 0.2 

RO55 0.25  - 
 

0.09 
 

 -  -  -  - 

RO55Cr 0.21  -    -    -  -  -  - 

S.E. 0.07 0.04   0.02   0.39 0.17 0.08 0.08 
*: significantly different from without fungicide treatment at p=0.05; †: significantly different from without fungicide treatment  

at p=0.10 (Tukey-Kramer). 
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Table 28: Flour protein (dry matter basis) of six 

varieties of soft red winter wheat grown at two N 

rates (average of 2010 Lucan and Ilderton sites). 

  100 kg ha-1 N   170 kg ha-1 N 

Variety % Protein SE   % Protein SE 

RO45 8.6 0.2 
 

10.0 0.1 

Emmit 9.1 0.2 
 

10.5 0.1 

E1007R 8.7 0.1 
 

10.2 0.2 

25R51 8.4 0.3 
 

10.0 0.3 

25R47 8.1 0.4 
 

9.3 0.2 

25R39 8.1 0.2   9.8 0.1 

 

Table 29: Flour protein (dry matter basis), alveograph parameter measurements, 

and lactic acid solvent retention capacity of six varieties of soft red winter wheat, 

averaged across N rate, fungicide and two sites (2010 Lucan and Ilderton). 

 

  Flour 
Protein 

Alveograph Parameters 

LA SRC   P W L 

RO45 9.3 abc 25 cd 38 c 70 d 91 cd 

Emmit 9.8 a 25 d 50 c 100 bc 87 d 

E1007R 9.5 ab 29 bc 92 a 135 a 113 a 

25R51 9.1 abc 31 b 81 a 110 b 96 c 

25R47 8.7 c 24 d 68 b 120 ab 102 b 

25R39 9.0 bc 42 a 90 a 80 cd 103 b 
Treatment values within each parameter not followed by the same letter are significantly 

different (p=0.05). 
 

Table 30: Alveograph parameters and Lactic Acid Solvent Retention Capacity (SRC) of six varieties of 

winter wheat at two different N application rates (average of two varieties at two sites). 

  Alveograph P   Alveograph W   Alveograph L   Lactic Acid SRC 

 

100 kg 
ha

-1
 

170 kg 
ha

-1
 

 

100 kg 
ha

-1
 

170 kg 
ha

-1
 

 

100 kg 
ha

-1
 

170 kg 
ha

-1
 

 

100 kg 
ha

-1
 

170 kg 
ha

-1
 

Variety P SE P SE   W SE W SE   L SE L SE   SRC SE SRC SE 

RO45 23 1 26 1 
 

38 2 43 2 
 

63 5 65 5 
 

88 1 92 2 

Emmit 24 1 25 1 
 

48 3 52 3 
 

91 3 110 10 
 

86 1 87 2 

E1007R 29 1 30 1 
 

85 5 101 8 
 

119 6 158 14 
 

109 2 116 3 

25R51 28 2 33 1 
 

68 5 97 5 
 

97 11 119 4 
 

94 3 98 3 

25R47 25 2 25 1 
 

63 4 70 1 
 

106 6 128 12 
 

98 2 105 3 

25R39 39 4 43 4   80 8 100 3   71 4 90 11   100 1 103 2 
SE: Standard Error. 
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Figure 4:  Protein (% crude protein, dry matter basis) at different N application rates at seven sites 

(averaged across fungicide treatments).  Error bars show standard error.  Columns within site not labeled 

with the same letter are significantly different at p=0.05. 
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Chapter 3: Economics Effects of Changing Fungicide and Nitrogen Management System in 

Winter Wheat   

3.1  Abstract 

Winter wheat yields in Ontario have increased by 2.0% per annum over the last 30 years, which is nearly 

the same rate of increase as maize (2.2%), but given the lower initial yield and near parity of price, the 

economics of growing wheat are less favourable than maize at present.  Foliar fungicides have been 

found to increase wheat yield, as has increased nitrogen (N) application rate.  Field studies were 

conducted on soft red winter wheat (Triticum aestivum L.) to examine the effect of fungicide timing and 

frequency, applied N rate, and variety on wheat yield and profitability at nine sites in southwestern 

Ontario, Canada.  Eight fungicide timing combinations were applied as splits on three N rate blocks (100, 

135, and 170 kg ha-1), applied across variety strips (between three and seven) in a split-strip-plot design 

with three replicates.  Yield was measured from each plot, and quadratic N response curves were 

generated, from which Most Economical Rate of Nitrogen (MERN) was calculated.  Net revenue for each 

treatment was calculated as gross revenue less variable expenses associated with increased fungicide 

and N costs over the “control” 100 kg N ha-1, without fungicide treatment.  The MERN was 33% higher 

(averaged over five sites) with an intensive three-fungicide treatment than when no fungicides were 

applied, but MERN does not account for cost of fungicides.  Nitrogen application rate independent of 

fungicide effects changed net revenue at only one of nine sites, while profitability of fungicides 

depended on disease pressure at sites.  Interaction between fungicides and N rate were not consistent 

between sites, but were likely related to disease severity to determine whether net revenue was higher 

or lower with fungicide application at higher N rates. 

 

3.2  Introduction 

The previous chapters have shown that higher winter wheat yields are often possible in Ontario with 

increased rates of N application, use of fungicides, and growth regulators.  It is important, however, to 

examine the economics of different management systems to discern which treatment combinations are 

likely to result in the highest profit margin for farmers.   

Nitrogen rate studies in Ontario have suggested that the current recommendations for N are still the 

most profitable in Ontario.  Greater yields are sometimes achieved with higher N application rates, but 
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the likelihood of increased profit at 120 kg ha-1 applied N compared to the currently recommended 90 

kg N ha-1 rate was less than 30% in Ontario trials from 2003-2005 (Johnson, 2005).  This research was 

done without fungicide application, so increased disease levels, due both to denser canopy (Tompkins et 

al., 1993) and physiological changes in the plant (Bainbridge, 1974) may have reduced yield from the 

levels made possible by increased N rates. 

Fungicide application apart from other management factors has also been shown to increase yields, but 

the economic benefit is not as clear.  Under very low disease pressure, Weisz et al. (2011) found no 

economic advantage to applying foliar fungicide, and concluded that while “preventive” fungicides may 

delay senescence and increase yield, they are not generally profitable.  Wegulo et al. (2011) found that 

year and site within year had significant effects on profitability of fungicide applications in hard red 

winter wheat in the Great Plains, and concluded that many factors should be taken into account in a 

fungicide decision.  While yield and profit increases with fungicide application can be dramatic in some 

cases, not all situations will result in a yield increase (Cook & King, 1984).  Routine spraying without 

consideration of disease pressure and weather factors was often unprofitable in a study done in Sweden 

(Wiik & Rosenqvist, 2010).  Earlier research on fungicide efficacy suggests importance of variety in 

response to fungicide, and therefore profitability (Sutton & Roke, 1986; Peltonen & Karjalainen, 1997). 

This study looked at the effects of different N and fungicide combinations on wheat yield and quality in 

Ontario, and at changes in profitability which might occur as a result of different management 

strategies.  Both the potential for increased profit and the consistency of profitability are important 

when looking at economic factors.  It is hypothesized that profitability of different management 

strategies will vary among sites, as fungicide efficacy will be related to disease pressure at different 

sites.  Soil N made available by microbial action likely plays an important role in determining profitability 

of higher N rates. 

3.3  Materials and Methods 

Experimental design:  Experiments were installed as split-strip-blocks with three replicates, with 

varieties (varying from three to seven at different sites) in strips running the length of the field, with 

three N rates as blocks (100, 135, and 170 kg ha-1) applied perpendicular to the varieties.  Each N rate 

block was split into a factorial arrangement of three different fungicide timings, referred to as T1 (at 

Zadoks Growth Stage (GS) 29), T2 (GS 39), and T3 (GS 60-65), further outlined in Table 1. The plant 

growth regulator (PGR) chlormequat chloride (Cycocel, BASF Crop Protection, Limburgerhof, Germany) 
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was applied to the 170 kg ha-1 N rate plots at 1.15 kg a.i. ha-1 at GS 29.  Additionally, an untreated check 

(UTC) (0 kg ha-1 N, no fungicide) was established in each rep in 2009 and 2010, and a 60 kg ha-1 N rate 

without fungicide was established in 2010 only.  Three sites were established in 2008, two in 2009, and 

four in 2010, in Kent, Elgin, and Middlesex counties in southwestern Ontario.  Chapter 1 gives further 

details for the trials, including experimental design, location of sites, and cultural practices and timings. 

Economic calculations:  Estimates for fertilizer and fungicide prices were taken from prices given by an 

input supplier in Ontario (Saarloos, 2011), while application costs were taken from the Ontario Ministry 

of Agriculture, Food, and Rural Affairs (OMAFRA) list of custom application costs (Molenhuis, 2010).  

Different seed costs for each variety were not factored into the calculations.  Net revenues for each 

treatment were arrived at by multiplying the yield by a grain price of $220.50 t-1(approximate Chicago 

Board of Trade soft red wheat price, June 2012), and subtracting from this total revenue the variable 

costs associated with the treatments examined in this study.  Variable costs include fungicide product 

costs, application costs for T2 and T3 (T1 is considered a tankmix with the herbicide), N cost, and 

increased potassium (K) and phosphorus (P) crop removal of additional yield.  Input cost assumptions 

are presented in Table 31.  Crop removal rates for P and K are taken from the provincial Soil Fertility 

Handbook and adjusted for the specific yield at the site (Reid, 2006).  The dollar value remaining 

includes costs common to all treatments, plus profit. 

Yield regression equations for N response were generated separately at each site for the without 

fungicide treatment, the T3 treatment, and the T123 treatment, using the quadratic response function.  

The UTC plot yields and 60 kg ha-1 N rate were used to generate the yield regression equations for the 

without fungicide treatment, and imputed zero N yields were calculated for the T3 treatment by adding 

3% to the UTC plots, and 5% to the T123 plots.  These numbers were chosen by observing the decreased 

efficacy of fungicides at lower N rates in the 100 to 170 kg ha-1 N range, and extrapolating to zero N.   

Yield regression curves were generated for comparison using 5% and 7% increases for T3 and T123 

respectively, and also by using the same yield increase at zero N as that seen at 100 kg ha-1 N for each 

fungicide treatment.  Comparison of the three methods resulted in no appreciable difference in the 

regression curves in the 100 to 170 kg N ha-1 range. 

The MERN was calculated for the without fungicide ,T3, and T123 by finding the first derivative of the 

yield regression equations and setting the price ratio (N value kg-1/grain value kg-1) equal to it (Denys et 

al., 2006).  Price ratios were calculated for each of the last 30 years using the average wheat price 
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(McGee, 2012) and the average price paid for N fertilizer in the form of liquid urea ammonium nitrate 

(UAN) (United States Department of Agriculture, 2012).  The annual price ratios ranged from 2.4 to 8.5 

in the last 30 years (data not shown), so MERNs were calculated to include that range of price ratios.  

MERN values for the two alternate methods (5% and 7%, or using the same yield increase as seen at the 

100 kg N ha-1 rate) were within 3.8% at all sites and fungicide treatments except one (Lucan 2009 

showed an 8.8% increase in MERN for the T123 treatment using the same increase as the 100 kg N ha-1 

rate over the 3% and 5% method; data not shown). 

The yield and economic effect of wheat trampled due to input application is not considered in this 

analysis, as sprayer configurations vary in trampling damage, and tramline establishment could reduce 

losses as well.  Trampling damage in the range of 2% - 4% would not be unusual for the range of tire 

width and boom width seen in Ontario. 

Data Analysis:  N response curves were generated using SAS PROC MIXED (SAS Institute, 2002) to 

generate the quadratic equations, and PROC CORR (SAS Institute, 2002) to determine r2 values for the 

equations.  The SAS procedure PROC MIXED (SAS Institute, 2002) was used to conduct an analysis of 

variance of revenue less variable expenses using all factors (N rate, T1, T2, T3, variety) and their 

interactions.  Sites were analyzed separately to determine environmental effects on treatment 

combination efficacy.  Experimental error was checked for normality using PROC UNIVARIATE (SAS 

Institute, 2002) on model residuals for each site; residuals were plotted against predicted values to 

check for uniform error distribution. 

3.4  Results and Discussion 

MERN:  The Most Economical Rate of Nitrogen (MERN) differs among sites, and also among fungicide 

treatments.  For example, at a price ratio of six (approximate value in June 2012), the MERN for the 

without fungicide treatment averaged 122 kg N ha-1 across the five sites, while the T123 fungicide 

treatment averaged 33% higher at 162 kg N ha-1.  The MERN for the T123 was higher than the without 

fungicide treatment at all sites, but the MERN for the T3 treatment was lower than both the T123 and 

without fungicide treatments at two sites, higher at two sites, and between the two treatments at two 

sites.  Similar to our findings, Berry et al. (2010) found that MERN rates were greater when fungicides 

were applied than without fungicides.  The same study also found that fungicide treatments that gave a 

level of disease control between the untreated and fully treated fungicide programs gave an 

intermediate MERN level; this differs from our findings, but the two sites with the highest levels of 
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disease in our study (Lucan and Ridgetown in 2010; Table 32) did show a MERN level for the T3 

treatment intermediate to the T123 and without fungicide treatments (Table 33).  Higher N rates are 

associated with greater disease severity (see Chapter 1), so it is likely that the higher MERN with 

fungicide application is related to the amelioration of the disease risk by fungicides. 

Variation between MERN rates at different sites was considerable.  For instance, the two 2009 site-years 

had an average MERN of 163 kg N ha-1 in the without fungicide treatment, and 224 kg N ha-1 in the T123 

treatments, whereas the 2010 sites had MERNs of 33% and 37% less, respectively.  As discussed in 

Chapter 1, this is likely related to the cold, wet spring and cold season in 2009, compared to the warm, 

dry spring and warmer season in 2010; conditions in 2010 were more amenable to microbial activity, 

with subsequent mineralization of organic matter.  Average monthly temperature and precipitation are 

presented in Appendix A, Table 4. 

MERN rates relate only yield and N application rate, so whereas the MERN may be higher on crops that 

have diseases controlled by fungicide, the comparison is only true if the other costs were equal.  

Application of fungicides does have a cost, however, so further examination of the economics of the 

whole system needs to consider more than just the MERN. 

Net Revenue:  Factoring in the costs of production by subtracting the variable costs associated with the 

treatments in this study from the income generated by yield, it is possible to examine the effect of the 

various treatments on net revenue after variable costs.  The simple effect of N rate among the 100, 135, 

and 170 kg N ha-1 rates caused significant changes in profitability (p=0.05) at only one of nine sites, while 

the simple effect of fungicide resulted in changes in profitability at eight of nine sites (Table 34).  The T3 

and T13 fungicide treatments were only significantly different from the most profitable treatment at 

one site (Lucan in 2010, the most diseased site), which is true of no other fungicide combinations.  The 

without fungicide treatment was competitive for profitability, being in the most profitable group at five 

of nine sites (Table 34); sites at which the without fungicide treatment was not competitive were among 

the most diseased sites in the study (Table 32).  Weisz et al. (2011) found that under very low disease 

pressure, profit was not likely to be increased by fungicide application.  The inconsistent profitability of 

fungicide application agrees with previous research done in the United Kingdom and Sweden (Cook & 

King, 1984; Wiik & Rosenqvist, 2010). 

Interaction was observed between N and fungicide affect on net revenue, but varied among sites.  For 

example, at West Lorne in 2009, the without fungicide treatment was among the most profitable at the 
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100 kg ha-1 N rate, and the T13 treatment was lower (though not significantly).  At the 135 kg N ha-1, the 

T13 treatment is not significantly different than the without fungicide treatment, but at the 170 kg N ha-

1, the T13 treatment is 5.9% more profitable than the without fungicide treatment (p<0.05).  The 

importance of site-year on the economics of different treatments can be seen by contrasting the pattern 

at West Lorne in 2009 to that of Lucan in 2010 (Table 35).  At Lucan, the without fungicide treatment 

was in the lowest net revenue group at all N rates (Table35).  Net revenue increased (p<0.05) between 

6.0% and 9.0% with any of the two-fungicide treatments than the without fungicide treatment at the 

100 kg N ha-1 rate.  At the 135 and 170 kg N ha-1 treatments, any fungicide treatment with T2 or T3 

resulted in increased net revenue (p<0.05) over the without fungicide treatment, ranging from 8.9% to 

17.2% increases over the without fungicide treatment.  Net revenues decreased 10.2% in the without 

fungicide treatment, but only 3.5% in the T123 treatment, indicating that the difference in net revenue 

lessened as fungicides were used to protect the crop from disease.  

Lucan was the only site where different N rates resulted in significantly different net revenues, showing 

lower profitability at the higher N rates.  Disease pressure was higher at the Lucan 2010 site (Table 32), 

which likely explains the difference in profitability due to fungicides between the sites.  Disease infection 

was more severe at higher N rates (data not shown), so the effect of fungicides on higher N rates would 

be expected to be greater, as the net revenues indicate.  Both year and site differences in profitability of 

fungicide application were found by Wegulo et al. (2011).  Wiik and Rosenqvist (2010) found that 

weather patterns during the whole life cycle of wheat, and the impact of weather on disease pressure, 

were significant in determining the economic effect of fungicides. 

The pattern of net revenue is generally stable as wheat and N prices change, with minor changes in 

means separation among treatments as wheat and N prices change (Tables 34 and 36).  For instance, 

with a wheat price of $183.67 t-1 and N at $1.10 kg-1, the without fungicide treatment is not different 

than the highest net revenue treatment at six sites (Table 36a), but with a wheat price of $257.13 t-1 and 

N at $1.54 kg-1, the without fungicide treatment is not different from the highest net revenue at only 

four sites (Table36b).  Conversely, fungicide at T3 is not different from the highest net revenue 

treatment with wheat at 183.67 t-1 and N at $1.10 kg-1 (Table 36a), but with wheat at $257.13 t-1 and N 

at $1.54 kg-1, it is significantly lower than the T23 and T123 treatments (Table 36b) at Lucan in 2010.  

Lucan in 2010 had the highest disease rating of all our study sites (Table 32), so it is likely that as the 

price received for wheat grain increases, disease severity and its subsequent yield loss become more 

important, since the price of fungicide inputs is likely to be stable and independent of commodity price. 
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Varieties differed in profitability, but experimental design used precludes means separation between 

varieties.  No variety was consistently the most or least profitable, although some were more often at 

one of the extremes (data not shown).  Varietal interaction with fungicide was inconsistent among sites 

in its effect on profit, with few significant differences among varieties in response to any of the fungicide 

timings.  The Lucan 2010 site showed interaction between fungicide timing and net revenue (Table 37); 

lodging was severe in three varieties, likely caused by powdery mildew damage.  The three varieties with 

the worst lodging improved net revenues between 7.7% and 11.0% with application of T2 against 

treatments without T2 (p<0.05), while the three other varieties ranged from 0.0% to 2.4%.  In contrast, 

the Lucan 2009 site, where disease pressure was lower (Table 32), shows no significant difference 

between treatments with and without fungicide at T2 (Table 37).  Varietal difference in economic 

benefit of fungicides has been suggested from earlier work (Sutton & Roke, 1986; Peltonen & 

Karjalainen, 1997). 

3.5  Conclusions 

Increased yields were achieved with greater inputs at many sites, but the economic  advantages were 

not always as clear.  The MERN was higher for the T123 fungicide treatment than the without fungicide 

treatment at all sites for which the comparison could be made, but the MERN comparison only accounts 

for N and grain prices, not the cost of fungicides.  Increased N rate without regard to fungicide only 

significantly changed the net revenue at one site (at which it was lowered), and change in net revenue 

was site-dependent with fungicide application.  Sites with high disease pressure were more likely to 

show significant increases in net revenue with application of fungicides at T2 and T3, especially as the N 

rate was increased.  Changing the price of wheat and N had only minor consequences on the economic 

differences between treatments, although fungicide applications were more frequently among the 

highest net revenue treatments as the price of wheat increased.  Increasing inputs without knowledge 

of disease pressure in a crop is unlikely to increase profits, but where disease pressure is high, significant 

gains in net revenue can be seen with fungicide application. 

The best choice of management strategies for winter wheat depend on factors beyond the control of 

farmers, most notably the environment (as it affects N availability and disease severity) and the price 

received for wheat.  In environments conducive to disease growth, fungicides are more likely to prove 

economically advantageous, whereas under low disease pressure, there is likely to be an economic 
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advantage.  As wheat price rises, however, fungicides are more likely to become an economically 

advantageous option, as the cost of fungicide is relatively stable in the face of rising commodity prices.  
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Table 31: Input price assumptions for fungicides and fertilizer used for 

economic analysis. 

Factor Chemical $ ha-1 

Plant Growth Regulator Cycocel $42.00  

T1 Fungicide Stratego $22.23  

T2 Fungicide Headline $49.40  

T3 Fungicide Prosaro $39.52  

    Application Cost   $22.23  

     

    
$ kg-1 of N 

Nitrogen UAN $1.43  

     Fertilizer $ t-1 
 

$ (t-1 ha-1) yield 

Phosphorus $750  MAP $14.10  

Potassium $550  Potash $5.50  

 

Table 32: Disease severity (percent of leaf area infected, pooled across varieties, N rates, 
and fungicides) at study sites. 

         Septoria   _      Leaf Rust   _ Powdery Mildew 

  Site Flag Canopy Flag Canopy Flag Canopy 

2008 Kerwood 3.1 3.1 1.0 1.6 0.0 0.1 

Ilderton 2.6 6.8 0.8 0.8 0.3 0.0 

Lucan 2.2 5.2 0.5 0.7 1.2 2.6 

2009 WestLorne 2.6 17.0 0.5 0.2 0.2 0.1 

Lucan 3.1 21.8 0.4 0.1 0.0 0.0 

Belmont 2.0 15.3 0.6 0.2 0.0 0.0 

2010 Ridgetown 10.1 19.4 1.7 0.8 0.7 1.0 

Belmont 5.0 17.4 1.0 0.2 0.1 0.0 

Lucan 11.2 31.2 1.3 0.8 3.1 4.2 

Ilderton 6.3 27.2 3.5 2.0 0.7 0.9 

Flag: Flag leaf; Canopy: leaves other than flag leaf. 
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Table 33:  Most Economical Rate of Nitrogen (MERN) for three fungicide treatments at fertilizer N to 

grain price ratios between 2 and 12, at each of six sites; averaged over varieties. 

Year Site Fungicide 
Price ratio (N value kg-1/grain value kg-1) 

2 4 6 8 10 12 
2009 West 

Lorne 
WF 201 190 180 170 160 150 

T3 269 255 241 226 212 198 

T123 247 235 223 211 199 187 
Lucan WF 165 155 146 136 126 117 

T3 152 145 139 132 125 119 

T123 251 238 225 211 198 185 
2010 Ridgetown WF 114 106 98 91 83 75 

T3 136 127 119 111 102 94 

T123 159 148 138 127 116 105 
Belmont WF 

      T3 234 217 200 183 166 149 

T123 186 174 162 150 138 126 
Lucan WF 117 109 101 93 86 78 

T3 140 132 124 117 109 101 

T123 153 145 138 131 124 117 
Ilderton WF 150 140 131 121 111 101 

T3 137 130 123 116 109 102 

T123 168 159 150 142 133 124 
WF: without fungicide; *: the WF treatment at Belmont in 2010 had a positive linear response, and is thus not compared with 
the quadratic values. 
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Table 34: Net revenue ($ ha
-1

) after subtracting variable costs associated with nitrogen and fungicides 

over the control of 100 kg ha
-1

 N and no fungicide application), by N rate and by fungicide treatment 

(averaged across varieties). 

Applied N 
(kg ha

-1
) 

                2008              _            2009         _                                  2010                              _ 

Kerwood Ilderton Lucan 
West 
Lorne Lucan Ridgetown Belmont Lucan Ilderton 

100 1052 1443 1368 1356 1263 1770 1328 1494 a 1424 

135 1149 1505 1383 1468 1284 1707 1378 1484 ab 1340 

170 995 1509 1328 1482 1303 1670 1334 1391 b 1355 

S.E. 77 37 44 32 17 25 17 22 27 

          Fungicide 

         WF 1096 a 1526 ab 1356 a 1427 ab 1225 d 1674 d 1364 ab 1351 c 1340 b 

T1 1050 b 1476 bc 1340 a 1457 a 1262 bcd 1685 cd 1337 bc 1365 c 1374 ab 

T2 1058 b 1488 abc 1372 a 1455 a 1307 ab 1702 cd 1339 bc 1462 b 1363 ab 

T3 1096 a 1530 a 1379 a 1448 a 1322 a 1759 a 1389 a 1471 b 1377 ab 

T12 1059 b 1449 c 1357 a 1441 a 1287 abc 1697 cd 1311 c 1481 b 1390 a 

T13 1098 a 1487 abc 1348 a 1465 a 1322 a 1751 a 1349 abc 1470 b 1396 a 

T23 1028 b 1455 c 1349 a 1393 b 1245 cd 1740 ab 1365 ab 1526 a 1358 ab 

T123 1036 b 1475 c 1378 a 1395 b 1296 abc 1715 bc 1319 c 1525 a 1383 a 

S.E. 69 30 37 20 17 17 15 17 17 

WF: without fungicide; S.E.: Standard error.  Treatments at the same site not followed by the same letter are significantly 
different (p=0.05).  Price assumptions: Wheat at $220.50 t

-1
, N at $1.43 kg

-1
. 

 

Table 35: Effect of fungicide application on profitability ($ ha
-1

 after subtracting variables costs of 

nitrogen and fungicide) at different N application rates, at a site with lower disease pressure (West Lorne), 

and one with high disease pressure (Lucan).  Wheat at $220.50 t
-1

, N at $1.43 kg
-1 

(Price Ratio 6.5). 

                   West Lorne 2009                _                  Lucan 2010                _ 

 
N Application Rate (kg ha-1) N Application Rate (kg ha-1) 

Fungicide 100 135 170 100 135 170 

WF 1384 a 1447 a 1449 bc 1418 c 1362 c 1273 c 

T1 1395 a 1486 a 1489 abc 1444 bc 1390 c 1260 c 

T2 1384 a 1500 a 1482 abc 1502 abc 1499 b 1386 b 

T3 1354 ab 1482 a 1509 ab 1501 abc 1508 b 1404 b 

T12 1351 ab 1449 a 1521 ab 1504 ab 1489 b 1449 ab 

T13 1363 ab 1497 a 1535 a 1519 ab 1489 b 1402 b 

T23 1313 ab 1443 a 1423 c 1519 ab 1596 a 1462 ab 

T123 1300 b 1435 a 1449 bc 1546 a 1538 ab 1492 a 
Values in the same N rate and site not followed by the same letter are significantly different (p=0.05). 
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Table 36a: Net revenue ($ ha
-1

) after subtracting variable costs associated with nitrogen and fungicides 

over the control of 100 kg ha
-1

 N and no fungicide application), by N rate and by fungicide treatment 

(averaged across varieties).  Wheat at $183.67 t
-1

, N at $1.10 kg
-1 

(Price Ratio 6.0). 

Applied N 
(kg ha

-1
) 

2008 2009 2010 

Kerwood Ilderton Lucan W Lorne Lucan Ridgetown Belmont Lucan Ilderton 

100 862 1189 1127 1117 1038 1460 1092 1231 a 1171 

135 944 1243 1142 1211 1058 1411 1137 1223 ab 1107 

170 813 1240 1090 1216 1067 1376 1095 1142 b 1112 

S.E. 62 31 36 26 14 20 13 19 22 

          Fungicide 
         WF 912 a 1270 a 1129 1189 a 1021 b 1396 b 1137 ab 1127 d 1117 ab 

T1 872 bc 1226 bc 1112 1208 a 1048 ab 1401 b 1109 abc 1134 d 1142 a 

T2 870 c 1226 bc 1132 1198 a 1075 a 1406 b 1102 bcd 1206 c 1124 ab 

T3 902 a 1263 ab 1137 1193 a 1090 a 1455 a 1144 a 1213 abc 1137 ab 

T12 865 c 1191 c 1114 1181 a 1055 ab 1399 b 1075 cd 1216 abc 1142 a 

T13 899 ab 1223 bc 1109 1203 a 1085 a 1443 a 1109 bc 1208 bc 1149 a 

T23 833 d 1189 c 1100 1137 b 1013 b 1426 ab 1112 ab 1245 a 1107 b 

T123 835 d 1201 c 1119 1134 b 1050 ab 1401 b 1070 d 1240 ab 1124 ab 

S.E. 57 24 31 17 15 15 12 15 15 

WF: without fungicide; S.E.: Standard error.  Treatments at the same site not followed by the same letter are significantly 
different (p=0.05). 
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Table 36b: Net revenue ($ ha
-1

) after subtracting variable costs associated with nitrogen and fungicides 

over the control of 100 kg ha
-1

 N and no fungicide application), by N rate and by fungicide treatment 

(averaged across varieties).  Wheat at $257.13 t
-1

, N at $1.54 kg
-1

 (Price Ratio 6.0). 

Applied N 
(kg ha

-1
) 

                2008              _            2009         _                                  2010                              _ 

Kerwood Ilderton Lucan West Lorne Lucan Ridgetown Belmont Lucan Ilderton 

100 1240 1697 1610 1595 1488 2079 1564 1758 1675 

135 1360 1776 1633 1733 1518 2010 1627 1752 1581 

170 1192 1794 1581 1763 1554 1980 1589 1655 1612 

S.E. 90 45 53 37 21 30 19 27 32 

          Fungicide 

         WF 1286 abc 1789 ab 1589 ab 1673 bcd 1437 d 1960 d 1599 abc 1583 c 1570 b 

T1 1236 d 1734 bc 1574 b 1713 ab 1485 bcd 1976 cd 1572 c 1603 c 1614 ab 

T2 1255 cd 1757 abc 1622 ab 1720 a 1548 ab 2006 bc 1583 bc 1728 b 1611 ab 

T3 1297 ab 1805 a 1627 ab 1710 abc 1564 a 2071 a 1640 a 1736 b 1625 a 

T12 1260 bcd 1715 c 1607 ab 1707 abcd 1527 abc 2004 bc 1554 c 1754 b 1646 a 

T13 1305 a 1758 abc 1595 ab 1733 a 1567 a 2066 a 1597 abc 1739 b 1651 a 

T23 1230 d 1729 c 1605 ab 1658 d 1485 cd 2062 a 1625 ab 1814 a 1616 ab 

T123 1244 cd 1758 abc 1644 a 1664 cd 1550 a 2037 ab 1575 bc 1818 a 1650 a 

S.E. 83 34 45 24 22 21 17 22 22 

WF: without fungicide; S.E.: Standard error.  Treatments at the same site not followed by the same letter are significantly 
different (p=0.05). 
 

Table 37: Effect of fungicide at T2 (Zadoks Growth Stage 39) on net revenue ($ ha
-1

) at a site with high 

disease pressure (Lucan 2010), and a site with lower disease pressure (Lucan 2009). 

Site Variety Without T2 With T2 

Lucan 2010 25 R39 1321 d 1440 bc 

25R47 1453 bc 1585 a 

25R51 1291 d 1459 bc 

E1007R 1566 a 1584 a 

Emmit 1424 bc 1440 bc 

RO45 1429 c 1482 b 

Lucan 2009 25R47 1349 a 1304 ab 

25R47Cr 1278 ab 1288 ab 

25R51 1317 ab 1336 a 

25R56 1302 ab 1290 ab 

E1007R 1185 b 1241 ab 

Emmit 1311 ab 1305 ab 

RO55 1237 ab 1222 ab 
Revenues not followed by the same letter within site are significantly different at p=0.05. 
Price assumptions: wheat at $220.50 t

-1
, N at $1.43 kg

-1
. 
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Appendices 

 

Appendix A 

 

 
Appendix A Table 1: Site, establishment, N, and herbicide information. 

Year Site Soil Type 
Planting 

Date 
Planter Type 

N 
Application 

Date 
Herbicide 

Herbicide 
Rate (kg 
ha

-1
 a.i.) 

2008 Kerwood SiL/L Oct 2007 Great Plains 21 Apr Buctril M 0.56 

 
Ilderton SiL/L Oct 2007 Great Plains 21 Apr None - 

  Lucan SiL/CL  Oct 2007 Great Plains 21 Apr Buctril M  0.56 

2009 West Lorne CL/SiCL 12 Oct ‘08 JD 750 17-Apr Buctril M 0.56 

 
Belmont CL/L  8 Oct ‘08 JD 750 17-Apr Tropotox 1.40 

  Lucan SiL  Oct 2008 JD 750 18-Apr Tropotox 1.40 

2010 Ridgetown SiL/L/VFSL 22 Oct ‘09 Great Plains 15-Apr None - 

 
Belmont SiCL 19 Oct ‘09 JD 750 16-Apr Buctril M 0.56 

 
Lucan SiL/CL 17 Oct ‘09 JD 750 19-Apr Buctril M 0.56 

  Ilderton L/SiCL Oct. 2009 JD 750 19-Apr None - 

 

Appendix A Table 2: Zadoks Growth Stage of winter wheat varieties at time of application of T3 

fungicide. 

  Variety 

Site 25R39 25R47 25R47Cr 25R51 25R56 E1007R Emmit RO45 RO55 

West 
Lorne  - 61 61 63 63 60 62  - 63 
Belmont  - 61 61 63 63 60 62  - 63 
Lucan  - 61 61 63 63 60 62  - 63 
Ridgetown 62 63  - 64  - 61 62 62  - 
Mapleton 62 63  - 63  - 61 62 62  - 
Jeramel 61 63  - 64  - 61 62 62  - 
Ilderton 62 63  - 64  - 61 62 62  - 
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Appendix A Table 3: Probability values from ANOVA of yields of wheat with and without PGR, with 

either no fungicide or fungicides at Zadoks Growth Stages (GS) 29, 39, and 65, at 170kg N ha
-1

. 

                          2008                 _               2009      _                                       2010                        _ 

Effect Kerwood Ilderton Lucan W. Lorne Lucan Ridgetown Belmont Lucan Ilderton 

Rep 0.167 0.261 0.393 0.223 0.245 0.177 0.486 0.196 . 

Rep x Vty 0.046 0.112 0.27 0.04 0.043 0.081 0.069 0.378 0.065 

Residual <0.001 0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

          PGR 0.201 0.022 0.268 0.642 0.99 0.843 0.017 0.823 0.086 

Vty 0.142 0.046 0.125 0.087 0.202 0.008 0.604 0.003 0.155 

F <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

Vty x PGR 0.351 0.678 0.642 0.556 0.46 0.736 0.163 0.841 0.024 

Vty * F 0.067 0.656 0.607 0.077 0.009 0.001 0.315 0.003 0.009 

F x PGR 0.012 0.309 0.035 0.072 0.167 0.628 0.446 0.321 0.03 

Vty x F x PGR 0.851 0.595 0.317 0.922 0.271 0.954 0.547 0.919 0.404 
Rep: replication; Vty: wheat variety; PGR: Plant Growth Regulator; F: fungicide treatment. 

 

Appendix A Table 4: Average monthly temperature and total precipitation during the growing season for 

all sites involved in the experiment. 

  Average Monthly Temperature (
o
C) 

 
2008 

 
2009 

 
2010 

 
Kerwood Ilderton Lucan 

 
W. Lorne Lucan Belmont 

 
Ridgetown Belmont Lucan Ilderton 

March -1.7 -2.4 -2.4 
 

1.3 0.8 0.5 
 

3.6 3.0 2.7 1.8 

April 9.1 9.1 9.1 
 

8.2 6.5 7.4 
 

10.1 9.3 9.6 9.2 

May 11.0 11.0 10.8 
 

13.0 11.9 12.4 
 

15.1 14.8 14.9 14.6 

June 19.1 19.3 18.7 
 

17.5 16.2 16.9 
 

19.7 19.1 18.5 18.6 

July 21.0 20.6 19.9 
 

18.7 17.5 17.8 
 

22.5 21.3 21.6 21.3 

 
Total Monthly Precipitation (mm) 

March 22 68 68 
 

114 89 120 
 

67 37 19 18 

April 37 62 41 
 

103 133 77 
 

63 91 73 67 

May 94 130 117 
 

62 115 63 
 

122 125 110 109 

June 116 65 95 
 

83 116 119 
 

85 122 134 89 

July 100 75 82   70 56 159   136 125 229 124 
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Appendix A Table 5: Results of ANOVA by site for nine sites of the study. 

                   2008                 _          2009        _                                2010                             _ 

Effect Kerwood Ilderton Lucan W Lorne Lucan Ridgetown Belmont Lucan Ilderton 

Vty <.0001 <.0001 <.0001 <.0001 0.008 <.0001 0.001 <.0001 <.0001 

N 0.121 0.028 0.195 0.009 0.003 0.319 0.006 0.374 0.101 

T1 0.019 0.493 0.109 <.0001 <.0001 0.009 0.082 <.0001 <.0001 

T2 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 

T3 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 

Vty*T1 0.862 0.563 0.812 0.856 0.002 0.076 0.437 0.009 0.774 

Vty*T2 0.006 0.190 0.005 0.491 0.076 0.096 0.094 <.0001 0.199 

Vty*T3 0.008 0.934 0.581 0.679 0.127 0.012 0.149 0.000 0.544 

N*T1 0.179 0.976 0.001 0.034 <.0001 <.0001 0.017 0.058 0.020 

N*T2 0.258 0.484 0.801 0.584 0.049 0.003 0.126 0.000 <.0001 

N*T3 0.222 0.800 0.015 0.018 0.497 0.003 0.547 0.009 0.045 

Vty*N 0.831 0.948 0.327 0.223 0.800 0.192 0.543 0.537 0.950 

T1*T2 0.025 0.024 0.083 0.026 0.843 0.175 0.810 0.831 0.996 

T1*T3 0.016 0.042 0.382 0.907 0.343 0.119 0.293 0.211 0.550 

T2*T3 <.0001 0.485 0.349 <.0001 <.0001 <.0001 0.945 <.0001 0.008 

T1*T2*T3 0.082 0.105 0.087 0.255 0.002 0.959 0.877 0.861 0.605 

Vty*N*T1 0.078 0.976 0.260 0.004 0.116 0.963 0.008 0.917 0.532 

Vty*N*T2 0.913 0.438 0.812 0.845 0.940 0.988 0.357 0.787 0.417 

Vty*N*T3 0.564 0.777 0.382 0.779 0.564 0.523 0.570 0.103 0.903 

N*T1*T2 0.099 0.727 0.600 0.226 0.249 0.461 0.017 0.013 0.767 

N*T2*T3 0.017 0.881 0.002 0.020 0.362 0.122 0.271 0.613 0.128 

N*T1*T3 0.814 0.454 0.228 0.718 0.449 0.033 0.374 0.214 0.420 

Vty*T1*T2 0.232 0.313 0.747 0.703 0.779 0.768 0.200 0.814 0.657 

Vty*T1*T3 0.598 0.669 0.355 0.616 0.728 0.714 0.636 0.040 0.882 

Vty*T2*T3 0.666 0.607 0.669 0.997 0.943 0.791 0.144 0.074 0.799 

N*T1*T2*T3 0.000 0.248 0.630 0.580 0.375 0.388 0.818 0.503 0.031 

Vty*N*T1*T2 0.653 0.779 0.319 0.693 0.778 0.977 0.675 0.848 0.805 

Vty*N*T1*T3 0.578 0.807 0.697 0.963 0.997 0.988 0.449 0.310 0.708 

Vty*N*T2*T3 0.992 0.709 0.996 0.971 0.755 0.969 0.988 0.785 0.999 

Vty*T1*T2*T3 0.121 0.875 0.541 0.936 0.449 0.988 0.638 0.828 0.766 

Vty*N*T1*T2*T3 0.354 0.966 0.454 0.981 0.332 0.562 0.690 0.971 0.885 

Vty: Variety; N: applied N rate; T1: fungicide at Zadoks Growth Stage (GS) 29; T2: fungicide at GS 39; T3: fungicide at GS 65. 
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Appendix A Table 6: Average yield by N, fungicide treatment, and site. 

 

Treatment means at the same site not followed by the same letter are significantly different at p=0.05.  WF: without fungicide; 
T1: fungicide application at Zadoks Growth Stage (GS) 29; T2: fungicide application at GS 39; T3: fungicide application at GS 60-
65; multiple numbers indicate combinations of two or three fungicide timings as indicated.  
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Year Site 

N rate Fungicide Treatment 
(kg 
ha-1) WF T1 T2 T3 T12 T13 T23 T123 

2008 Kerwood 
100 5.0 MN 4.9 N 5.1 JLM 5.2 FGIJL 5.1 IJLM 5.2 GIJLM 5.1 IJLM 5.5 BCDEHK 

135 5.7 DEFGHI 5.6 EFGHIJK 5.7 DEFGHI 5.8 CD 6.0 BC 6.2 A 6.0 AB 6.0 ABC 

170 5.2 HKLMN 5.1 KLMN 5.6 BCDEFGIJ 5.7 ABCDEFG 5.6 BCDEFGIJ 5.8 ABCDEF 5.7 ABCDEFG 5.8 ABCDEF 
Ilderton 

100 6.7 KL 6.6 L 7.0 HIK 7.1 GHIJ 6.8 IKL 6.9 HIK 7.1 EFGHI 7.3 DEF 

135 7.2 FHIJK 7.3 EFGHI 7.4 CEFGH 7.7 BCD 7.3 EFGH 7.5 CEG 7.6 BCD 7.8 ABD 

170 7.9 BC 7.6 DEFG 7.9 BC 8.1 AB 7.9 BC 8.1 AB 8.0 AB 8.3 A 
Lucan 

100 6.4 LMN 6.4 LMN 6.6 FGKLM 6.5 KLMN 6.6 GKLMN 6.4 LMN 7.0 BCDEIJ 7.0 BCDEI 

135 6.6 IMN 6.4 M 7.2 BCDE 7.1 BCDEFG 6.9 DEFGHJK 6.9 DEFGHJKL 7.0 DEFGH 7.3 ABC 

170 6.4 JLMN 6.7 EGIJKLM 6.9 CEFGHIK 7.1 BCDF 7.3 BD 7.3 BD 7.3 BD 7.7 A 
2009 West 

Lorne 100 6.3 K 6.5 JK 6.6 J 6.4 JK 6.6 J 6.6 J 6.6 J 6.6 J 

135 6.9 IJ 7.2 FH 7.5 CDEG 7.3 EFH 7.3 EFH 7.5 CDEG 7.5 CDEG 7.6 CDG 

170 7.3 GHI 7.6 DEF 7.8 CD 7.9 BC 8.2 AB 8.2 A 7.9 CD 8.1 AB 
Lucan 

100 5.6 N 5.8 MN 6.3 GHIJ 6.5 FGH 6.1 JKL 6.3 HIJKL 6.2 IJKL 6.3 GHIJK 

135 5.9 LM 6.0 KLM 6.5 FGHI 6.6 FGH 6.6 FG 6.7 EF 6.6 EFG 7.0 CD 

170 6.1 JKL 6.7 DEF 7.1 C 7.0 CDE 7.2 BC 7.4 AB 7.1 C 7.7 A 
Belmont 

100 2.8 N 2.9 MN 3.1 KM 3.2 IKL 3.3 IKL 3.4 FGHIJ 3.4 FGHIJ 3.3 IKL 

135 3.3 HKLMN 3.4 HKLMN 3.5 GHIK 3.7 DEFGI 3.6 EGHIJK 3.7 CDEFGI 3.9 CDF 3.9 CDF 

170 3.7 FGHIJ 3.7 FGHIJ 3.9 DEFGH 4.3 BC 4.1 CDE 4.3 BC 4.6 AB 4.7 A 
2010 Ridgetown 

100 8.0 QRT 8.1 OQRST 8.4 JKMNP 8.6 EFGHIJLM 8.4 KNP 8.6 EFGHIL 8.6 EFGHIL 8.8 BCDEFGH 

135 7.9 RT 7.8 T 8.3 LNOPQ 8.6 FGHJKM 8.2 PQS 8.4 GLMNO 8.9 ABCE 8.7 DFHIJK 

170 7.7 T 8.2 MNOPQR 8.4 HMNOP 8.7 EFGIJKL 8.9 CDEF 9.0 ABCD 9.1 AB 9.1 A 
Belmont 

100 6.1 N 6.1 MN 6.4 KLM 6.5 IJK 6.2 LMN 6.6 GHIJ 6.8 EFGH 6.6 GHIJ 

135 6.4 JKL 6.6 HIJK 6.9 EFG 7.0 DEF 7.0 DEF 7.0 DEF 7.3 ABC 7.2 BCD 

170 7.1 CDE 6.8 FGHI 7.0 CDE 7.4 AB 7.0 CDEF 7.0 CDE 7.5 A 7.4 AB 
Lucan 

100 6.4 LM 6.7 JK 7.2 HI 7.2 I 7.3 HI 7.4 HI 7.6 FG 7.9 CDE 

135 6.4 KM 6.7 JL 7.5 FGHI 7.5 FGHI 7.5 EFGH 7.5 FGHI 8.2 AB 8.1 ABCD 

170 6.4 JKL 6.5 JKL 7.4 GHI 7.4 GHI 7.8 DEF 7.5 GHI 8.0 BC 8.3 A 
Ilderton 

100 6.4 OQR 6.8 IKLMNP 6.8 HIJKLMN 6.9 HIJKLM 6.9 HIJKLM 6.8 HIJKLMN 7.0 DEFGHJ 7.2 CDEFG 

135 6.1 R 6.4 NQ 6.5 MNO 6.7 JLMOP 6.9 FJKL 7.0 DEFGHIK 6.7 JLMOP 7.2 CDEGHI 

170 6.6 KMNOP 6.8 GKLMNO 7.2 DEFHI 7.0 EFHIJ 7.5 BC 7.4 CD 7.6 AB 7.8 A 
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Appendix A Table 7: Yield (t ha
-1

) by variety at nine sites (averaged across all N and fungicide 

treatments). 

                    2008                 _               2009            _                             2010                          _ 

Variety Kerwood Ilderton Lucan West Lorne Lucan Ridgetown Belmont Lucan Ilderton 

25R23 5.8 8  -  -  -  -  -  - - 

25R39  -  -  -  -  - 8.8 6.7 7 7.3 

25R47 5.7 7.3 7.2 7.5 6.8 8.6 6.9 7.6 7.1 

25R47Cr -  -  - 7.3 6.6  -  -  -  - 

25R51  -  -  - 7.4 6.8 8.5 7.2 7 6.8 

25R56  -  -  - 7.4 6.6  -  -  -  - 

E1007R 5.7  -  - 7 6.3 7.8 6.9 7.8 6.9 

Emmit 5.3 7.1 6.8 7.1 6.6 8.4 6.5 7.2 6.8 

RO45  -  -  -  -  - 8.7 6.8 7.3 6.6 

RO55 5.4  - 6.6 7 6.3  -  -  -  - 

RO55Cr 5.3  -  -  -  -  -  -  -  - 
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Appendix A Table 8a: Delta yield (t ha
-1

 deviation from “control” [100 kg ha
-1

 N, without fungicide]) of 

soft red winter wheat variety ‘25R47’, across all treatments and sites. 

  25R47  
Applied N 

(kg ha
-1) WF T1 T2 T3 T12 T13 T23 T123 

2
0

0
8 

Kerwood 

100 kg/ha 0.00  a -0.14  a 0.36  a 0.22  a 0.10  a 0.34  a 0.14  a 0.34  a 

135 kg/ha 0.83  a 0.69  a 0.62  a 1.00  a 1.22  a 1.51  a 1.22  a 0.56  a 

170 kg/ha 0.26  a 0.17  a 0.80  a 0.66  a 0.76  a 1.01  a 0.93  a 0.89  a 

Ilderton 

100 kg/ha 0.00  ab -0.37  b 0.07  ab 0.31  ab 0.11  ab 0.17  ab 0.25  ab 0.73  a 

135 kg/ha 0.49  ab 0.56  ab 0.54  ab 1.07  ab 0.63  ab 0.83  ab 0.69  ab 1.00  ab 

170 kg/ha 1.08  ab 0.82  ab 0.97  ab 1.27  a 1.05  ab 1.32  a 1.01  ab 1.27  a 

Lucan 

100 kg/ha 0.00  bcde 0.10  bcde 0.41  abcde 0.22  abcde 0.42  abcde -0.21  ef 0.74  abcd 0.71  abcd 

135 kg/ha 0.15  df 0.13  df 1.01  abcd 0.73  abcde 0.83  abcde 0.78  abcde 1.25  abc 1.23  abc 

170 kg/ha 0.18  cf 0.17  cf 0.53  bcde 0.72  abcde 1.04  abcd 0.88  abcde 1.19  abd 1.46  a 

2
0

0
9 

West 
Lorne 

100 kg/ha 0.00  d 0.01  d 0.56  abcd 0.21  bcd 0.10  cd 0.21  bcd 0.68  abcd 0.19  bcd 

135 kg/ha 0.81  abcd 1.27  abcd 1.48  abcd 1.37  abcd 1.68  abcd 1.88  abcd 1.57  abcd 1.94  ab 

170 kg/ha 1.49  abcd 1.55  abcd 1.76  abcd 1.96  ab 2.07  ab 2.35  a 1.85  abc 2.17  a 

Lucan 

100 kg/ha 0.00  b 0.77  bc 0.95  abc 1.55  abc 0.56  bc 1.05  abc 0.64  bc 0.78  bc 

135 kg/ha 1.15  abc 1.10  abc 0.86  abc 1.24  abc 1.30  abc 1.56  abc 1.57  abc 1.78  abc 

170 kg/ha 1.02  abc 2.27  ab 2.48  ab 1.86  abc 2.46  ab 2.53  ab 1.34  abc 2.96  a 

2
0

1
0 

Ridgetown 

100 kg/ha 0.00  ab 0.15  ab 0.35  ab 0.52  ab 0.40  ab 0.55  ab 0.61  ab 0.94  ab 

135 kg/ha 0.11  ab 0.19  ab 0.56  ab 0.55  ab 0.58  ab 0.62  ab 0.97  ab 0.90  ab 

170 kg/ha -0.38  b 0.04  ab 0.04  ab 0.54  ab 0.64  ab 0.95  a 0.95  a 1.08  a 

Belmont 

100 kg/ha 0.00  a 0.19  a 0.44  a 0.52  a 0.24  a 0.66  a 0.70  a 1.01  a 

135 kg/ha 0.34  a 0.67  a 0.67  a 1.16  a 1.24  a 1.18  a 1.26  a 1.16  a 

170 kg/ha 1.12  a 0.12  a 0.90  a 1.41  a 0.44  a 0.77  a 1.32  a 1.11  a 

Lucan 

100 kg/ha 0.00  cdef 0.15  cdef 1.06  abcdef 0.60  abcdef 0.98  abcde 0.78  abcdef 1.14  abcd 1.53  ab 

135 kg/ha -0.33  ef 0.10  bcdef 1.13  abcd 0.87  abcdef 0.91  abcde 0.95  abcd 1.88  a 1.65  a 

170 kg/ha -0.52  fg -0.12  def 1.02  abcde 0.75  abcde 1.34  abc 0.85  abcde 1.82  a 1.80  a 

Ilderton 

100 kg/ha 0.00  abc 0.30  abc 0.46  abc 0.41  abc 0.34  abc 0.17  abc 0.54  abc 0.65  abc 

135 kg/ha -0.62  c 0.07  abc -0.01  abc 0.05  abc 0.25  abc 0.60  abc 0.07  abc 0.59  abc 

170 kg/ha 0.30  abc 0.07  bc 0.85  abc 0.58  abc 1.03  ab 0.60  abc 1.04  ab 1.36  a 

WF: without fungicide; T1: fungicide at Zadoks Growth Stage (GS) 29; T2: fungicide at GS 39; T3: fungicide at GS 60-65; other 
treatments involve multiple fungicides as numbers indicate.  Yields within site not followed by the same letter are signigicantly 
different (p=0.05). 
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Appendix A Table 8b: Delta yield (t ha
-1

 deviation from “control” [100 kg ha
-1

 N, without fungicide]) of 

soft red winter wheat variety ‘Emmit’, across all treatments and sites. 

   Emmit  Applied N WF T1 T2 T3 T12 T13 T23 T123 

2
0

0
8 

Kerwood 

100 kg/ha 0.00  a -0.08  a 0.30  a 0.26  a 0.13  a 0.16  a 0.08  a 0.59  a 

135 kg/ha 0.74  a 0.54  a 0.73  a 0.66  a 1.11  a 1.50  a 1.13  a 1.47  a 

170 kg/ha 0.32  a -0.02  a 0.54  a 0.69  a 0.56  a 0.92  a 0.98  a 0.69  a 

Ilderton 

100 kg/ha 0.00  a 0.00  a 0.43  a 0.22  a 0.11  a 0.13  a 0.47  a 0.55  a 

135 kg/ha 0.48  a 0.54  a 0.76  a 1.00  a 0.61  a 0.78  a 0.96  a 1.12  a 

170 kg/ha 0.99  a 0.87  a 1.28  a 1.46  a 1.32  a 1.35  a 1.40  a 1.53  a 

Lucan 

100 kg/ha 0.00  ab -0.13  ab 0.24  ab -0.01  ab 0.10  ab -0.07  ab 0.57  ab 0.37  ab 

135 kg/ha 0.18  ab -0.24  b 0.57  ab 0.68  ab 0.36  ab 0.39  ab 0.19  ab 0.80  ab 

170 kg/ha -0.17  b 0.24  ab 0.45  ab 0.46  ab 0.83  ab 0.75  ab 0.49  ab 1.33  a 

2
0

0
9 

West 
Lorne 

100 kg/ha 0.00  b 0.21  ab 0.35  ab 0.24  ab 0.38  ab 0.59  ab 0.56  ab 0.32  ab 

135 kg/ha 0.71  ab 0.79  ab 1.18  ab 1.24  ab 0.91  ab 1.06  ab 1.07  ab 1.24  ab 

170 kg/ha 0.91  ab 1.28  ab 1.43  ab 1.69  ab 1.57  ab 1.96  a 1.40  ab 1.92  a 

Lucan 

100 kg/ha 0.00  ab -0.32  ab 0.30  ab 0.69  ab 0.31  ab 0.16  ab 0.58  ab -0.05  ab 

135 kg/ha -0.27  ab -0.42  b -0.02  ab 0.47  ab 0.27  ab 0.23  ab 0.37  ab 0.81  ab 

170 kg/ha 0.13  ab 1.03  ab 1.03  ab 0.78  ab 1.16  ab 1.53  ab 1.73  a 1.37  ab 

2
0

1
0 

Ridgetown 

100 kg/ha 0.00  a -0.30  a 0.24  a 0.36  a 0.03  a 0.25  a 0.32  a 0.44  a 

135 kg/ha 0.08  a -0.07  a 0.54  a 0.68  a 0.11  a 0.40  a 0.81  a 0.71  a 

170 kg/ha 0.17  a 0.30  a 0.54  a 0.69  a 0.95  a 0.93  a 1.06  a 1.07  a 

Belmont 

100 kg/ha 0.00  a 0.07  a -0.05  a 0.38  a 0.28  a 0.49  a 0.77  a 0.72  a 

135 kg/ha 0.00  a 0.13  a 0.36  a 0.58  a 0.58  a 0.47  a 0.94  a 0.79  a 

170 kg/ha 1.16  a 0.99  a 0.90  a 1.18  a 1.32  a 0.54  a 1.52  a 1.43  a 

Lucan 

100 kg/ha 0.00  bc 0.28  abc 0.39  abc 0.74  abc 0.60  abc 0.93  abc 0.90  abc 1.11  abc 

135 kg/ha -0.04  c 0.42  abc 0.69  abc 0.56  abc 1.08  abc 0.95  abc 1.34  ab 1.20  ab 

170 kg/ha 0.17  bc 0.01  bc 0.63  abc 0.80  abc 0.83  abc 1.15  abc 0.84  abc 1.63  a 

Ilderton 

100 kg/ha 0.00  a 0.28  a 0.36  a 0.44  a 0.39  a 0.38  a 0.54  a 0.54  a 

135 kg/ha -0.27  a 0.00  a 0.18  a 0.29  a 0.38  a 0.42  a 0.23  a 0.52  a 

170 kg/ha 0.20  a 0.34  a 0.67  a 0.25  a 0.76  a 1.09  a 1.26  a 1.20  a 

WF: without fungicide; T1: fungicide at Zadoks Growth Stage (GS) 29; T2: fungicide at GS 39; T3: fungicide at GS 60-65; other 
treatments involve multiple fungicides as numbers indicate.  Yields within site not followed by the same letter are signigicantly 
different (p=0.05). 
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Appendix B: SAS Code used in analysis 

Chapter 1 

data smartwheat; 

infile 'C:\JBrinkman\SAS\WheatDataSmartDelta.csv' lrecl=1100 dlm="," 

firstobs=3; 

informat site $25. vty $25.; 

input year $ site $ rep $ row $ range $ plot $ vty $ earlyN nrate 

totalN pgr t1 t2 t3 pmflag 

pmplot septflag septplot rustflag rustplot fhbinc fhbsev fhb2inc 

fhb2sev glblotch 

staygrn height HI yield mc twt tkw fdk protein stalks GrnSkr plotrate 

weeds DON Dyield100 Dyield0 F $; 

 

yieldkgha=yield*60/2.205*2.47; 

yieldgm2=yieldkgha/10; 

seedsm2=yieldgm2/tkw*1000; 

stalkperm2=stalks*5.25; 

kperhead=seedsm2/stalkperm2; 

ods html file='c:\jbrinkman\sas\output.xls'; 

 

proc sort; 

by site; 

run; 

 

proc mixed covtest; 

class site rep vty totaln t1 t2 t3 F; 

model tkw = vty totalN t1 t2 t3 vty*t1 vty*t2 vty*t3 totalN*t1 

totalN*t2 totalN*t3 vty*totalN T1*T2 t1*t3 T2*T3 T1*T2*T3 

vty*totalN*t1 vty*totalN*t2 vty*totalN*t3 totalN*T1*T2 totalN*t2*t3 

totalN*t1*t3 vty*T1*T2 vty*T1*T3 vty*T2*T3 

totalN*t1*t2*t3 vty*totalN*T1*T2 vty*totalN*T1*T3 vty*totalN*T2*T3 

vty*t1*t2*t3 vty*totalN*t1*t2*t3 /outp=model residual outpm=studres; 

random rep rep*vty rep*totalN rep*totalN*vty; 

lsmeans t1*T2*t3 /adjust=tukey pdiff; 

 

ods output diffs=ppp lsmeans=mmm; 

ods listing exclude diffs lsmeans; 

run; 

%include 'c:\Jbrinkman\SAS\SASMacros\pdmix800.sas'; 

%pdmix800(ppp,mmm,alpha=.05,sort=no); 

 

proc plot data=model; 

by site; 

plot resid*pred resid*rep resid*vty resid*totaln /vref=0; *resid*site; 

run; 

proc univariate data=model plot normal; 

by site;  

var resid; 

run; 
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Chapter 2: Protein Analysis 
 

data smartwheat; 

infile 'C:\JBrinkman\SAS\WheatDataSmartDelta.csv' lrecl=1100 dlm="," 

firstobs=3; 

informat site $25. vty $25.; 

input year $ site $ rep $ row $ range $ plot $ vty $ earlyN nrate totalN pgr 

t1 t2 t3 pmflag pmplot septflag septplot rustflag rustplot fhbinc fhbsev 

fhb2inc fhb2sev glblotch staygrn height HI yield mc twt tkw fdk protein 

stalks F $; 

 

ods html file='c:\jbrinkman\sas\output.xls'; 

 

proc sort; 

by site; 

run; 

 

proc corr data=smartwheat plots; 

by site; 

var yield protein; 

run; 

 

proc mixed covtest; 

by site; 

class site rep vty totaln t1 t2 t3 F; 

model protein = vty totalN t1 t2 t3 vty*t1 vty*t2 vty*t3 totalN*t1 totalN*t2 

totalN*t3 vty*totalN T1*T2 t1*t3 T2*T3 T1*T2*T3 vty*totalN*t1 vty*totalN*t2 

vty*totalN*t3 totalN*T1*T2 totalN*t2*t3 totalN*t1*t3 vty*T1*T2 vty*T1*T3 

vty*T2*T3 totalN*t1*t2*t3 vty*totalN*T1*T2 vty*totalN*T1*T3 vty*totalN*T2*T3 

vty*t1*t2*t3 vty*totalN*t1*t2*t3 /outp=model residual outpm=studres; 

random rep rep*vty rep*totalN rep*totalN*vty; 

lsmeans totalN vty /adjust=tukey pdiff; 

 

ods output diffs=ppp lsmeans=mmm; 

ods listing exclude diffs lsmeans; 

run; 

%include 'c:\Jbrinkman\SAS\SASMacros\pdmix800.sas'; 

%pdmix800(ppp,mmm,alpha=.05,sort=no); 

 

proc plot data=model; 

by site; 

plot resid*pred resid*rep resid*vty resid*totaln /vref=0; *resid*site; 

run; 

proc univariate data=model plot normal; 

by site;  

var resid; 

run; 

 

*Check for outliers via Lund's Test; 

 

proc print data=studres; 

run; 

 

ods html close; 
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Test Weight Analysis 
 

data smartwheat; 

infile 'C:\JBrinkman\SAS\WheatDataSmartDelta.csv' lrecl=1100 dlm="," 

firstobs=3; 

informat site $25. vty $25.; 

input year $ site $ rep $ row $ range $ plot $ vty $ earlyN nrate totalN pgr 

t1 t2 t3 pmflag pmplot septflag septplot rustflag rustplot fhbinc fhbsev 

fhb2inc fhb2sev glblotch staygrn height HI yield mc twt tkw fdk protein 

stalks F $; 

 

ods html file='c:\jbrinkman\sas\output.xls'; 

 

proc sort; 

by site; 

run; 

 

proc corr data=smartwheat plots; 

by site; 

var yield protein; 

run; 

 

proc mixed covtest; 

by site; 

class site rep vty totaln t1 t2 t3 F; 

model twt = vty totalN t1 t2 t3 vty*t1 vty*t2 vty*t3 totalN*t1 totalN*t2 

totalN*t3 vty*totalN T1*T2 t1*t3 T2*T3 T1*T2*T3 vty*totalN*t1 vty*totalN*t2 

vty*totalN*t3 totalN*T1*T2 totalN*t2*t3 totalN*t1*t3 vty*T1*T2 vty*T1*T3 

vty*T2*T3 totalN*t1*t2*t3 vty*totalN*T1*T2 vty*totalN*T1*T3 vty*totalN*T2*T3 

vty*t1*t2*t3 vty*totalN*t1*t2*t3 /outp=model residual outpm=studres; 

random rep rep*vty rep*totalN rep*totalN*vty; 

lsmeans T1 T2 T3 totalN*t2 totalN*T3 /adjust=tukey pdiff; 

 

ods output diffs=ppp lsmeans=mmm; 

ods listing exclude diffs lsmeans; 

run; 

%include 'c:\Jbrinkman\SAS\SASMacros\pdmix800.sas'; 

%pdmix800(ppp,mmm,alpha=.05,sort=no); 

 

proc plot data=model; 

by site; 

plot resid*pred resid*rep resid*vty resid*totaln /vref=0; *resid*site; 

run; 

proc univariate data=model plot normal; 

by site;  

var resid; 

run; 

 

*Check for outliers via Lund's Test; 

 

proc print data=studres; 

run; 

 

 

ods html close; 
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DON Analysis 
 

data rawdata; 

infile 'C:\JBrinkman\SAS\DONWorksheetSASFormat.csv' lrecl=1100 dlm="," 

firstobs=2; 

informat site $25. vty $25.; 

input year $ site $ rep $ row $ range $ plot $ vty $ earlyN nrate totalN pgr 

t1 t2 t3 pmflag pmplot septflag septplot rustflag rustplot fhbinc fhbsev 

fhb2inc fhb2sev glblotch staygrn height HI yield mc twt tkw fdk protein 

stalks GrnSkr plotrate weeds DON; 

 

if site='Granton' then delete; 

if site='Lucan' then delete; 

 

ods html file='c:\jbrinkman\sas\DONOutput2.xls'; 

 

proc sort; 

by site; 

run; 

 

proc corr plots; 

by site; 

var DON FDK; 

run; 

 

proc mixed covtest; 

by site; 

class site rep vty totaln t1 t2 t3; 

model DON = vty T3 vty*t3 /outp=model residual outpm=studres; 

*random rep(site) site*vty; *for analysis of all sites pooled; 

random rep rep*vty;*for analysis by site; 

lsmeans vty T3 vty*t3 /adjust=tukey pdiff; 

 

ods output diffs=ppp lsmeans=mmm; 

ods listing exclude diffs lsmeans; 

run; 

%include 'c:\Jbrinkman\SAS\SASMacros\pdmix800.sas'; 

%pdmix800(ppp,mmm,alpha=.05,sort=no);* , slice=t3); 

 

proc plot data=model; 

by site; 

plot resid*pred resid*rep resid*vty resid*totaln resid*t1 resid*t2 resid*t3 

resid*site /vref=0; 

run; 

 

proc univariate data=model plot normal; 

by site; 

var resid; 

run; 

 

proc print data=studres; 

run; 

 

ods html close; 
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Chapter 3: N Response Curves and MERN 

data smart; 

infile 'C:\JBrinkman\SAS\WheatDataSmartDeltaNCurveFake.csv' lrecl=1100 

dlm="," firstobs=3; 

informat site $25. vty $25.; 

input year $ site $ rep $ row $ range $ plot$ vty $ earlyN Nrate totalN PGR 

T1 t2 t3 pmflag pmplot septflag septplot rustflag rustplot fhbinc fhbsev 

fhb2inc fhb2sev glblotch staygrn height HI yield mc twt tkw fdk protein 

stalks GrnSkr plotrate weeds DON dyield100 dyield0 ftime $; 

yieldkgha=((yield*60)/2.205)*2.47; 

Nsquared=totalN*totalN; 

 

ods html file='c:\jbrinkman\sas\Ntest100diff.xls'; 

 

proc sort; 

by site; 

run; 

 

proc mixed covtest; 

by site; 

class site rep vty ftime; 

model yieldkgha = totalN Nsquared ftime totalN*ftime Nsquared*ftime  

/outp=predicted; 

random rep; 

 

lsmeans ftime /pdiff adjust=tukey; 

 

ods output diffs=ppp lsmeans=mmm; 

ods listing exclude diffs lsmeans; 

run; 

 

proc mixed covtest data=smart; 

by site; 

class site rep vty ftime; 

model yieldkgha = totalN*ftime Nsquared*ftime ftime /noint solution;  

random rep; 

 

ods output diffs=ppp lsmeans=mmm; 

ods listing exclude diffs lsmeans; 

run; 

 

data r2test; 

merge smart predicted; 

 

proc sort data=r2test; 

by site ftime; 

run; 

 

proc corr nosimple data=r2test; 

by site ftime; 

var yield pred; 

run; 

 

proc sort data=r2test; 

by site ftime totalN vty; 
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run; 

 

proc print data=r2test; 

run; 

 

proc univariate data=predicted ; 

by site; 

var resid; 

histogram /normal (color=black w=3) barwidth=5 cfill=gray height=4 

font='arial'; 

run; 

 

ods html close; 

 

Economic Analysis 

options ps=80 ls=120; 

goptions reset=all htext=1.5 ftext=swissb; 

 

data nobelmont; 

infile 'C:\JBrinkman\SAS\WheatDataSmartEconomicsExtended.csv' lrecl=1100 

dlm="," firstobs=3; 

informat site $25. vty $25.; 

input year $ site $ rep $ row $ range $ plot $ vty $ earlyN nrate totalN pgr 

t1 t2 t3 yield mc twt tkw fdk 

protein stalks income profitmargin dyield100 dyield0 F $ deltainput; 

yieldkgha=yield*60/2.205*2.47; 

income=yield*6.0; 

deltaincome=dyield100*6.0;* delta income based on delta yield - change number 

here for $/bu wheat price; 

deltaPM=deltaincome-deltainput; 

fixedandprofit=income-deltainput; 

if totaln='0' then delete; 

if totaln='60' then delete; 

if totaln='160' then delete; 

if totaln='195' then delete; 

if pgr='0' and totaln='170' then delete; 

 

if site='Belmont' then delete; 

 

ods html file='c:\jbrinkman\sas\deltaPMextendedJ.xls'; 

 

proc sort; 

by site; 

run; 

 

proc mixed covtest; 

by site;  

class site rep vty totalN t1 t2 t3 F; 

model fixedandprofit = vty totaln t1 t2 t3 vty*t1 vty*t2 vty*t3 totaln*t1 

totaln*t2 totaln*t3 vty*totalN t1*t2 t1*t3 t2*t3 t1*t2*t3 vty*totalN*t1 

vty*totalN*t2 vty*totaln*t3 totalN*t1*t2 totalN*T2*t3 totalN*t1*t3 vty*t1*t2 

vty*t1*t3 vty*t2*t3 totalN*t1*t2*t3 vty*totalN*t1*t2 vty*totalN*t1*t3 

vty*totaln*t2*t3 vty*t1*t2*t3 vty*totalN*t1*t2*t3/outp=model residual; 

random rep rep*vty rep*totalN rep*vty*totalN; 
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lsmeans vty*T2 /adjust=tukey pdiff;  

 

ods output diffs=ppp lsmeans=mmm; 

ods listing exclude diffs lsmeans; 

 

run; 

 

%include 'c:\Jbrinkman\SAS\SASMacros\pdmix800.sas'; 

%pdmix800(ppp,mmm,alpha=.05,sort=no); 

 

proc univariate data=model; 

by site; 

var resid; 

histogram /normal (color=black w=3) barwidth=5 cfill=grtay height=4 

font='arial'; 

run; 

 

ods html close; 

 


