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     Development of a winter-hardy spring wheat breeding platform could increase the gain in selection 

per year over traditional winter wheat breeding programs.  To make use of spring wheat being able to 

produce three generations per year, an indoor cold tolerance screen using chlorophyll fluorescence 

(Fv/Fm) and visual assessment two weeks after freezing as evaluation parameters was developed.  

Evaluation of Ontario-adapted winter and spring wheat varieties demonstrated that the test was able 

to differentiate between winter and spring wheat.  Specific varieties from this data set were used to 

develop an indoor freezing survival index (IFSI) to normalize data for effective ranking of germplasm in 

further experiments.  Indepth analysis of a Froid (winter) x Siete Cerros (spring) wheat population 

using molecular markers indicated that a significant level of cold tolerance is preserved when the Vrn-

B1 spring allele is used compared to the Vrn-A1 allele.  Generation means analysis of the same cross 

indicated that the cold tolerance was due to additive genetic effects.  Multiple populations with at 

least one spring parent were advanced to the F3:4 generation.  IFSI analysis indicated that several lines 

from the populations had cold tolerance similar to Ontario-adapted winter wheats and better than 



 

 

several winter barley varieites. Further testing found a significant 5% improvement in cold tolerance 

was noted for spring wheat varieties treated with Cruiser Maxx seed treatment.  Finally, a Norstar 

(winter) x Bergen (spring) doubled haploid wheat population was analysed and a significant 

correlation to LT50 data from an independent laboratory validated the methods used in these 

experiments. 

In a separate experiment, multiple indicies calculated from spectral reflectance measurements taken 

on the Ontario winter wheat performance trial at Elora and Harriston in 2008-09 were found to be 

significantly correlated to winter survival ratings.  Fall reflectance measurements indicate non-random 

plant density or vigour effects in the trials.  To adjust winter survival ratings accordingly, linear and 

non-linear approaches were used and found the non-linear model to be statistically superior.  Large 

differences between locations illustrated that for complete modelling of winter survival, more data 

from locations of differing soil types, plant density and plant growth stage is required. 
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INTRODUCTION 

Winter wheat breeding is an inherently slower and more inefficient process than spring wheat breeding 

due to winter wheat requiring up to twelve weeks of vernalization before the plant shifts from the 

vegetative to reproductive growth stage.  This has a direct effect on the rate of genetic gain in winter 

wheat compared to spring wheat.  This is illustrated using the equation: 

 

Gs=h2 σP i/L 

 

Where Gs is the rate of gain in selection, h2 is the narrow sense heritability, σP is the phenotypic 

variation, i is the selection intensity and L is the length of the selection cycle.  All of the terms in the 

equation are essentially the same for both, spring and winter wheat breeding, except L.  With spring 

wheat it is possible to get three cycles per year in a growthroom or two field seasons if off season or 

winter nurseries are used.  With winter wheat, at most, two cycles per year in the growthroom are 

possible and if planted in the field, only one season is possible with no opportunity to use winter 

nurseries.  This means that for winter wheat breeding, the genetic gain is 1/3 to 2/3 less than spring 

wheat per year.  The result from this theoretical assumption is that winter wheat lags in improvement 

each year.  In Ontario, millers import Canadian Western Red Spring (CWRS) from western Canada each 

year due to its high quality, and use winter wheat from Ontario to blend with the spring wheat to 

decrease costs.  Significant opportunities exist for Ontario winter wheat if quality parameters could be 

improved.  Fusarium tolerance is also a significant issue in Ontario.  Limited improvement has been 

made in winter wheat Fusarium tolerance and furthermore, Fusarium tolerant cultivars are associated 

with a significant yield penalty which leads to limited apoption by producers.  It could be argued that 
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lack of improvement in both of these areas is due to the inefficiency of the winter wheat breeding 

process. 

Limin and Fowler (2006) demonstrated that the Fr-1 locus, associated with cold tolerance, is a 

pleiotropic effect of vernalization (vrn-1).  They showed that by using a spring version of cold tolerant 

winter wheat ‘Norstar’, the vegetative stage could be maintained through the short day photoperiod, 

which maintained the ability of the spring wheat plant to remain cold tolerant.  This concrete example 

demonstrated that, in theory, winter hardy spring wheat is possible, and with added breeding flexibility 

could provide a platform to more rapidly improve fall sown wheat.   

To make use of this added flexibility and the ability to get three generations per year with spring wheat, 

fall planting to select for cold tolerance is not always practical.  Development of a rapid, non-biased tool 

to select for cold tolerance indoors would help to improve the paramount trait for the breeding program 

to succeed.  A number of methods have been developed to assess cold tolerance including: LT50, 

electrolyte leakage and triphenyltetrazolium chloride staining; however, none of these methods have 

the potential to be as rapid, limited in labour requirement and adaptable to a breeding program as 

chlorophyll fluorescence (Fv/Fm) as demonstrated in oats (Rizza et al. 2001) and wheat (Rapacz and 

Wozniczka 2009).   

In Ontario, a majority of the winter survival and cold tolerance screening is completed outdoors with 

evaluation based on simple percent survival of yield plots (Ontario Cereal Crop Committee 2010).  In 

winter wheat yield trials, the recommended methodology to ensure test uniformity is to determine 

thousand kernel weight (TKW) and percent germination of a sample seed lot to be used as the source of 

seed for the trial.  However, often only thousand kernel weight is used to determine the number of 

seeds per plot to plant and the assumption is made that the germination of the seeds is almost perfect 
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(approximately 95%).   This assumption leads to differences in fall stands which could affect winter 

survival evaluation, as well as grain yield assessment at harvest. 

Visual assessment of yield plot winter survival in the spring involves evaluating how "full" a plot looks in 

based on visible biomass.  One issue with visual assessment of plots is the accuracy of observations and 

the problem of observation and confirmation bias.  More important, issues estimating winter survival 

arise if no baseline (visual assessment or quantification of yield plot plant stands) has been established 

in the fall.  Adjustments made for variation in fall plant stands, could lead to a more accurate 

assessment of winter survival.  

An alternative method to visual estimation of biomass is the measurement of canopy reflectance.  Only 

a few studies have evaluated wheat biomass in early stages of development (Bellairs et al. 1996; Elliot 

and Regan 1993).  Elliot and Regan (1993) found a good correlation between light reflected in the visible 

range and biomass.  Correlations have also been found between early season biomass and normalized 

difference vegetation index (NDVI) and transformed soil adjusted vegetation index (TSAVI) reflectance 

indices on wheat plants with a leaf area index (LAI) of approximately 1.5 (Bellairs et al. 1996). These 

results indicate that spectral reflectance may be an appropriate method to assesse winter survival and 

correct for variation in fall plant stands. 

The objective of this research is to develop a winter-hardy spring wheat breeding platform.  Through the 

development of methods to rapidly assess cold tolerance and winter survival, the feasibility of winter-

hardy spring wheat will be examined.   Underlying genetic mechanisms will be examined to determine 

which specific major developmental genes should be utilized in Ontario-based winter-hardy spring 

wheat breeding programs.  
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CHAPTER 1. Literature Review 

 

1.1 Plant Characteristics of Wheat and the Grasses 

Triticum aestivum L., or common hexaploid wheat, is a member of the true grass family Poaceae (Kirby 

2002).  Other important members of this family include barley, oats, maize and sorghum.  Grasses are 

the most important plant family for humans as they provide a majority of the nutrition to the world's 

population.  Some of the structural characteristics include culms, alternating leaves, leaf sheaths which 

are tightly associated with the stem, and a ligule at the junction between the sheath and the leaf blade 

(Kirby 2002).  Grasses produce tillers which arise from the axils of the basal leaves.  The fluorescence in 

wheat is composed of many spiklets with fertile florets that are attached to the rachis and the flowers 

are incomplete, perfect flowers.  Wheat is mainly self pollinated, however occasional outcrossing does 

occur.  The plant can be annual (spring wheat) or biennial (winter wheat) and is propagated through 

seed also known as a caryopsis (a dried indehiscent fruit) (Kirby 2002).   

1.2 The Evolution of Wheat (Triticum sp.) 

1.2.1 Pre-Domestication Evolution 

Early farmers cultivated einkorn (Triticum monococcum L. ssp. monococcum; 2n=2x=14) which has one 

seed per spikelet.  Scientists were able to deduce this because as early as 1833, wild progenitors of 

einkorn wheat, the diploid ancestor of hexaploid wheat, which looked similar to the cultivated form, had 

been discovered in the fertile crescent (i.e. Turkey, Greece, Bulgaria, Syria, Northern Iraq) (Feldman 

2001).  Furthermore, the cultivated and wild einkorns share several molecular markers (Hammer et al. 

2000).  The main distinction between the wild and domestic types is a fragile versus tough rachis 

(Hancock 2004).  Cytological studies revealed that einkorn wheat is diploid with a basic chromosome 
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number of 7 (X=7).  A second type of diploid einkorn was discovered in Armenia in 1937 and named 

Triticum uratu (2n=2x=14).  This wheat is morphologically different than T. monococcum as it had 

smaller anthers, two grained spikelets and red grains (Gandilian 1972).  This species was never cultivated 

but, it has a similar habitat to T. monococcum.  The discovery of these two wheat types was important 

because they form the genetic basis of all of the tetraploid and hexaploid wheats in the world. The 

nomenclature for the T. monococcum and T. uratu genomes is AmAm and AA, respectively.  

The discovery of the diploid wheats was important; however it was not known where modern cultivated 

wheats (tetraploid and hexaploid) originated.  There were four hypotheses: the widely accepted idea 

that modern wheat evolved in central Asia around the Gobi desert (Solms-Laubach 1899),  other studies  

assumed Europe (Much 1908), the Euphrates basin (Candolle 1886), or the Fertile Crescent (Körnicke 

1889).  The discovery of the first wild emmer seed in a sample of wild barley grain collected from Mount 

Hermon, Israel in 1873 agreed with the earlier hypothesis of Candolle (1886) that the progenitor of 

wheat likely originated in the Fertile Crescent (Körnicke 1889).  However, there was no living proof from 

a natural occurring plant that the center of origin of tetraploid and hexaploid wheat was the Fertile 

Crescent region.  In 1906, exploration of the area around the Sea of Galilee in Israel and found a well 

developed plant with a large spike and large grains (Aaronsohn 1910).  This was the wild progenitor of 

Emmer wheat, Triticum turgidum ssp. dicoccoides.  Further exploration found various forms of wild 

emmer growing in other sites in Israel, Jordan, Lebanon and Syria.  This confirmed the hypotheses of 

Candolle (1886) and Körnicke (1889) that modern wheat originated in the near East.  The discovery also 

led to exploration of areas on the periphery of the Fertile Crescent and the subsequent discovery of 

many subspecies of emmer wheat.  In 1923, (Zhukovsky 1923) discovered wild timopheevii wheat 

(Triticum timopheevii ssp. armeniacum), a second type of wheat similar to emmer growing in Georgia.  It 
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had a shorter stature, hairy leaves, culms and spikes, a shorter ovoid spike, a less developed keel and 

delicate awns.  Cytological studies later revealed that both of the wheats, T. turgidum and T. timopheevii 

were allotetraploids, both having 14 as a basic number of chromosomes (2n=4x=28) (Feldman et al. 

1995).  T. monococcum was donor of the AmAm genome in T. timopheevii (AmAm GG) and T. uratu was the 

donor of the AA genome in T. turgidum (AABB).  This discovery meant that polyploidization of wheat had 

occurred in two separate species and that both were eventually grown by early farmers as Triticum 

timopheevii ssp. timopheevii, the cultivated subspecies of Triticum timopheevii ssp. armeniacum and 

Triticum turgidum ssp. dicoccum (emmer) or Triticum turgidum ssp. durum (durum or pasta wheat).  

What makes this polyploidization event a mystery is that no researcher has been able to determine with 

any certainty, what species donated the >G= or the >B= genomes.  Cytological, protein electrophoresis, 

molecular marker analysis on genomic and plastid DNA and DNA sequence data have been used to 

examine relative species (Friebe et al. 2000; Huang et al. 2002; Johnson 1972; Sasanuma et al. 1996; 

Terachi et al. 1987).  It is thought that Aegilops speltoides is the closest relative and donated the >S= 

genome and it is hypothesized that the >B= and >G= genomes were derived from it (Feldman 2001).   

Analysis of habitat shows that Ae. speltoides is distributed throughout the fertile crescent and shares 

natural growing areas with T. monococcum and T. uratu making cross hybridization possible (Feldman 

2001).  It is also thought that Ae. speltoides is the plastid donor of all polyploid wheats (Wang et al. 

1997).   When T. timopheevii (AmAm GG) and T. turgidum (AABB) are hybridized together the hybrids 

show sterility and asynapsis between the chromosomes of genomes >B= and >G= (Feldman 1966).  This 

indicates that the >A= and >Am
= genomes of the two species are still closely related but the >B= and 

>G= genomes, although probably monophyletic, have diverged significantly.  The possibility also exists 

that the >B= and >G= genomes belong to two separate species.   
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All of the polyploidy is fostered by the stability of the >A= genome.  The >A= genome ensures that the 

plant will remain fertile, while the >S= genome, progenitor of the >G= and >B= genomes goes through 

evolutionary changes.  (Zohary and Feldman 1962) noted that the T.uratu (AA) could have hybridized 

with several members of the >S= genome group to create a polyploid and the further hybridization of 

these polyploids with each other would have facilitated chromosome exchanges and rearrangements 

leading to the assembly of the >B= and >G= genomes as they are today.    

The hybridization between tetraploid emmer wheat, T. turgidum (AABB) and Aegilops tauschii, donator 

of the ‘D’ genome, was the final step to creating modern hexaploid wheat (2n=6x=42).  It is believed that 

this event occurred more recently as the genome has not undergone the drastic changes of genome ‘B’ 

and ‘G' (Feldman 2001).  Furthermore, synthetic hexaploids created between tetraploid wheat and Ae. 

tauschii are fully fertile.  Ae. tauschii shares a common habitat where wheat is grown, and still hybridizes 

with tetraploid wheat in the wild.  An interesting aspect to the evolution of wheat is that although Ae. 

tauschii also shares a common habitat with T. timopheevii (AmAm GG), no hexaploid wheats from the 

hybridization between these two species have been found (Feldman 2001).      

The Ph1 gene, responsible for the homologous pairing of chromosomes in wheat, is probably the major 

gene responsible for polyploidization.  Ph1 likely facilitated the maintenance of gene function through 

the A genome which allowed an increase in genetic variability for genomes B and G because of the 

diploid-like behavior of wheat (Feldman 2001).  The gene is situated on chromosome 5 in genome B (5B) 

and although gene order is conserved across homoelogous genomes, only Ph1 on 5B is responsible for 

homologous pairing of chromosomes (Griffiths et al. 2006).  Therefore, it was thought that the gene 

evolved after polyploidization.  Mutational studies have found no viable mutants for the gene indicating 

that it is crucial to the plant.  Deletions of the gene do exist that allow for study of the mechanism of 
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homologous chromosome pairing (Sears 1977), as well as chromosome shuffling that allows for 

modification of linkage blocks (Lukaszewski 2000).  The Ph1 gene is composed of a chromosome 

condensation gene and a tandem repeat derived from a subtelomeric portion on chromosome 3A 

(Griffiths et al. 2006).  The tandem repeat portion is important because in previous studies it was noted 

that heterochromatin substituted for the Ph1 gene could help facilitate chromosome pairing (Dover and 

Riley 1972).  Examination of the progenitor of the B and G genomes, Aegilops speltoides (SS), found no 

evidence of the Ph1 gene, however all of the tetraploids and hexaploids have this gene and it is highly 

conserved over the various ploidy levels and species.  The Ph1 gene may have been responsible for, or 

facilitated, the successful polyploidization of wheat(Griffiths et al. 2006).  It has also been shown that 

polyploidization can cause rapid genome changes to occur (Feldman et al. 1997).  It is thought that this 

may be what led to the formation of the Ph1 gene and then stable transformation into diploid-like 

behavior in the polyploids. 

The polyploidization of wheat into tetraploid and hexaploid forms was crucial for the evolution of 

wheat.  With three homoeologous genomes, in the case of hexaploid wheat, a higher amount of 

mutation is tolerated, especially if the three genomes are behaving as individual diploid genomes 

(individually pairing, no genetic exchange).  If one gene was changed by mutation, there were two other 

homoeologous copies available to maintain an important trait (Feldman 2001).  This flexibility, plus a 

huge pool of closely related wild and cultivated variability to draw from, led to its wide spread 

adaptability to many regions.  To build on the available variability in wheat, early farmers growing 

landraces of wheat did not discriminate between tetraploid and hexaploid wheat (Zeven 1980).  Wild 

relatives were also readily available and able to transfer genes to the tetraploid and hexaploid wheats.  
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Therefore, there was potential for hybridization and gene flow across a wide number of species. This 

created an almost unlimited amount of variability for a farmer to select from.   

1.2.2 Domestication and Cultivation of Wheat 

In wheat, domestication occurred over thousands of years and was a product of cultivation.  The 

cultivation and domestication of wheat has been brokendown into three phases: the agrotechnical 

revolution, the domestication revolution and the expansion of agriculture.  The time period over which 

these three phases occurred was approximately 7000 years (Kislev 1984). 

The agrotechnical revolution occurred in the western portion of the Fertile Crescent (Figure 1.1); 

between 13000 to 10300 years before present (YBP).  This phase was characterized as the start of 

human settlements and the use of tools (sickles, grain pounders, etc.) to harvest and process wild 

einkorn and emmer wheat, as well as many other native plants.  It is thought that true domestication did 

not occur in this phase.  The Fertile Crescent was very rich with vegetation, and therefore, the people of 

this period still maintained some of their hunting and gathering activities (Feldman 2001). 

It is thought that the true domestication of wheat occurred between 10300 to 7500 YBP (approximate).  

It is characterized by the initial true co-cultivation of wild and domesticated forms of einkorn (Renfrew 

1973) and emmer wheat, as well as other cereals such as barley and rye.  Feldman (2001) assumed that 

these specific cereals were the ones selected for cultivation because of simple energy cost/benefit.  

Larger grains meant more food for less work.  Wheat may have been selected over barley on account of 

nutrition, yield and taste, even though barley appeared to be more plentiful.  It is thought that the initial 

gathers of grain would have had to travel to oak forests away from their settlements to harvest the 

wheat.  The reason for this is that oak provided acorns for food and wood for fuel.  The disturbing of the 

forests allowed wild barley and wheat to proliferate (Zohary 1969).  This may have led to its storage and 
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subsequent cultivation closer to the established settlement (Feldman 2001).  During the domestication 

revolution the first elements of agriculture practices started, including cultivating fields and selecting 

seed for sowing, the first domestication and plant breeding.  Einkorn wheat (AA) is believed to have 

been domesticated in the Karacadag region of south eastern Turkey (Heun et al. 1997).  Differences 

between the wild form T. monococcum ssp. aegilopoides and cultivated form T. monococcum ssp. 

monococcum are minimal with the main difference being that the cultivated form has a tougher rachis.  

Cultivated einkorn did not have free threshing grain, which made it difficult to process.  T. uratu was 

never domesticated and has never been found without the brittle rachis seed dispersal mechanism. 

It is generally believed that 1000 years after initial cultivation (~9500 YBP), selection was starting to have 

an effect on cultivated wheat (Table 1.1).  Domestication of emmer wheat (AABB) began approximately 

10,000 YBP.  It was likely co-cultivated with wild, less domesticated emmer for a long period of time.  

Similar to einkorn wheat, the main difference between wild emmer (T. turgidum ssp. dicoccoides) and 

domesticated emmer (T. turgidum ssp dicoccon) was the brittleness of the rachis.  The domestication 

likely occurred in a similar area and habitat as einkorn.  Domesticated emmer wheat, T. turgidum ssp 

dicoccon, was the most commonly cultivated crop by early farmers until a mutation created free 

threshing grain in emmer wheat, the evolution of a new subspecies, T. turgidum ssp durum, now known 

as durum wheat.  First evidence of this mutant appears around 8900-8600 YBP in Syria (van Zeist and 

Bakker-Heeres 1982).  Free threshing grain is determined by the Q gene.  A mutation in the Q gene for a 

single amino acid substitution had a dominant pleiotropic effect on the plant (Simons et al. 2006).  

Before the mutation at the Q gene, wheat had a fragile rachis for seed dispersal, tenacious glumes and 

non-free threshing grain which formed ”arrowhead” like structures that would bury themselves in the 

soil to facilitate germination the following year.  A single point mutation in the Q gene (an APETELA2 
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gene) made the rachis less fragile, altered the glume shape and tenacity (less brittle or hard), spike 

length (shorter compact heads), plant height (shorter) and spike emergence time (earlier) (Faris et al. 

2003).  All of these traits were crucial to domestication.   Scientists are not completely certain whether 

the mutation occurred in hexaploid or tetraploid wheat first; however, they believe that it happened 

only once (Simons et al. 2006).  The spread of the trait among cultivated landraces of tetraploid and 

hexaploid wheat happened quickly (Feldman 2001).  The fact that the trait survived is also interesting as 

farmers 8900 BP were not known to be seed savers, making the odds of the free threshing grain being 

consumed quite high.  Furthermore, a trait that is not favoured with regards to surviving in the wild 

could have possibly been eliminated by natural selection or genetic drift.  Cultivated, domesticated 

wheat was solely dependent upon man to propagate it year after year.  It is also interesting to note that 

domestication of wheat likely occurred slowly, possibly due to gene flow from wild relatives that would 

incorporate non-domesticated traits back into the domesticated wheat (Harris 1998). 

The final phase of the cultivation and domestication of wheat was the expansion of agriculture of the 

Fertile Crescent.  This occurred from approximately 7500 to 6200 YBP.  The expansion was due to the 

success of agriculture by the early farmers, as well as the adoption of agriculture by groups of hunters 

and gatherers.  Wheat seed, and especially emmer, mainly located in the upper Jordan Valley, and its 

domesticators moved out from the western area of the Fertile Crescent in all directions (Hancock 

2004)(Figure 1.1).  Since T. aestivum (AABBDD) has no wild progenitor, it likely originated after the 

domestication of diploid and tetraploid wheat.  It is believed that at the time of evolution of the 

hexaploid wheat, wild emmer and T. monococcum ssp. aegilopoides did not have overlapping habitats 

with wild diploid goat grass (Ae. tauschii), donator of the D genome (Dvorak et al. 1998).  Therefore, it is 

believed that grain from wild emmer was moved by early farmers to Iran where Ae. tauschii occurs 
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naturally.  Production of emmer wheat in these areas by farmers resulted in natural hybridizations 

leading to the creation of hexaploid wheat, T. aestivum (AABBDD).  Hexaploid wheat was likely derived 

many times in Iran and this is believed to have occurred around 7000 BP.  The major differences among 

hexaploid wheats are due to a small number of genes, with the main genes being Q, as well as the 

simple trait of tenacious glumes (Zohary and Hopf 2000).  The addition of the D genome also allowed for 

an expanded range of cultivation and the polyphyletic origin allowed for accumulation of a great amount 

of variation which facilitated adaptation to a wider range of environments (Hancock 2004). 

Feldman (2001) discussed many traits that have been changed over time (Table 1.1).  For several of 

these traits, major genes like Q (Faris et al. 2003) have been discovered that were crucial.  Another 

example is the increase in rate and duration of grain-filling in domesticated wheat compared to the wild 

wheat which is attributed to the NAC transcription factor that governs leaf senescence (Uauy et al. 

2006).  With the help of transgenic plants, the NAC gene in hexaploid wheat was knocked out.  The 

resulting phenotype was a plant with higher mineral content in the grain and earlier senescence.  The 

article did not mention an effect on yield, however, decreasing the amount of re-mobilized nutrients 

traveling to the grain and shortening the grain filling period generally has a negative effect on yield.  This 

is most likely the reason that delayed senescence was selected for either directly or indirectly, by early 

farmers. 

1.3 Wheat Production 

1.3.1 Wheat Production in the World 

Wheat is the one of the most widely grown crops in the world.  Between the years of 1999-2008, 215 

million hectares of wheat was grown annually, on average, producing 605 million tonnes of grain used 

as food or livestock feed.  Wheat is crucial to human nutrition as it is responsible for approximately 19% 
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of total calories to the world's population (FAO 2007).  Furthermore, 21% of the world's food depends 

on wheat as feed (Ortiz et al. 2008).   China is the top wheat producer in the world producing 

approximately 17% of the world's wheat, approximately 100.4 million tonnes (FAO 2011; Table 2).  India 

devotes the most acreage to wheat, approximately 26.8 million hectares  (FAO 2011; Table 2).  Of the 

top 10 wheat producing countries, Germany (7.4 t/ha) and France (6.9 t/ha) produce the highest yields 

of the top ten producers due to the predominance of winter wheat grown in those countries (FAO 2011; 

Table 2).   

The rate of increase in production in the world is expected to slow due to the lack of new available land, 

lack of ability to irrigate, as well, the gap between actual yield and potential yield is expected to close 

(Marathée and Gomez-MacPherson 2001).  Furthermore, climate change is expected to have a large 

negative effect on major wheat producing areas, especially India (Ortiz et al. 2008).  Yield plateaus are 

also being noted (Ortiz et al. 2008).  Yield trends in the Yaqui valley of Mexico were examined by 

breaking the period of 1951 to 2005 into three sections based on breeding eras.  Definite breeding 

plateaus can be observed (Table 1.3).  This has also been noted in India, Pakistan and China.  A reason 

given for the reduction in yield improvement is increasing minimum growing temperatures.  Improved 

selection methodology for heat stress tolerant wheat is crucial to maintain increases in yield (Ortiz et al. 

2008).  

Other traits targeted for improvement in wheat are rust resistance (Chakraborty et al. 2011), improved 

salt tolerance (Marathée and Gomez-MacPherson 2001), adaptation to new environments opened up 

due to climate change and adaptation to changes in agronomic practices (Ortiz et al. 2008). 
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1.3.2 Wheat Production in Canada 

Wheat was first introduced into Canada by French settlers of Port Royal in 1605 (Campbell and Shebeski 

1986).  As the population grew with an influx of immigrants to Canada, wheat production grew as well.  

By 1654, excess grain was produced which allowed export from New France (DePauw and Hunt 2001).  

An increase in the population of Lower Canada (Quebec) led to a large amount of wheat being grown in 

Upper Canada (Ontario) by settlers, making wheat the predominant crop in Ontario from 1800-1860 

(Jones 1977).  

Early Canadian farmers were growing mainly soft white winter landraces obtained from Europe that had 

some level of adaptation to the climate in Canada (DePauw and Hunt 2001).  By 1844, spring wheat was 

becoming popular and the stem rust resistant variety Siberian was widely grown.  Red Fife replaced 

Siberian as the most popular wheat in Canada due to its tolerance to rust, which had overcome the 

resistance genes in Siberian.  Also Red Fife's later maturity allowed the plant to escape from wheat 

midge (DePauw and Hunt 2001).  Red Fife is a hard textured wheat that was not initially favoured by 

millers, however milling protocols changed making hard wheats, and the quality of Red Fife, preferred 

for bread making.  As a result of the disease resistance and quality, Red Fife became one of the most 

important wheats in the world from a production and breeding perspective (DePauw and Hunt 2001).   

In Western Canada, the Red River Settlement in Manitoba and expansion of settlers into western 

Canada brought Russian farmers with their own wheat strains.  White Russian was the preferred variety 

until Red Fife reached Manitoba in the late 1860s.  The growing environment was extremely variable 

which resulted in a boom-bust cycle due to the evolution of new races of rust and the effects of frost on 

late maturing of wheat strains of the time.  The Canadian federal government recognized this, creating a 

series of research stations to develop and test new wheat lines, as well as to study the epidemiology of 
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the rust pathogen.  From this investment by government, the variety Marquis was developed in 1892; 

produced from a cross between Red Fife and Hard Red Calcutta.  Marquis had all of the quality 

characteristics of Red Fife, but matured a week earlier, allowing it to escape early autumn frosts 

(DePauw and Hunt 2001).  Rust resistant varieties were also developed, helping Canadian farmers to 

produce high yielding and high quality wheat.   

The acreage of western Canada grew rapidly, and in Manitoba from 1885 to 1905, the wheat acreage 

grew from 430,000 to 1.6 million ha (DePauw and Hunt 2001).  The rapid growth of the western 

Canadian wheat industry led to a decline in wheat production in Ontario.  As a result, since 1906, the 

western Canadian provinces of Alberta, Saskatchewan and Manitoba have, on average, accounted for 

96% of the total wheat acreage in Canada.  Similar to the Yaqui valley of Mexico, a significant rise in 

wheat yields has been observed, likely due to improved agronomic practices and wheat varieties.  A 

recent leveling off of wheat yield can also been observed (Figure 1.2).  

The average harvested acreage of spring wheat in Canada for the period between 1999 and 2009 was 

7.05 million hectares, with an average yield of 2.4 tonnes per hectare (Statistics Canada 2011; Figure 

1.3A).  The vast majority of the acreage and production for spring wheat was in the Prairie Provinces 

where yields were generally similar across provinces (Figure 1.3A-C).  Over the last 10 years, winter 

wheat was harvested on significantly less area than spring wheat, 577,000 ha, however the yield was 

considerably higher at 4.3 tonnes per hectare (Statistics Canada 2011; Figure 1.4A).  A majority of the 

winter wheat in terms of acreage and production occurs in Ontario where also the highest average 

yields are produced (Figure 1.4 A-C).  Average cash receipts per year of spring and winter wheat from 

1999 to 2009 was 2.1 billion dollars, making it the second most valuable crop in Canada, after canola. 
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The wheat acreage in Canada is divided among many varieties within recognized milling classes, each 

with specific traits and end-uses (McCallum and DePauw 2008).  The milling classes defined by the 

Canadian Grain Commission were developed over time to segregate and protect end use qualities of the 

grain (Canadian Grain Commission 2010).  Canada exports 80% of the grain produced which accounts for 

approximately 20% of wheat traded in international markets (DePauw and Hunt 2001).  This segregation 

ensures world buyers of reliable and quality grain of specific market classes.  The milling classes are 

divided within Eastern and Western milling categories.  Within the geographical classifications, eight 

milling classes exist in western Canada and seven milling classes exist in eastern Canada (Canadian Grain 

Commission 2010).  Both eastern and western categories are composed of specific hexaploid classes and 

a tetraploid (Durum) wheat class.   

Reasons for the segregation of milling classes into growing regions is that western Canadian growing 

conditions are characterized as having hot summers with a short growing season, low precipitation and 

very cold winters.  Moisture deficiency and harsh winters are the major abiotic stresses in western 

Canada.  As a result, spring wheat predominates due to the severity of the winter.  Yield of spring wheat 

in western Canada is generally lower than in eastern Canada mainly due to moisture deficiencies 

(Figures 1.3 B and 1.4 B).  Lower moisture and yield gives rise to a high protein and quality grain (Selles 

and Zentner 1998).  Eastern Canada's growing region is characterized as having adequate, evenly 

distributed moisture throughout the year with generally milder winter temperatures compared to 

western Canada.  This allows for greater acreage to be planted to higher yielding winter wheat with a 

smaller amount of acreage devoted to spring wheat.  Due to higher precipitation levels, the yield is 

generally higher in Eastern Canada with lower protein levels.  This has led grain producers to focus on 

growing soft, lower protein type winter wheats.   
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Wheat disease profiles also differ between eastern and western Canadian environments with Fusarium 

head blight casued by Fusarium graminearum, leaf rust caused by Puccinia triticina, wheat spindle streak 

mosaic virus caused by Furovirus, Bymovirus, and Pecluvirus genera of viruses and transmitted by the 

fungus Polymyxa graminis, barley yellow dwarf virus cause by aphid transmitted Luteoviruses and 

Poleroviruses,  dwarf bunt caused by Tilletia controversa and powdery mildew caused by Erysiphe 

graminis and Hessian fly (Mayetiola destructor)being important biotic stresses in the east (DePauw and 

Hunt 2001).  Stem (Puccinia graminis) and leaf rust, common bunt (Tilletia tritici and T. laevis), loose 

smut (Ustilago tritici) as well as insect pests like orange blossom wheat midge (Sitodiplosis mosellana) 

and wheat stem sawfly (Cephus cinctus) are biotic stresses which reduce yield and quality of the wheat 

grain in the west (DePauw and Hunt 2001).   

1.3.3 Wheat Production in Ontario 

Wheat production in Ontario began to increase after the war of independence in the United States.  

Settlers loyal to the British, known as the United Empire Loyalists, moved north to Canada and began to 

grow crops.  Due to demand in Quebec and beyond, wheat production grew and became very 

profitable.  Spring and winter wheat were commonly grown; however after the 1860's, wheat acreage 

decreased due to the large influx of wheat produced in the prairies.  Most of the decline was in spring 

wheat while winter wheat became predominant due to a 15% advantage in yield over spring wheat.  

Similar to the Red Fife story in terms of importance and longevity, a winter wheat selection out of a field 

near Paris, Ontario in 1881 called Dawson's Golden Chaff, which was well-adapted to the Ontario 

environment, became the most important variety for 70 years (Hunt 1980).  

Winter and spring wheat production in Ontario is based on geographic region and growing climate.  The 

majority of winter wheat, approximately 50% percent, is grown in the southwestern region of the 
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province due to milder winters and reduced risk of winterkill (Hunt 1980; Ontario Ministry of Agriculture 

Food and Rural Affairs 2009).  Furthermore, a case can be made for the majority of the wheat being 

grown in the southern part of the province in that a large number of the varieties are developed in the 

United States or at breeding stations located in the southern part of the province.  This means that 

adaptation of winter wheat to the northern areas of the province may not be ideal (Hunt 1980).  Yield 

patterns for spring and winter wheat grown in Ontario are not consistent, however consistent with 

Canadian averages, winter wheat yields more than spring wheat (Figure 1.3 B;1.4 B; 1.6C and D).  

Furthermore, southern and western Ontario winter wheat growing areas consistently produce the 

highest yields in the province (Figure 1.6 C).  No consistent yield trend across growing areas can be 

established for spring wheat (Figure 1.6 D).  In the last 30 years, the acreage of wheat production has 

increased significantly for both winter and spring wheat (Figure 1.7).  Between 1981 and 2009, the 

acreage of winter wheat ranged from a low of 121,000 ha in 1982 to a high of 495,000 hectares grown in 

2008.  Average yield has also increased over that period at a rate of 0.03 tonnes per ha per year (Ontario 

Ministry of Agriculture Food and Rural Affairs 2009).  From 1981 to 2009, spring wheat acreage has 

grown significantly as well, ranging from a low of 8,900 in 1981 to a high of 82,960 ha in 2006.  Yield 

increases for spring wheat have not been as significant as in winter wheat averaging 0.01 tonnes per ha 

per year increase.  However, this is similar to progress made in western Canada (McCaig and DePauw 

1995) where it was determined that the average increase in yield was 0.009 tonnes per ha per year, 

albeit in a lower yielding environment than eastern Canada.   

There are seven milling classes recognized by the Canada Grain Act for Eastern Canada and Ontario 

(Canadian Grain Commission 2010).  These classes are listed and described in Table 1.4.  Wheat is 

separated into milling classes to maintain purity for exports and domestic consumption.  The export 
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market is extremely important to the Ontario producer; in 2009, 1 million tonnes of grain were available 

for export.  In 2008, 800,000 tonnes of grain were exported by the Grain Farmers of Ontario (formerly 

Ontario Wheat Producers Marketing Board).  This equates to 30% of the total crop produced in 2008 

(Grain Farmers of Ontario 2011b).   Specific major breeding objectives for the province are Fusarium 

head blight resistance and improvement of wheat quality characteristics in all classes (Grain Farmers of 

Ontario 2011a). 

1.4 Mechanisms for Control of Flowering in Wheat 

1.4.1 Vernalization 

Vernalization is the process through which flowering is promoted by a cold treatment given to a fully 

hydrated seed or growing plant (Taiz and Zeiger 2002).  Cereals can generally be classed into winter, 

spring or facultative types, depending on response to vernalization.  Plants that require vernalization are 

classified as winter types and plants that do not require vernalization are classified as spring types.  

Facultative type wheats generally do not require vernlization; however, they can be planted in the fall or 

the spring as they have sufficient cold tolerance and/or another mechanism like photoperiod response 

or earliness per se which controls the switch from vegetative to reproductive development in the plant.  

In cereals, several of the specific genes important for vernalization response have been mapped to 

chromosomes and cloned.  Vernalization is mainly controlled by one gene (Vrn-1) that has 

homoeologous copies in each of the three genomes of wheat A, B and D (Vrn-A1, Vrn-B1 and Vrn-D1).   

Two additional vernalization genes (Vrn-2 and Vrn-3) in the wheat genome play an important role in 

vernalization response and flowering pathways.  These genes have also been mapped and cloned in 

wheat. Epistatic interactions between these three groups of genes in the vernalization and flowering 

pathways have not been completely determined with two models proposed to explain their interaction 
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(Distelfeld and Dubcovsky 2010).  It is important to note that vernalization has been examined in 

Arabidopsis as well.  There are several similarities between Arabidopsis and cereals, however the 

vernalization pathway is not completely conserved. 

In cereals, vernalization was first thought to be determined by one factor (Spillman 1909), however, this 

soon expanded to the point where factors influencing flowering and vernalization were found 

throughout the genomes of the temperate cereals (Halloran and Boydell 1967; Law et al. 1976).  A series 

of chromosome substitution lines were developed between spring variety 'Hope' and 'Chinese Spring' 

which requires a moderate amount of vernalization to induce flowering (Sears 1953).  Each chromosome 

from Hope was individually substituted into Chinese Spring, producing 21 separate chromosome 

substitution lines.  These lines proved to be useful in examining the genetics and contributions of a 

specific Hope or Chinese Spring chromosome to flowering.  (Halloran 1966) used this set of 21 

chromosome substitution lines in a relatively simple experiment in which each substitution line was 

placed in a vernalization or non-vernalization treatment.  In this experiment, 11 chromosomes were 

implicated in increasing or decreasing the length of vegetative period before flowering.  This experiment 

found that the spring alleles from Hope on 5A and 5B both had an effect on shortening time to heading, 

however, 5D extended the time to heading indicating that it contained a recessive (winter) allele in 

Hope.  Other chromosomes which exerted major influences on reducing time to flowering included 

chromosomes 2A, 3B, 6B, 7B, &D, 7D while 3B, 6B, 7B and 5D prolonged the vegetative phase.  This 

experiment and several others like it were useful in determining the number chromosomes involved in 

the flowering time trait, however, it did not determine the location of the gene, or genes, for this trait 

on the chromosomes. 
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Further experiments on a more extensive set of chromosome substitution lines were conducted by Law 

et al. (1976) examining chromosomes 5A and 5D from Hope, Cheyenne, Cappelle-Desprez, Triticum 

spelta and Aegilops umbellulata in the Chinese Spring background.   This experiment utilized Chinese 

Spring lines with abnormal chromosome morphology.  Telocentric and ditelocentric lines where the 

short or long arm of the chromosome is missing from one or both homologues facilitates the 

examination of the individual arms of the chromosome.  The utilization of these lines allowed for more 

precise localization of the major vernalization genes on 5A and 5D chromosomes.  In this experiment, 

ditelocentric and telocentric lines of Chinese Spring were crossed to the Hope 5A and 5D chromosome 

substitution lines.  The progeny from this cross were backcrossed as pollen parents to monosomic 5A 

and 5D Chinese Spring lines.  The result of this crossing was that there was either a complete substituted 

Hope chromosome, the complete Chinese Spring chromosome, or a recombinant between the two.  For 

the recombinant lines developed with the telocentromeric chromosome, the only crossing over would 

be on the normal arm of the chromosome.  Testing for vernalization response was carried out on the 

telocentric recombinants.  It was determined that vernalization was likely one major gene that did not 

co-segregate with the centromere and that the Vrn-1 locus was at least 50 cM from the centromere.  

From the multiple sets of chromosome substitution lines derived from other varieties, it was determined 

that the Vrn-1 gene location on chromosome 5 was conserved across varieties and across the 

homoeologous genomes of wheat.  Variation in time to spike emergence did exist among the varieties 

used in the chromosome substitution lines in this set of experiments.  This led to the conclusion that 

allelic variation at the Vrn-1 locus likely exists among the lines tested. 

Vrn-A1 was mapped by using a set of individual Chinese Spring 5A specific chromosome substitution 

lines derived from Triticum spelta and winter wheat variety Cheyenne into Chinese Spring (Galiba et al. 
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1995).  A cross was made between the T. spelta and the Cheyenne 5A substitution lines.  This allowed 

for recombination to occur between Cheyenne and T. spelta substitution lines without any other 

complicating factors as the rest of the genome other than chromosome 5A was derived from Chinese 

Spring.  The 5A recombinants were then crossed to Chinese Spring 5A monsomics; recombinant 

monosomic lines from this cross were captured, selfed and the resulting disomics were used for a 

mapping population.  With the use of molecular markers, a 5A chromosome map was created which was 

180 cM long.  It was not determined how far Vrn-A1 was from the centromere, however they 

determined that it was approximately 52 cM from the Q locus for the T. spelta spelt-type head.  This was 

the first attempt at tightly mapping the vernalization locus in wheat.  Several molecular markers were 

developed which were useful in determining the allele present at the Vrn-1 locus.  The major 

vernalization genes were mapped to homoeologous positions to 5A on chromosomes 5B (Toth et al. 

2003)  and 5D (Snape et al. 1997) 

Mapping of the vernalization genes in wheat was followed by cloning and sequencing of the genes in a 

less complex diploid relative of common wheat, T. monococcum  (Yan et al. 2003).  Winter and spring T. 

monococcum lines were crossed to create a large, high density mapping population.  Two main markers 

flanking the Vrn-Am1 gene were aligned with the rice genome sequence to find additional markers from 

rice for T. monoccocum.  A bacterial artificial chromosome (BAC) library was created, sequenced and 

aligned.  From all of this, two genes, AP1 and AGLG1 were determined to be candidates for the Vrn-1 

gene.  AP1 and AGLG1 are both MADS-box proteins likely to be involved in flowering (Ng and Yanofsky 

2001).  Further analysis found that the AP1 gene had the highest homology to the meristem identity 

genes AP1/CAL/FUL genes in Arabidopsis which are required for the transition between vegetative and 

reproductive phases of plant development (Ferrándiz et al. 2000).  Expression studies provided further 
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evidence that the AP1 gene was Vrn-1 because in winter types it was  upregulated in leaf apicies and 

spike tissues by cold treatment (Yan et al. 2003).  In spring types, AP1 was upregulated without cold 

treatment.  Homology and expression analysis was enough to conclude that AP1 was the Vrn-1 gene.  

Analysis of promoter regions found a 1 bp insertion and a 20 bp deletion which were believed to be the 

difference between spring and winter types (Yan et al. 2004a).  Further experiments have confirmed 

expression of AP1 and its response to vernalization in hexaploid wheat (Trevaskis et al. 2003). 

The discovery of the Vrn-1 gene in T.monococcum facilitated the discovery of the Vrn-1 genes in the 

tetraploid durum wheat cultivar Langdon (AABB genome), and Triticum tauschii (DD genome).  

Sequencing of BACs from these species revealed polymorphisms in the promoter region of the genomes.  

Molecular markers specific for each genome (A, B and D) were developed and used to examine regions 

upstream from the Vrn-1 gene in tetraploid and hexaploid wheat.  The only genome to show any 

polymorphisms in the upstream region of Vrn-1 was genome A.  Genomes B and D did not show any 

polymorphisms.  Further analysis of the downstream region from the start codon found large deletions 

within the first intron for A, B and D genomes (Fu et al. 2005).  The analysis of this intron found a 

vernalization-critical region in both wheat and barley.  As a result of these studies, two regions were 

determined to be important for spring habit at the Vrn-A1 locus on chromosome 5A; an insertion in the 

promoter region and the large deletion in intron 1.  Molecular markers were developed to facilitate PCR-

based analysis of germplasm and to determine the allele present at the Vrn-1 locus across wheat 

genomes (Fu et al. 2005).  Vrn-A1 has multiple redundant polymorphisms associated with it.   Genomes 

B and D are less complex as polymorphisms for winter and spring habit are associated primarily with the 

large deletion in the first intron.  These molecular markers have been used in a number of studies and a 
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large list of varieties and plant introductions have been genotyped in a number of studies (Iqbal et al. 

2011; Sun et al. 2009; Zhang et al. 2008). 

A large portion of the mechanism for controlling Vrn-1 upregulation has been determined to be 

associated with vernalization temperature effects on histone protein modification (Oliver et al. 2009).  In 

Arabidopsis, it was determined that repression of FLC (repressor of FT and SOC, two genes required for 

flowering) occurs by poly-comb group (PcG) mediated histone modification.  This stable repression leads 

to flowering.  In barley, examination of histone methylation of Vrn-H1, Vrn-H2 and HvFT1 (Vrn-H3) 

showed that only Vrn-H1 was affected by vernalization (Oliver et al. 2009).  Instead of repression as 

shown in Arabidopsis, histone modification involved a change in histone types where H3K27Me3, a 

repressor type histone, was replaced with H3K4Me3, which allows for epigenetic activation of 

chromatin, and Vrn-1 transcription resulting in induction of flowering.  No histone modification of Vrn-

H2 or HvFT1 was noted, meaning that Vrn-H1 is the primary site for histone modification.  The authors 

noted that for histone modification to occur, trithorax-group and PcG genes were likely involved, 

however the effect of vernalization treatment on these proteins is not currently understood. 

Recently, another compliment of genes affected by vernalization was discovered that shows effects on 

flowering time.  OS2, a MADS box protein was shown to be down regulated by vernalization and an 

active copy of Vrn-1 must be present for permanent down regulation of this gene (Greenup et al. 2010).  

It was also noted that constitutively activated OS2 leads to delayed flowering, and the down regulation 

of flower promoting factor 1 (FPF1) which has been shown to promote flowering and cell elongation in 

barley and Arabidopsis (Greenup et al. 2010). 

The first examination of Vrn-2 in wheat was in diploid T. monococcum by (Dubcovsky et al. 1998) where 

the Vrn-2 was mapped to the long arm of chromosome 5.  Comparative mapping found that the Vrn-2 
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gene mapped in T. monococcum was collinear to Vrn-H2 (Sh) in barley.  Vrn-2 was initially cloned in 

diploid wheat T.monococcum.  To do this, a population was developed by crossing winter and spring T. 

monococcum lines.  The large number of progeny in the population allowed for effective resolution 

when mapping the Vrn-2 trait.  Eighteen recombinants were identified within Vrn-2 linked molecular 

markers flanking the gene.  As a result, additional markers were developed from BACs leading to 

localization of Vrn-2 to a single BAC where three genes were found.  One gene of unknown function was 

determined not to be Vrn-2 due to the lack of differential expression under vernalization compared to 

regular non-vernalization conditions.  The two other genes are zinc finger CCT (CONSTANS, CONSTANS-

LIKE, TOC1) genes which have been implicated in flowering (Yan et al. 2004b).  Expression analysis found 

that both genes showed decreasing expression over a period of vernalization (Figure 1.8).  It was 

believed at the time of publishing that the ZCCT1 was the Vrn-2 gene due to the fact that it was widely 

expressed in several tissues, including apical tissues, whereas ZCCT2 was not expressed in the apical 

tissues.  Expression of these genes in the apical tissues is thought to be important as these areas of the 

plant are important points for the transition from vegetative to reproductive stages of the plant's 

development.  RNA interference (RNAi) expression analysis of ZCCT 1 and ZCCT2 in winter wheat cultivar 

Jagger found that interfering with ZCCT1 expression resulted in flowering being considerably earlier, 

which is considered strong evidence that ZCCT1 is Vrn-2.   Characterization of the gene in diploid wheat 

found that a single amino acid difference in the ZCCT protein may be responsible for the spring habit.  

This amino acid was conserved across Arabidopsis, rice and barley, and in Arabidopsis, a mutation at this 

site caused earlier flowering (Yan et al. 2004b).  Spring habit is associated with complete deletions of 

ZCCT1 and ZCCT2 in wheat and deletions were confirmed to produce a spring growth habit in barley as 

well (Yan et al. 2004b).  Further analysis of ZCCT1 and ZCCT2 loci at Vrn-2 in Ae. tauschii, T. urartu and 
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tetraploid wheat altered the initial proposed model for the gene action of Vrn-2 (Distelfeld et al. 2009b).  

A two-ZCCT model was proposed whereby a functional copy of either ZCCT gene can code for a 

functional winter phenotype.  Furthermore, a dosage effect of ZCCT2 at Vrn-B2 was proposed as being 

useful in durum wheat to increase adaptation by prolonging the vegetative phase.  It was also noted 

that in tetraploid wheats, the Vrn-A2 ZCCT genes were non functional, except for one wild relative 

(Distelfeld et al. 2009b).  This discovery was also thought to have some usefulness to breeders as an 

additional source of vegetative phase extension and increasing adaptation across a wider range of 

environments (Distelfeld et al. 2009b).  In hexaploid wheat, analysis of the promoter region of ZCCT1 

across 128 U.S. and Chinese wheat lines indicates that considerable variation exists across the Vrn-2 

locus (Zhu et al. 2011).  Null alleles were found at each locus across A, B and D genomes.  It is interesting 

to note that no triple null genotype was found in any of the lines.  Further examination of the null alleles 

at the Vrn-2 loci is required however, a triple null may provide a new source of earlier flowering material 

as well as a genetic tool to examine Vrn-2 gene dosage and effects of uncharacterized Vrn-2 alleles (Zhu 

et al. 2011). 

The Vrn-3 gene was mapped to chromosome 7B in wheat (Law 1966).  Chromosome substitution lines of 

the cultivar Hope were used in which chromosome 7B was substituted into the Chinese Spring 

background.  The same chromosome substitution lines developed by Law (1966) were used to create a 

molecular marker linkage map and mapped Vrn5 (=Vrn-B4=Vrn-H3) to the short arm of chromosome 7B 

(Chao et al. 1989).  The recombinant substitution lines developed from Law (1966) were used to fine 

map Vrn-B3 for the purpose of cloning the gene.  Comparisons to rice found that the region around Vrn-

B3 was similar in terms of DNA sequence (Yan et al. 2006).  Since this was known, an examination of the 

rice sequence in that area showed that a gene similar to an Arabidopsis flowering locus T (FT) gene was 
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present at a similar location in rice and was responsible for early flowering in rice (Yan et al. 2006).  A 

barley ortholog to the FT gene had been found in a previous study (Turner et al. 2005) and a marker was 

developed from its sequence along with another marker from rice.  These markers were completely 

linked to Vrn-B3 (Yan et al. 2006).  Sequencing of the TaFT gene found a retrotransposon insertion in the 

promoter region for the spring type Hope allele whereas no insertion was noted in the winter Chinese 

Spring allele (Yan et al. 2006).  The retrotransposon insertion in the promoter region of Vrn-3 explains 

the dominance of spring habit due to a loss of repression or regulation, similar to the first intron 

deletion found in Vrn-1.  The difference in regulation between the two alleles was demonstrated using 

expression analysis of TaFT where significantly higher transcription of the Hope spring allele over the 

Chinese Spring winter allele was noted.  Furthermore, winter wheat plants transformed with the spring 

allele from Hope showed significantly earlier flowering than the winter wildtype plants (Yan et al. 2006).  

Regulation of HvFT, the barley ortholog to TaFT, under vernalization showed that the winter allele is 

upregulated by vernalization similar to Vrn-H1.  Photoperiod also had an effect on Vrn-H3.  Under short 

days, HvFT transcripts were very low and when transferred to long days the transcript level increased 

(Yan et al. 2006).  Further analysis of Vrn-H3 found that HvFT genes are strongly regulated by 

photoperiod (Kikuchi and Handa 2009).  Under short day photoperiod, HvFT1 was upregulated at a 

lower level compared to long day photoperiod where high levels of HvFT1 expression corresponded to 

earlier flowering.  HvFT1 expression was also dependant on which photoperiod allele was present.  

HvFT1 transcript levels were lower with the photoperiod sensitive recessive ppd-H1 or ppd-H2 alleles for 

long and short days, respectively.  Integration of vernalization and photoperiod genes with the circadian 

rhythm of the plant has not been completely determined, however in Arabidopsis the mechanism is 
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relatively well understood making direct or indirect influence of photoperiod on Vrn-3 likely {{158 

Cockram, J. 2007}}. 

The dominant allele for Vrn-4 is responsible for early flowering in wheat.  Relatively little is known about 

this gene as it has not been cloned and characterized like Vrn-1, Vrn-2 and Vrn-3.  Vrn-4 was first 

detected in the Australian winter wheat cultivar 'Gabo' and was backcrossed into Triple Dirk F (TDF) 

(Knott 1959; Pugsley 1972).  By utilizing the TDF germplasm to determine the location, Vrn-4 was 

mapped to the centromeric region of chromosome 5D (Kato et al. 1993; Kato et al. 2003; Yoshida et al. 

2010).  It is interesting to note that lines with Vrn-B1 and Vrn-D1, although spring wheats, both respond 

to a small amount of vernalization, whereas Vrn-A1 and Vrn-D4 do not (Yoshida et al. 2010).  Cloning of 

the Vrn-4 gene will help to determine its role in flowering.  The current hypothesis for Vrn-4 is that it 

may act upstream of, or along with, the other vernalization genes.  Studies on regional distribution of 

Vrn-4 in China, South Asia, the Middle East and Southern Europe, show that Vrn-4 is distributed at a low 

frequency throughout landraces in these areas (Iwaki et al. 2001; Iwaki et al. 2000).  No consistent trend 

was established for Vrn-4 with regards to its effect on adaptation of wheat landraces. 

1.4.2 Photoperiod 

While genes responsible for vernalization are the major controllers of winter habit and flowering, 

photoperiod sensitivity plays a large role in moderating days to heading and adaptation to specific 

environments.  Wheat is a long day plant with almost continuous variation ranging from photoperiod  

sensitive to insensitive under long days.  The effect of photoperiod sensitivity across Europe has been 

demonstrated (Worland et al. 1988).  Specifically, the effects of major genes for photoperiod sensitivity 

Ppd-1 (Ppd-D1) and Ppd-2 (Ppd-B1) were examined across three locations in Europe: England, Germany 

and the former Yugoslavia.  The study used recombinant chromosome substitution lines to examine two 
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different sources of Ppd-D1 genes from Italian, Yugoslavian and Mexican gene pools.  One source of Ppd-

B1 was also compared to determine its effect across locations.  For Ppd-D1, pleiotropic effects on a 

number of agronomic traits were found.  For plot yield, a major difference was found between 

photoperiod sensitive and insensitive lines in Yugoslavia.  A mean increase in yield of 33% was shown for 

photoperiod insensitive lines over sensitive lines.  The reasoning for this was that the genotypes with 

Ppd-D1 flowered 8.6 days earlier, allowing the plant to escape the hot, dry summer in that growing 

region (Figure 1.9).  The differences in Germany and England were not as dramatic.  In both Germany 

and England, the effect on yield of Ppd-D1 varied between positive and negative depending on the year; 

with Germany and England having a 7.8% and 1.8% average increase in yield over the same period, 

respectively (Worland et al. 1988).  The effect of Ppd-D1 on days to heading differed across locations.  In 

Yugoslavia, the difference was 8.6 days earlier, in Germany it was 4.5 days earlier and in England it was 

7.6 days earlier (Worland et al. 1988).  It should be noted that in this study the effect on days to heading 

was not measured over the same time periods and therefore the numbers should be taken as a relative 

effect of Ppd-D1 compared to ppd-D1.  Ppd-B1 is known to have a smaller effect on days to heading in 

comparison to Ppd-D1.  In England, Ppd-D1 was found to be two days earlier than Ppd-B1.  In Germany, 

the difference was only 0.7 days earlier for Ppd-D1 (Worland et al. 1988).  Effects on yield were also not 

as dramatic as for Ppd-D1 and it appeared that Ppd-B1 reduced yield at both locations (Worland et al. 

1988).  It was noted that the two season’s worth of data examining Ppd-B1 were not typical of the long 

term average and the yield results should be interpreted with caution.  The above study is summarized 

by Figure 1.9 which illustrates the yield effect of isotherms and latitude on lines carrying Ppd-D1 

(Adapted from (Laurie 2004).  A similar trend to (Laurie 2004) and (Worland et al. 1988) was noticed 

when the distribution of Ppd-D1 in Chinese landraces were examined using molecular markers.  
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Photoperiod sensitive varieties were more highly distributed in the north with a gradual increasing trend 

of Ppd-D1 frequency moving towards the south of the country (Yang et al. 2009). 

Elucidation of the genes responsible for photoperiod was carried out in a similar manner to the 

localization and discovery of the genes responsible for vernalization.  Major factors, or genes, associated 

with photoperiod were first detected on chromosome 2D (Ppd-D1=Ppd1) and chromosome 2B (Ppd-

B1=Ppd2) in recombinant chromosome substitution lines for Sonora 64 (Ppd-insensitive) in a Cheyenne 

(Ppd-sensitive) background (Welsh et al. 1973).  Using the same chromosome substitution lines it was 

confirmed that the major gene Ppd-1 was on 2D but also that a number of chromosomes were linked 

with photoperiod insensitivity including 2B, 4B, 3D and 6D (Pirasteh and Welsh 1975).  Ppd-B1 was 

determined by examining chromosome 2B from Marquis (Ppd insensitive) substituted into Chinese 

Spring (Ppd sensitive).  Through this analysis it was determined that Ppd-B1 was on the short arm of 

chromosome 2B (Scarth and Law 1983). 

Discovery of the genes responsible for Ppd-1 in wheat was facilitated by the mapping and cloning of 

Ppd-H1 in barley (Turner et al. 2005).  In barley, Ppd-H1 was determined to be a member of the pseudo-

response regulator (PRR) gene family.  This gene family is characterized as being distantly related to the 

CCT-family (Vrn-2) which is associated with flowering.  One member of the PRR gene family, PRR1 in 

Arabidopsis has been determined to be involved in the circadian rhythm of the plant which is partially 

determined by photoperiod (Strayer et al. 2000).  The barley Ppd-H1 gene was used to probe BAC 

libraries of wheat variety Chinese Spring and the BACs with a positive hybridization for Ppd-H1 were 

broken into several smaller fragments and sequenced (Beales et al. 2007).  This facilitated sequencing of 

genome-specific Ppd-1 genes in several varieties previously determined to be segregating for 

photoperiod insensitivity.  For Ppd-D1, the most highly studied of the Ppd-1 genes, several mutations 
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were found but only a 2 kb mutation upstream of the coding region was found to be responsible for the 

dominant early flowering phenotype (Beales et al. 2007).  Sequencing of Ppd-D1 allowed for further 

examination of the regulation of the gene using quantitative reverse-transcription polymerase chain 

reaction (q RT-PCR) analysis.  Using this technique, transcript levels of Ppd-D1 and ppd-D1 were 

compared to several genes thought to be involved in circadian rhythms and flowering.  To facilitate 

these comparisons, chromosome substitution of 2D from Ciano 67 (Ppd-D1) into Mercia and wildtype 

Mercia (ppd-D1) were examined.  Ppd-D1 allele showed increased PRR expression in the dark portion of 

the photoperiod during short days compared to ppd-D1.  This was associated with increased expression 

of TaFT in the insensitive types.  This is consistent with the experimental evidence thus far as TaFT1 

(Vrn-3) has been show to be associated with earlier flowering (Yan et al. 2006).  Sequence differences 

between wheat lines carrying Ppd-1 and ppd-1 alleles in wheat genomes A and B did not correspond to 

consistent classification of photoperiod insensitivity or sensitivity.  The reasoning for this was thought to 

be that the mutation responsible for photoperiod insensitivity likely lay outside of the sequencing range.  

Further examination found that the reason why no sequence differences were found was likely due to 

misclassification of wheat germplasm.  Ppd-A1 was sequenced in two populations of tetraploid durum 

wheat by (Wilhelm et al. 2009).  Similar deletions to Ppd-D1 were found in Ppd-A1, two separate 

deletions, upstream of the PRR gene start codon (Ppd-A1) were found in durum wheat lines GS 100 and 

GS 105.  Although the deletions were different sizes, they were found to have some overlap.  This 

overlap was also consistent with the upstream mutation of Ppd-D1.  Using q RT-PCR analysis, similar 

expression patterns for both Ppd-A1 alleles and TaFT1 were found in comparison to Ppd-D1 and TaFT1 

in hexaploid wheat.  This consistency of PRR expression across populations differing for Ppd-1 genes and 
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wheat species provides strong evidence that PRR is Ppd-1 and the upstream deletions are responsible 

for the photoperiod response phenotype (Wilhelm et al. 2009). 

1.4.3 The Flowering Pathway in Cereals 

 Expression patterns of the vernalization and photoperiod genes in long and short photoperiods as well 

as cool vernaliziation temperatures have been determined.  How the genes interact epistatically to 

induce flowering has not been determined (Distelfeld and Dubcovsky 2010; Galiba et al. 2009; Greenup 

et al. 2010; Shimada et al. 2009; Wilhelm et al. 2009).  The expression pattern of Vrn1, Vrn2 and Vrn3 

(Figure 1.8), as well as the type and location of mutations in the vernalization genes, has helped to 

develop proposed models for the flowering pathway in wheat.  Figure 1.10 is a synthesis of several 

models proposed in the literature where Vrn1 is the master switch for flowering in cereals (Yan et al. 

2004b; Yan et al. 2003) and before vernalization it is repressed by histone protein regulation (Oliver et 

al. 2009).  Cool vernalization temperatures facilitate a change in histone proteins from H3K27Me3 

repression type histone protein to the H3K4Me3 active chromatin type.  This change enables the 

transcription of vrn1.  Mutations in the first intron of Vrn1 code for spring types that do not have 

repression type histones associated with the chromatin (Oliver et al. 2009).  Vrn1 acts to repress Vrn2 

which is thought to be the repressor of Vrn-3 (FT).  FT as mentioned previously, promotes further 

activation of Vrn-1 (Yan et al. 2006).  It is believed that Vrn-4 may act upstream or within this loop and 

when it is present Vrn-1 and Vrn-3 transcript levels are increased (Yoshida et al. 2010).  Vrn-4 was 

included in Figure 1.10 at a possible location within the flowering pathway.  This is only a hypothesis 

resulting from this literature review.  Photoperiod response controlled by Ppd-1 is thought to interact 

with CO to induce flowering although this was not clearly demonstrated (Beales et al. 2007; Turner et al. 

2005; Wilhelm et al. 2009).  A strong correlation exists between an increase of Ppd-1 and FT, 
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demonstrating that photoperiod plays a role in controlling and accelerating flowering.  ODDSOC2 is 

another gene that was found to be responsible for later flowering.  Its level of transcription is decreased 

by cold temperatures and is irreversibly decreased by Vrn1 (Greenup et al. 2010).  The detection of this 

gene led to the discovery of a FPF-like gene which is up regulated when ODDSOC2 is down regulated by 

vernlization leading to a promotion of flowering and cell elongation.  The overall number of genes and 

allelic variation illustrate the complexity and continuous variation noted in flowering time in cereals. 

1.4.4 Gene specific Molecular Markers for Vernlization and Photoperiod 

Sequencing of the genes responsible for vernalization and photoperiod response has allowed for the 

development of allele-specific molecular markers.  For Vrn-A1, molecular markers were developed for 

deletions found in the promoter and first intron region (Fu et al. 2005; Greenup et al. 2010; Yan et al. 

2004a).  Vrn-B1 and Vrn-D1 contain deletions in intron 1 without any common alterations in the 

promoter regions for these genes (Fu et al. 2005).  Molecular markers developed for these genes, and 

the resulting PCR product banding patterns, are less complex compared to Vrn-A1.  Confirmation of the 

usefulness of these markers was based on previous determination of vernalization response in historical 

cultivars (Fu et al. 2005).  Cultivars were genotyped using theses markers, demonstrating their 

usefulness to researchers and breeding programs by examining allele distribution throughout the world.  

Analysis of allelic diversity showed a correlation between specific Vrn-1 genes and growing environment 

where Vrn-A1 was preferred in spring planted environments.  This was confirmed in a survey of 40 

Canadian wheat genotypes released between 1885 and 2007 where Vrn-A1 types predominated with 

only four Vrn-B1 types and no Vrn-D1 alleles present in released varieties (Iqbal et al. 2007).  Vrn-B1 and 

Vrn-D1 alleles were preferred in regions closer to the equator where cereals are planted during the 



34 

 

winter to take advantage of cooler temperatures and higher moisture (Fu et al. 2005; Iqbal et al. 2011; 

Sun et al. 2009). 

Analysis of Vrn-2 has shows allelic variation as a mutation in the CCT region of the gene or a null allele 

(Distelfeld et al. 2009b; Yan et al. 2004b).  Molecular markers developed for ZCCT-1 null alleles were 

used to examine genetic diversity of Vrn-2 in hexaploid wheat (Zhu et al. 2011).  The markers were 

found to be useful to determine if null alleles were present in wheat germplasm.  In a survey of wheat 

lines from China and the US, it was shown that no line had a triple null for spring habit.  It was thought 

that this could be a novel source of spring habit in wheat, as well as be a useful tool for examining the 

flowering pathway in wheat (Zhu et al. 2011). 

Analysis of Vrn-3 has shown a number of the mutations within the promoter and gene.  No common 

mutation has been found demonstrating definite differences for flowering time.  Mutations within the 

gene have been shown to be statistically associated with earlier flowering (Bonnin et al. 2008; Yan et al. 

2006), however no simple diagnostic marker has been developed.  It is interesting to note that allelic 

variation in the form of differing numbers of tandem repeats, base pair differences and a retroelement 

insertion have been significantly associated with differences in days to heading in both wheat and barley 

(Bonnin et al. 2008; Casas et al. 2011; Yan et al. 2006).   

Sequencing of the genes responsible for photoperiod sensitivity has led to analysis of the major genes 

for photoperiod sensitivity Ppd-D1 and Ppd-A1 (Beales et al. 2007; Wilhelm et al. 2009).  Molecular 

markers developed around the deletion in the promoter region have facilitated surveys of germplasm to 

determine the specific allele present at Ppd-D1 (Beales et al. 2007; Iqbal et al. 2011).  In a survey of 

Pakistani wheats, it was found that all lines except the cultivar 'Era' had Ppd-D1 (Iqbal et al. 2011).  

Introgression of Ppd-A1 from durum wheat into hexaploid wheat has been facilitated by a Ppd-A1 allele- 
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specific molecular marker making a second photoperiod insensitivity allele available to hexaploid wheat 

breeders (Bentley et al. 2011). 

 1.5 Cold Tolerance in Cereals 

1.5.1 Winter Survival in Ontario 

Winter survival is comprised of a number of traits including tolerance to freezing, icing, flooding, 

desiccation, disease, and frost heaving (Brown and Blackburn 1987; McKersie and Hunt 1987; Pearce 

1999).  These traits are especially important in Ontario where in more southern areas of the growing 

region, it is common to have heavy snow, freeze thaw cycles with limited exposure to extreme cold.  In 

the northern areas of Ontario and regions of higher elevation, cold tolerance is the most important 

concern.  Examination of the Ontario winter wheat performance trials from 2006 to 2010 illustrates the 

difference in growing regions.  Over this period the average winter survival of Ontario-adapted varieties 

in the southern region of the growing area was 98% with a range of 97% to 99% compared to the 

northern growing region which averaged 81% survival with a range of 76% to 87% (Ontario Cereal Crop 

Committee 2011).  Although all of the components listed above are important for winter survival, it is 

thought that cold tolerance is the most important of these traits and has been the focus of most of the 

research efforts (Brown and Blackburn 1987; McKersie and Hunt 1987).   

1.5.2 Effect of Cold on Plant Cells 

At a cellular level, low temperature reduces the reaction kinetics of cellular enzymes through protein 

modification.  This has a wide effect on the ability of the plant to deal with light energy, perform 

photosynthetic and Calvin cycle activities, reduce reactive oxygen species produced through stress and 

properly organize cell membrane components (Ruelland et al. 2009).   
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1.5.3 Effects of Low Temperatures on Photosynthesis 

Photosynthesis is largely driven by enzymatic processes, many of which are well downstream from the 

light energy harvesting process.  One of the major effects of cold temperatures is the reduction in the 

rate of sucrose phosphate synthase required for sucrose production.  Limiting sucrose production limits 

the amount of free inorganic phosphate in the cell due to the increase of glyceraledhyde-3-phosphate, 

which is processed by sucrose phosphate synthase to produce sucrose, freeing up inorganic phosphate.  

The limited availability of phosphate limits the production of ATP which in turn limits the regeneration 

of ribulose 1,5-bisphosphate which is the substrate molecule required to fix CO2 (Huner et al. 1993).  The 

ramifications of this are that the antenna pigments intercept more light energy than the plant can use 

requiring the energy to be dissipated through another mechanism or damage to the photosynthetic 

apparatus may occur.  The damage is mainly caused by the increased production of reactive oxygen 

species like superoxide (O2
-) and hydrogen peroxide (H2O2) (Ruelland et al. 2009).  

1.5.4 Effect of Reactive oxygen species on the Photosystems 

These reactive oxygen species are regularly created by the electron transport chain associated with 

Photosystem I and II (PSI and PSII) under normal temperatures.  However, under cold conditions 

temperature affects the ability of enzymes like superodxide dismutase to scavenge for these molecules.  

This leads to photoinhibition and lipid peroxidation of PSI and PSII.  It is thought that superoxide causes 

more damage to PSI whereas superoxide and superoxide converted to hydrogen peroxide are 

responsible for damaging  PSII (Tjus et al. 2001).  The primary site for reactive oxygen species damage 

and photoinhibition of PSII is the D1 protein associated with the light harvesting complex.  Although the 

damage to D1 is repairable, the replacement of D1 is a temperature-dependant process meaning that 

under low temperatures recovery from photoinhibition is a relatively slow process (Gombos et al. 1994). 



37 

 

1.5.5 Cold Temperature Effects on Plant Cell Membranes 

The majority of the freezing stress results from ice development in the apoplast, and the resulting 

change in osmotic potential which leads to cellular dehydration.  Analysis of rye protoplasts have 

demonstrated several scenarios which can occur to cells when frozen.  Cell dehydration leads to a 

reduction in the surface area of the cell membrane through endocytotic vesicle formation.  Thawing 

leads to cellular expansion through osmosis, and since the process of membrane expansion is slower 

than osmotic regulation, the cell lyses and cell death occurs (Dowgert and Steponkus 1984).  This is 

common in cells that have not been cold acclimated.  In acclimated cereals, this type of membrane 

damage does not generally occur.  In acclimated rye cells, the membrane forms exocytotic extrusions 

where the membrane appears to have a jagged appearance (Uemura et al. 1995).  Since the membrane 

size remains the same, upon thawing it is able to expand without lysis occurring.  Other membrane 

damage occurs during freezing when fracture-jump lesions and hexagonal II phase formations occur.  

These formations occur when cellular dehydration is severe enough that the outer cellular membrane 

comes in contact with organelle membranes.  The result of membrane contact, or apposition, is that 

cells are no longer responsive to osmotic expansion thus leading to cell death (Uemura et al. 1995).   

1.6 Plant Cell Responses to Cold and Mechanisms to Avoid Cold Temperature Induced Damage 

The plant cell deals with stress caused by cold temperatures through a number of means.  Specific 

adaptations include membrane alterations, cell wall alterations, increasing sugars, increasing amino acid 

and other solutes, altering photosynthetic rates and light energy dissipation, and upregulating cold-

regulated proteins (Ruelland et al. 2009).  All of these processes combine to increased cold tolerance in 

the plant and the complexity of this response illustrates the potential variation in the level of cold 

tolerance in cereals. 
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1.6.1 Alteration of Plant Cell Membranes and Membrane Composition 

Differences in membrane phospholipid and glycolipid composition exist between cold acclimated and 

non-acclimated plant cells.  Furthermore, differences have been observed between cold tolerant and 

cold-sensitive wheat.  Differences in acclimated versus non-acclimated plants were pronounced (Vigh et 

al. 1985).  Acclimated plants showed increased membrane-associated fatty acid desaturation.  

Phospholipid fatty acid chain lengths increased from 16 and 18 carbons to 20 to 22 carbons, as well.  

These changes facilitate increased fluidity of cell and organelle membranes which maintains membrane 

function.  Improved membrane fluidity under cold temperatures results in: photosynthesis inhibition, 

decreased rate in carbohydrate translocation, lower respiration, protein metabolism/ synthesis 

inhibition.  Differences in membrane composition between cold tolerant wheat variety Miranovskaja 

and Penjamo, a cold sensitive wheat variety, were used to describe membrane changes responsible for 

increased cold tolerance.  Over the acclimation period, Miranovskaja maintained glycolipid levels, 

increased the digalactosyl diglyceride fraction and decreased thylakoid monogalactosyl diglyceride 

which is important in limiting hexagonal phase II complexes (Uemura and Steponkus 1997).  Similar 

changes in digalactosyl diglyceride and monogalactosyl diglyceride have been found in rye and have 

been associated with improved cold tolerance (Uemura and Steponkus 1997).  Longer, and more 

desaturated, sulfolipid chains were found in Miranovskaja compared to Penjamo, as well. 

1.6.2 Alterations to the Plant Cell Wall 

The cell wall also undergoes physical changes to withstand cold stress.  In rye, it has been noted that 

there was an increase in cell wall thickness over the hardening period (Huner et al. 1981b).  In studies 

examining gene expression and protein synthesis during cold stress or hardening processes, it is 

common to find genes from the phenylpropaniod pathway and lignin biosynthesis pathways 
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upregulated (Cui et al. 2005; Wei et al. 2006).  The reason for this is thought to be that the cell wall plays 

a role in protecting the cell from dehydration during freezing by maintaining the cell shape and 

preventing collapse (Ruelland et al. 2009). 

1.6.3 Change in Plant Metabolite Concentrations 

Increased sugar content in the plant has been commonly found associated with increased cold 

tolerance.  In wheat, differences in galactinol synthase expression were found with the spring wheat 

'Quantum' having initially increased gene expression over the winter variety CDC Clair (Monroy et al. 

2007).  However, after two hours of acclimation at cool temperatures, galactinol synthase expression 

decreased in Quantum.  The galactinol synthase expression in CDC Clair remained at a high level, 

without the decrease.  This may explain some of the range in cold tolerance observed among wheat 

lines.  In one experiment, 36 wheat lines were tested and high correlation was found between total 

sugars and field survival index (Fowler et al. 1981).  The strong correlation indicated the importance of 

sugars for winter survival.  Increased sugars in the cell are thought to have a number of roles in 

improving cold tolerance.  First, the sugars can be used to maintain cell water potential by limiting the 

amount of water that leaves the cell due to ice formation in the appoplast.  Sugars are also thought to 

associate with the membrane of the cell by replacing lost water and maintaining membrane fluidity 

(McKown et al. 1996).  

1.6.4 Alteration of Solute Concentrations 

Increased solutes like amino acids and glycine betaines have been shown to be involved in increased 

cold tolerance.  These solutes act as osmolytes to counter cellular dehydration and ice formation in the 

apoplast, a function similar to sugars.  Proline is an amino acid that is well documented as being 

associated with cold tolerance.  In rye, proline has been found to increase dramatically after three 
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weeks of acclimation (Koster and Lynch 1992).  In wheat, a study examining three cultivars found that 

proline increased in all lines for the first week of acclimation (Kamata and Uemura 2004).  Prolonged 

cold acclimation showed that the least cold tolerant cultivar stopped accumulating proline, whereas the 

other two lines continued to increase.  Since only three varieties were tested, it was difficult make a 

definite correlation between proline content and cold tolerance.  The experiment simply showed variety 

differences with regards to proline accumulation and a link to differences in cold tolerance.  Glycine 

betaine is another molecule that accumulates in some species during cold acclimation and has been 

associated with cold tolerance (Kamata and Uemura 2004).  In wheat, it was found that glycine betaine 

accumulated over the cold acclimation period, especially in weeks three and four of the study.  The 

three varieties tested for glycine betaine content ranked in the same order as the cold tolerance 

rankings (Kamata and Uemura 2004).   

1.6.5 Alteration in Light Energy Usage and Photosynthetic Pathways 

Overwintering cereals continue to grow and develop at low temperatures while maintaining a high level 

of photosynthesis.  This is mainly due to a number of adjustments to photosynthetic pathways by plant 

cells during cold temperature acclimation.  Initial adjustments are required to dissipate light energy due 

to the slowing of enzymes involved in photosynthesis and sucrose production.  One adjustment by the 

cell is to increase non-photochemical quenching through the xanthophyll cycle so that the light energy is 

dissipated.  Another adjustment is made at photosystem II where reaction center quenching by an over 

reduced primary electron acceptor, plastoquinone A (Qa), occurs early in acclimation as the cell 

attempts to limit photodamage (Ivanov et al. 2008).  Long term adaptation of plant cells to cold 

temperatures requires the plant to increase overall levels of proteins and enzymes required for 

photosynthesis such as plastoquinone A, reactive oxygen scavenging pathways, sucrose phosphate 
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synthase for sucrose production and increases in Calvin cycle enzymes (Gray et al. 1997; Hurry et al. 

1994; Hurry et al. 1995; Streb and Feierabend 1999).  

1.6.6 Genetic Mechanisms of Cold tolerance and Activation of Genes involved in Acclimation to Cold 

Temperatures 

Exposure to cold temperatures causes the cell to react by altering expression of hundreds of genes.  

Quantitative genetic evaluation of wheat germplasm using chromosome substitution lines, diallel 

analysis, generation means analysis and reciprocal crosses was made in an attempt to quantify the 

number of genes involved in cold tolerance.  Full diallel analysis has been used to test six parental lines 

with a wide range of cold tolerance.  Significant general combining ability and specific combining ability 

across parental lines and F1's was found (Sutka 1981).  This indicates that there is both additive and non-

additive gene action involved in these crosses.  Estimates of genetic components showed that a large 

portion of the genetic effects is due to additive components with incomplete dominance for many of the 

genes observed.  Heritability estimates from the diallel analysis were significant, indicating that selection 

for cold tolerance in these crosses would be effective (Sutka 1981).  Analysis of chromosome 

substitution lines of Chinese spring and Arthur showed that in this study, there were chromosomes that 

were associated with increased cold tolerance (2B, 4B and 5D), as well as chromosomes that were 

associated with less cold tolerance (3A, 3B, 6D).   Most chromosome substitution monosomic lines were 

less cold tolerant than their disomic version (Sutka 1981).  A second chromosome substitution line test 

of Chinese Spring and Cheyenne found chromosomes 4B, 4D, 5A, 5B, 5D and 7A all associated with 

increased cold tolerance.  The finding of genes associated with cold tolerance throughout the wheat 

genomes indicates the complexity of the trait and confirms the findings from the diallel analysis (Sutka 

1981).  In another study, (Brule-Babel and Fowler 1988) reciprocally crossed five wheat lines with 



42 

 

varying winter survival ability and analysed the F1, F2 and F2-derived F3 lines from these crosses.  The 

lines were tested for cold tolerance using the LT50 method and variance components were calculated.  

Reciprocal crosses showed no significant maternal effects.  Within reciprocally crossed winter wheat 

lines, no dominant effects were noted and differences were thought to be mainly additive.  Winter x 

spring crosses showed a distinct dominant effect in the F1 with a slight reduction in cold tolerance in the 

F2 relative to the F1 generation leading to the conclusion that all winter wheats must have at least one 

dominant gene for cold tolerance.  Heritability of cold tolerance was relatively high in wide winter x 

spring crosses, however in narrow winter x winter crosses, transgressive segregation was not observed 

at a high level, especially higher than the most cold tolerant winter parent.  These results indicate that 

although cold tolerance is highly heritable, increasing cold tolerance beyond the hardiest parent will be 

difficult. 

Generation means analysis has been used to assess the mode of gene action in a cross between cold 

tolerant winter wheat Norstar and cold susceptible spring wheat Zagros (Sofalian et al. 2006).  Parental 

lines, F1, F2, BC1P1 and BC1P2 were tested indoors using a cold tolerance testing method similar to 

Fowler et al. (1981).  The analysis revealed that additive, dominant and epistatic interactions were 

important for cold tolerance.  Furthermore, heritability estimates were high showing similarities to 

previous studies (Brule-Babel and Fowler 1988; Sutka 1981). 

Two of the more highly studied cold response genes are COR14b and WCS120 (wheat cold specific 120).  

COR14b is a protein that is found in the stroma of the chloroplast and is associated with protecting the 

photosystem from photodamage (Crosatti et al. 1995).  WCS120 belongs to the dehydrin group of 

proteins.  The function of dehydrins is not known but they are suspected to be involved in several 

processes important for cold tolerance including:  scavenging for reactive oxygen species, protecting 
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lipids and cryoprotecting enzymes (Rorat 2006).  Several loci important for increased cold tolerance 

have been focused on in cereals, namely frost resistance A-1 and A-2 (Fr-A1 and Fr-A2).  FR-A1 was 

initially discovered to be linked to Vrn-A1 on chromosome 5 through genetic mapping studies (Galiba et 

al. 1995).  More recently through physiological studies, it is thought that Fr-A1 is a pleiotropic effect of 

Vrn-A1 where the shift into reproductive phase has been shown to be coupled with a loss of cold 

tolerance (Dhillon et al. 2010; Limin and Fowler 2006).  Discovery of several cold regulated (COR) genes 

associated with cold tolerance has led to the discovery of a major locus for cold tolerance, Fr-A2.  The 

expression QTL of COR14b led to the discovery of a cluster of C-Repeat Binding Factor (CBF) genes 

located at Fr-A2, approximately 30 -35 cM from vrn-A1 (Vagujfalvi et al. 2003).  It is estimated that the 

total number of CBF genes spread throughout the three wheat genomes is 37 (Badawi et al. 2007).  CBFs 

have been determined to be transcription factors that bind to a conserved element in the promoters of 

cold tolerance or dehydration-responsive genes (Stockinger et al. 1997).  It is not known which specific 

CBF genes are most important for cold tolerance or if it is an additive effect.  However, it is known that 

there are non-functional CBF alleles such as Cbf-12, found at the Fr-A2 locus with a mutation in the AP1 

site responsible for binding to COR gene promoters (Knox et al. 2008).  This non-functioning allele may 

help to explain some of the variation in cold tolerance.  Differences in cold acclimation induction 

temperatures among cereal species have been noted and are explained by CBF expression.  In a study by 

(Campoli et al. 2009), CBF expression patterns of rye, wheat and barley were examined under four 

different acclimation temperatures.  The results showed that there were differences in cold acclimation 

induction temperatures across species.  Rye showed signs of increased CBF expression at 18oC versus 

winter wheat and barley which showed increased CBF expression at 10oC (Campoli et al. 2009).  This 
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may explain some of the differences between species in terms of cold tolerance as rye begins to 

acclimate at much higher temperatures compared to wheat and barley.  

1.7 Methods for Testing Cold Tolerance in Cereals 

A range of cold tolerance screening methodologies have been developed in cereals.  The protocols all 

have similar main procedures and follow the general guideline laid out by (Levitt 1980).Variations on 

similar methodology have been developed (Clement and Van Hasselt 1996; Fowler and Carles 1979; 

Gusta et al. 1997; Bridger et al. 1996; Mckersie and Hunt 1987; Sutka 1981).    Acclimation times vary, 

depending on the experiment, but are generally between two and six weeks.  Acclimation has been 

carried out in a number of environments including the field (Fowler and Carles 1979; Gaudet and Kozub 

1991; Levitt 1980; McKersie and Hunt 1987; Rapacz and Wozniczka 2009), in a hydroponic system 

(Brule-Babel and Fowler 1988) or indoors in potting soil mixtures (Bridger et al. 1996; Rizza et al. 2001; 

Sutka 1981).  Before testing commenced, all methods had a short, sub-zero acclimation (-3 or -4 oC) 

period which varied in length between 12 hours and two days.  Gradual freezing of the plants occurred 

at a rate of 2oC per hour.  Not all protocols involved adding an ice nucleator to inhibit supercooling.  

Time intervals for which the plant material was maintained at sub-zero testing temperatures varied 

across protocols.  Some protocols removed the material once the testing temperature had been reached 

(Fowler and Carles 1979; Fowler et al. 1981; McKersie and Hunt 1987; Rizza et al. 2001; Sutka 1981), 

after maintaining freezing temperatures for 18 hours (Rizza et al. 2001), 24 hours (Sutka 1981) or longer 

(Gusta et al. 1997; Andrews and Pomeroy 1975).  All protocols thawed the plants slowly by placing them 

immediately at 0 oC or 4 oC (Fowler and Carles 1979; McKersie and Hunt 1987) or slowly raising the 

temperature of the freezers 2 oC per hour and maintaining the freezer at 1 oC for as long as 15 hours.  

After the recovery period, the plants were placed in growthrooms and evaluated for re-growth two or 
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three weeks after freezing.  In some cases, plant leaves and roots were trimmed before or after freezing 

to aid in evaluating re-growth. 

Methods of analysing the plant material tested include simple visual evaluation of regrowth Fowler and 

Carles 1979; Gusta et al. 1997; Bridger et al. 1996; McKersie and Hunt 1987; Rizza et al 2001; Sutka, 

1981) where plants are scored as alive or dead (Fowler and Carles 1979; McKersie and Hunt 1987), or on 

a quantitative scale rating the extent of the damage to the plant (Rizza et al. 2001; Sutka 1981).  Fowler 

and Carles (1979) carried the analysis of plant survival further using probit analysis to calculate LT50 or 

lethal temperature at which 50% of the plants die to give a value to the degree of cold tolerance of the 

plants. 

Cold tolerance screening protocols have been used to develop test plant material to be evaluated using 

more quantitative and less biased measures of cold tolerance.  Electrolyte leakage and chlorophyll 

fluorescence have been two measures that have been widely used to quantify cold tolerance.  Other 

methods include phenotypic traits linked to cold tolerance (Fowler et al. 1981), metabolite 

quantification (Fowler et al. 1981; Koster and Lynch 1992; McKersie and Hunt 1987),  cell and organelle 

membrane evaluation (Clement and Van Hasselt 1996; Uemura and Steponkus 1997) and molecular 

analysis of specific protein expression patterns (CBF and COR proteins) (Badawi et al. 2007; Campoli et 

al. 2009; Crosatti et al. 1995; Dhillon et al. 2010; Griffith and Yaish 2004; Knox et al. 2010).   

1.7.1 Electrolyte Leakage 

Electrolyte leakage as a measure of cold tolerance was established by (Dexter et al. 1932).  The idea 

behind this method is that increasing cell damage due to increasing cold temperature results in 

increased electrolyte leakage (Levitt 1980).  Therefore, increased conductivity due to solute leakage is 

an excellent indicator of cell membrane damage due to freezing.  This method has been widely applied 
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in cereals (Clement and Van Hasselt 1996; Rapacz and Wozniczka 2009; Rizza et al. 2001).  A downside to 

this method is that it is destructive to plant material and time consuming, making it difficult to apply to 

plant breeding programs as a selection tool (Rizza et al. 2001).   

1.7.2 Chlorophyll Fluorescence  

1.7.2.1 THE BIPARTITE MODEL   

When a photon of light is absorbed by the chlorophyll, one of three things can happen to the photon's 

energy as noted in the bipartite model for photosystem II (Butler 1978).  It can be channeled through 

photosynthesis, or photochemical quenching (PQ), where ATP and NADPH are created to be used as 

energy sources in the Calvin cycle.  A second fate of the photon's energy is that it can be dissipated as 

heat, for example through the xanthophyll cycle, known as non-photochemical quenching (NPQ).  

Finally, the photon can be released as fluorescence (FQ) which is defined as the re-emission of a photon 

of light from chlorophyll.    

1.7.2.2 PHOTOSYNTHESIS (PQ)   

When a photon of light is absorbed by antenna pigments (carotenoids, chlorophyll a/b) associated with 

a photosynthesis reaction center in the plant, its energy is funneled through pigment molecules via 

fluorescent resonant energy transfer towards the reaction centre.  This process is unidirectional as the 

energy transfer follows a decreasing energy gradient toward the reaction center.  The loss of energy 

from this system is in the form of heat.  Upon transfer to the reaction center, the energy has decreased 

to the level accepted by the reaction center (680nm for PSII or 700nm for PS I).  The first photochemical 

reaction of photosynthesis is the transfer of an electron from specialized chlorophylls in the reaction 

center to the primary electron acceptor.  The reaction center’s (P680) oxidized state is returned to 
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normal through electron donation by the splitting of water producing oxygen and protons which are 

used to drive ATP synthesis.  The reaction center for photosystem II is composed of a multi-protein 

complex.  Specifically, membrane bound proteins D1 and D2 compose the core of the reaction center.  

Antenna pigments, chlorophyll a/b and carotenoids, as well as electron acceptors pheophytin and 

plastoquinone, are bound to the core complex.  Pheophytin receives the electron from the antenna 

molecules and then passes the electron on to plastoquinone A and B.  Plastoquinone B is reduced by 

two electrons and it then takes up two protons, making it non-polar with the ability to diffuse through 

the hydrocarbon portion of the chloroplast membrane to the cytochrome b6f complex where the 

electrons are transferred to the remainder of the electron transport chain.     

1.7.2.3 NON-PHOTOCHEMICAL QUENCHING (NPQ) 

Non-photochemical quenching is an alternative method of dissipating light energy by releasing it as 

heat.  It is an important mechanism for protecting the photosystem against photodamage due to excess 

light energy.  Under high light and sensing a decrease in lumen pH, NPQ works by the de-epoxidation 

reaction of violaxanthin (via an intermediate antheraxanthin) to zeaxanthin.  It is thought that heat is 

released through zeaxanthin binding the PsbS protein, associated with the reaction center, which causes 

a conformational change leading to a release of heat energy (Li et al. 2000). 

1.7.2.4 CHLOROPHYLL FLUORESCENCE (FQ)   

Chlorophyll fluorescence was described by Kautsky as early as 1931, when he observed that moving 

plants from the dark into the light led to visible fluorescence being given off from the plant.  He 

hypothesized that the fluorescence was related to photosynthesis and this was later proven correct 

(Kautsky and Zedlitz 1941; McAlister and Myers 1940).  Chlorophyll fluorescence occurs regularly under 

natural conditions.  Approximately 90% of the fluorescence originates from chlorophyll a and 
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photosystem II and comprises only 2-5% of the total absorbed light energy (Govindjee 1995).  

Fluorescence from PS I is of weak intensity and does not demonstrate variability in comparison to PSII 

(Govindjee 2004).  Under experimental conditions, chlorophyll fluorescence occurs as a result of a 

strong burst of light causing the complete reduction of plastoquinone A which results in all of the 

reaction centers being 'closed'.  No other photosystem II electron acceptors are available to accept the 

electron, requiring chlorophyll to release the energy as fluorescence or through heat dissipation (Baker 

and Rosenqvist 2004; Taiz and Zeiger 2002).  Under experimental conditions when the plant has been 

dark adapted, both photochemical quenching and non-photochemical quenching are relaxed.  A strong 

pulse of light can be applied, closing all reaction centers and the resulting fluorescence can be 

measured.  Since all three processes compete for photon energy, NPQ and PQ are essentially zero as 

they have been down regulated.  As a result, chlorophyll fluorescence can be used to examine 

photochemical and non-photochemical processes (Baker and Rosenqvist 2004; Butler 1978; Maxwell 

and Johnson 2000).  This means that if chlorophyll fluorescence is low, either there has been 

photoinhibitory effects on the light harvesting complex (as measured on dark adapted leaves) or either 

NPQ or PQ are using the photon energy (under actinic light) resulting in less fluorescence, termed 

fluorescence quenching(FQ) (Maxwell and Johnson 2000). 

1.7.2.5 FLUORESCENCE MEASURES OF DARK ADAPTED LEAVES (MAXIMUN QUANTUM YIELD OF PHOTOSYSTEM II)  

A number of fluorescence parameters have been derived to explain specific photon excitation energy 

usages PQ or NPQ.  One of the most important parameters is maximum potential quantum yield of 

photosystem II and it is defined as the maximum efficiency with which photons absorbed by the light-

harvesting antennae of PSII are converted to chemical energy (Baker and Rosenqvist 2004).  This 

parameter termed Fv/Fm is measured on dark adapted leaves (Genty et al. 1989).  Initially, a minimal 
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fluorescence value (Fo) which is the basal amount of fluorescence that occurs when all of the reaction 

centers are open is measured from a weak measuring light source (650nm) The leaf is then subjected to 

a strong, short, saturating pulse of light at a wavelength less than 680 nm at 10000 μmol m
-2

s
-1

.  

Fluorescence measured during this pulse is the maximal fluorescence (Fm).  From these two 

measurements, maximum potential quantum yield is calculated using the equation (Fm-Fo)/Fm or 

Fv/Fm; where Fv is termed the variable fluorescence or difference between basal and maximal 

fluorescence levels.  This measure provides information on the photosynthetic performance of the plant 

and values lower than 0.83 are indicative of stress on the plant in the form of photoinhibition (Björkman 

and Demmig 1987). 

1.7.3 Application of Fv/Fm for Testing Cold Stress in Cereals  

Maximum potential quantum yield has been used in a broad range of applications including cold, 

drought and salt stress as well as to evaluate effects of herbicides on plants.  For evaluating the effects 

of cold and freezing tolerance in wheat, (Clement and Van Hasselt 1996) compared chlorophyll 

fluorescence to the common evaluators of cold tolerance electrolyte leakage, triphenyl tetrazolium 

chloride reduction and visual symptoms on frozen leaf strips of the variety Urban.  It was concluded that 

chlorophyll fluorescence was highly correlated to all three evaluation parameters.  Trends were noted 

across all the testing methods for survival at freezing temperatures.  The authors also noted an effect of 

supercooling on leaves and the lowering of predicted lowest survival temperature (Clement and Van 

Hasselt 1996).   

Rizza et al. (2001) used chlorophyll fluorescence to evaluate the freezing tolerance differences of spring 

and winter oats.  They evaluated 12 winter and three spring oat varieties over five freezing 

temperatures (-8, -10, -12, -14 and -16oC), five acclimation periods (0, 1, 2, 3 and 4 weeks) and four 
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recovery periods (1 hour, 1, 2 and 5 days).  The results from this study showed that chlorophyll 

fluorescence was strongly correlated with field evaluation.  Furthermore, the technique was sensitive 

enough to detect expected adaptation of the plant cells to cold acclimation.  Over the four week 

acclimation period the Fv/Fm ratio initially decreased and then gradually increased to non acclimated 

control levels (Rizza et al. 2001).  The authors indicated that the method was less subjective than visual 

assessment of the plants and was more rapid and less labour intensive than electrolyte leakage 

measurements.  This assay has since been applied in barley to find two major QTL for frost resistance 

and as an assay to find markers associated with cold tolerance to be used in marker assisted selection 

(Akar et al. 2009; Francia et al. 2004).  Furthermore, it was shown that this technique is significantly 

correlated to more traditional LT50 experiments (Rizza et al. 2011). 

Similar analysis was carried out by (Rapacz and Wozniczka 2009) in two separate experiments.  In the 

first experiment they examined leaves harvested in the fall and late winter from 40 varieties of field 

grown winter wheat (Rapacz and Wozniczka 2009).  In the second experiment they examined a subset of 

seven lines where field data were related to indoor experiments.  In the first experiment, the leaves 

where tested using Fv/Fm and fluorescence transients.  In the second experiment, Fv/Fm, fluorescence 

transients and electrolyte leakage parameters were measured.  It was determined that chlorophyll 

fluorescence measurements were significantly correlated to field evaluations (Rapacz and Wozniczka 

2009).  Furthermore, as was found in the studies by (Rizza et al. 2001) and (Clement and Van Hasselt 

1996), Fv/Fm and electrolyte leakage parameters were highly correlated.  Overall, it was concluded that 

Fv/Fm was an acceptable, consistent, rapid and non-destructive method of screening for winter survival.   
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1.7.4 Assessment of Cold Tolerance Outdoors 

Several systems have been set up to examine winter survival in the field.  Methods used to score winter 

kill in the field include simple percent survival (Ontario Cereal Crop Committee 2010) or by rating on a 

pre-determined scale (Rapacz and Wozniczka 2009; Rizza et al. 2001).  Aside from yield plot evaluation, 

the provocation method developed by (Prasil and Rogalewicz 1989) has been used to evaluate wheat 

plants sown in small boxes placed on the soil surface.  This method ensures cold temperature exposure.  

Resulting from the analysis was the percent survival of the unbalanced dataset based on average 

environmental conditions.  This was then transformed into a scale of 1 to 9, with 1 equivalent to less 

than 15% survival and 9 having greater than 85% survival (Prasil and Rogalewicz 1989). 

Due to the inconsistency and uneven winter kill across field seasons, locations and within-trial plots, 

(Fowler and Gusta 1979) developed a field survival index (FSI) which determines the relative winter 

hardiness of wheat varieties across a number of trials which have a broad range in severity for winter 

kill.  For this index, plots are scored on a percent survival basis and the index is calculated relative to a 

check which has a determined FSI.  The FSI is especially effective in lowering experimental error as well 

as providing a true scale of winter survival for winter wheats.  The authors found that before this scale, 

varieties with winter survival higher than 95% and lower than 5% were either not stressed enough to 

show differential or were almost completely killed, making the data for these lines uninformative.   With 

the FSI, only differential data is used to create the index and the severity of the test determines which 

lines are used for evaluation.   
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1.8 Using Spectroradiometry for Evaluating Biomass in Field Crops 

1.8.1 The Development of Spectral Reflectance as a Tool to Assess Plant Leaves 

Initial reflectance measurements of plant leaves by (Shull 1929) demonstrated the general reflectance 

pattern of a leaf in the visible light wavelength range.  The study found differences for reflectance 

among plant species, the age of leaves, healthy versus mildewed lilac leaves and laid out the expected 

reflectance curves of plants with low reflectance in the blue and red light ranges (especially at 680 nm) 

and moderate reflectance in the green visible light range (Shull 1929).    

The results reported by (Shull 1929), describe the main properties of leaf and canopy reflectance which 

are summarized by (Hatfield et al. 2008): 

1) The majority of light in the wavelengths of 400 to 500 nm is absorbed with minimal response to 

chlorophyll content.   

2)  The majority of light of around the wavelength 670 nm is absorbed and reflectance is generally 

insensitive to chlorophyll content 

3)  Light is reflected in green (530 to 590 nm) and greater than 710 nm (red edge) wavelength ranges.  

This reflectance shows great variation with regards to chlorophyll content and is informative with 

regards to chlorophyll status of the plant.  Furthermore, light within these ranges penetrates further 

into the leaf before being reflected meaning that reflectance of these wavelengths can also be 

informative in terms of leaf structure (Merzlyak and Gitelson 1994). 

The leaf reflectance properties are associated with describing how “green” the leaf is.  Through 

analysing reflectance in the green and red edge wavelengths, associations have been made that are 

directly related to the ability of the plant to convert light energy and carbon dioxide into glucose via 

photosynthesis.  It can also be used to evaluate nitrogen status in the plant since a large amount of plant 
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nitrogen is in the chlorophyll molecule itself (Filella et al. 1995).  Finally, chlorophyll content can be used 

as an indicator of general plant stress and senescence (Filella et al. 1995).  Building upon this work, leaf 

and canopy reflectance has been measured and related to leaf structure (Gates et al. 1965; Woolley 

1971), plant architecture (Colwell 1974; Suits 1972; Tucker 1977) and factors affecting biotic and abiotic 

stress (Filella et al. 1995; Hansen and Schjoerring 2003; Larsolle and Hamid Muhammed 2007; Nansen et 

al. 2009).     

1.8.2 Factors Affecting Canopy Reflectance 

It is important to note that a number of parameters must be taken into consideration when measuring 

reflectance in the field on plant canopies (Colwell 1974; Hatfield et al. 2008).  The optical properties of 

the leaf and plant structure can be examined using bidirectional or hemispherical reflectance 

procedures (Norman et al. 1985).  The reflectance of the soil, weeds and debris which may affect 

reflectance measurements need to be accounted for (Gausman et al. 1975; Nagler et al. 2000; Tucker 

1979).  Plant architecture is another important factor as leaf area index, percent vegetation cover and 

leaf angle all affect plant reflectance (Colwell 1974; Suits 1972).  Measurements must be taken at 

appropriate light conditions with sunlight at the azimuth point in the sky (Colwell 1974; Norman et al. 

1985).  Viewing angle is also important as shadows and shaded portions of the canopy do not reflect 

light in the same manner (Colwell 1974).  The effect of these parameters on canopy reflectance resulted 

in the established testing protocols and it also led to the development of indices to counter the effect of 

soil reflectance on reflectance values (Tucker 1979).   
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1.8.3 Informative Reflectance Ratios 

1.8.3.1 NORMALIZED DIFFERENCE VEGETATIVE INDEX 

Making use of specific light wavelengths or bands (groupings of wavelengths), reflectance data 

generated from plant leaves and canopies has been used in a number of vegetative indices and ratios to 

describe specific structures and functions in the plant.  Initially simple ratios were developed to 

determine leaf area index of forest canopies (Jordan 1969; Table 5).  Normalized difference vegetative 

index (NDVI) proposed by (Rouse et al. 1974; Table 5) has developed into the basis for many of the 

reflectance indices across a number of plant pigments and parameters (Table 1.5).  The general NDVI 

equation is (RNIR-Rred)/(RNIR+Rred).   

NDVI has been shown to be very effective measuring light interception by the canopy.  The index 

incorporates measurements take on canopy reflectance in the red spectrum (670 nm) which is low if the 

area being measured contains a large amount green plants present.  Alternatively, a green NDVI index 

has been created where reflectance in the green range (550 nm) is substituted for Rred in the NDVI 

equation (Buschmann and Nagel 1993; Table 5).  The near infrared reflectance portion of the index 

measures total reflectance of the plant (Haboudane et al. 2004).  A plant does not absorb radiance in 

the 800 nm range and therefore, the majority of the radiative energy is reflected.  Higher  reflectance 

indicates a higher amount of leaf and canopy structure (Haboudane et al. 2004).  When normalized with 

green or red reflectance, the ratio is effective at estimating intercepted photosynthetically active 

radiation, vegetation cover and leaf area index (Duchemin et al. 2006).  Some complications arise in 

using NDVI for reflectance measurement.  (Smith et al. 2008) found that above a leaf area index of three 

or four, NDVI becomes saturated and not an appropriate index for measuring peak plant biomass.  

(Jackson et al. 1983) found similar results in that below 15% green cover NDVI was able to determine 
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green biomass above soil reflectance levels.  Good correlations between NDVI and increasing percent 

green cover were noted from 25% to 80% coverage.  The correlation was poor above 80% green 

coverage and the authors concluded that NDVI was a poor measure of high levels green coverage due to 

reflectance saturation (Jackson et al. 1983). 

1.8.3.2 SOIL ADJUSTED VEGETATIVE INDEX   

Another major concern for using NDVI is the effect of soil reflectance.  Large influences of soil 

reflectance on simple ratio, NDVI and perpendicular vegetation index (RVI) have been noted (Huete et 

al. 1985; Table 5).  Effects of soil brightness or reflectance were especially noted at 50% vegetation 

cover.   At low vegetation percentages, there was not enough scattering from the canopy to affect soil 

reflectance and at full canopy closure there was not enough soil visible to cause an effect (Huete et al. 

1985).  This resulted in the development of new indices based on corrections for soil reflectance 

including soil adjusted vegetation index (SAVI; (Huete 1988; Table 5), Transformed Soil Adjusted 

Vegetation Index (TSAVI; (Baret et al. 1989; Table 5) and Optimized Soil Adjusted Vegetation Index 

(OSAVI; (Rondeaux et al. 1996).  In general, these indices are modifications of NDVI with correction 

factors accounting for soil type built into the equation. 

Chlorophyll Absorption in Reflectance Index (CARI) was developed to evaluate absorbed 

photosynthetically active radiation while minimizing the effects of non-photosynthetically important 

structures of the leaf and canopy on reflectance measurements (Kim et al. 1994; Table 5).  Modifications 

(Modified CARI; MCARI) to this equation were made to take into account reflectance in the green range 

of the spectrum (Daughtry et al. 2000; Table 5).  Further modifications were made by (Haboudane et al. 

2004) to take into account shifts in the red edge portion of the canopy reflectance region which can vary 

based on chlorophyll levels in the leaf (MCARI1).  Near infrared was also added to the equation to make 
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the equation more effective in measuring leaf area index.  A final adjustment of the formula was to 

introduce a soil adjustment to the equation.  This adjustment made the MCARI2 equation more robust 

and less sensitive to soil reflectance (Haboudane et al. 2004; Table 5).   

1.8.3.3 TRIANGULAR VEGETATIVE INDEX   

Triangular Vegetative Index (TVI) was developed by (Broge and Leblanc 2001; Table 5) where they used 

peak reflectance in the green range (550 nm), maximum absorption in the red range (670 nm; minimum 

reflectance) and maximum reflectance in the near infrared (750 nm canopy detection) to create a 

triangle where the area measured of the triangle is related to the PAR absorption of the canopy.  

Increase in chlorophyll content or canopy reflectance means that the area of the triangle will increase 

(Broge and Leblanc 2001).  (Haboudane et al. 2004) adjusted the TVI equation so that the NIR value used 

in the equation was at 800nm (MTVI1; Table 1.5).  Furthermore, a soil adjustment was built into the 

equation (MTVI2; Table 1.5).  The reasons for this adjustment were the same for MCARI2.  First, 

changing the NIR reflectance variable to 800 nm limits the effect of chlorophyll and the soil adjustment 

makes the equation more robust.   

A second measure similar to TVI is Special Polygon Vegetation Index (SPVI; Table 1.5) which takes into 

account the increase or decrease in the green wavelength (550 nm) relative to the canopy reflectance in 

the NIR (800 nm) (Vincini et al. 2006).  This model provides similar results to MTVI2 and could be an 

effective measure of canopy chlorophyll density (CCD) which is the product of chlorophyll content and 

LAI.   

1.8.4 Canopy Reflectance as a Measure of Biomass 

A number of studies have used spectral reflectance to non-destructively evaluate wheat germplasm for 

biomass production (Babar et al. 2006; Elliot and Regan 1993; Prasad et al. 2009).   In general, the idea 
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for evaluating biomass in wheat was to examine if biomass analysis using spectral reflectance could be a 

way of breeding for increased biomass to increase yield (Babar et al. 2006; Elliot and Regan 1993; Prasad 

et al. 2009).  Since wheat reallocates a large portion of assimilates originally in the leaf to the grain, 

larger plants pre-anthesis should, theoretically, lead to increased grain yield.  Predictably, researchers 

found that when using NDVI at full canopy, the correlation between NDVI and biomass was not high due 

to reflectance saturation.  It is interesting to note that by examining water status using the water index 

(WI; (Penuelas et al. 1995b; Table 5)) calculated from reflectance in the NIR range at booting, heading 

and grain fill, a high correlation to biomass was found (Babar et al. 2006; Prasad et al. 2009).   Early 

evaluation of biomass through remote sensing has been shown to be more effective as reflectance 

saturation has not been reached as in the studies analysing biomass at full canopy (Alvaro et al. 2007; 

Elliot and Regan 1993; Smith et al. 2008).  An Issue that arises with evaluating early biomass is the effect 

of soil reflectance (Bellairs et al. 1996; Huete 1988).  However, in a comparison between NDVI and 

MTVI2 at low LAI, it appears that NDVI and MTVI2 are sufficient for biomass determination (Smith et al. 

2008).   
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Table 1.1. List of traits that have been altered over domestication, cultivation and modern phases of 
wheat history (from Feldman 2001). 

 

Domestication Phase Selection and Expansion Phase Modern Breeding  
(13000 to 10300 YBP)  (10300-125 YBP) (125 YBP-present) 

 
Increased spikelet number Adaptation to new environments Higher plant density 
Increased grain size Increased tillering Canopy with erect leaves 
Erect plants Increased plant height Reduced height 
Uniform, rapid germination Wider leaves Dependance on fertilizer 
Non-dormant seeds Increased competitiveness Resistance to shattering 
Free threshing grains Changes in timing of growth stages Disease and pest resistance 
Non-brittle spikes Increased grain number per spike Lodging resistance 
 Improved non-shattering Improved harvest index
 Improved technological performance Improved quality traits  
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Table 1.2. Wheat production in the world from 1999-2008 for the 10 highest wheat producing 
countries in terms of tonnage (FAO 2011). 

 
Country  Production Area  Yield  
 (1x106t) (1x106ha)  (t/ha) 

 
China 100.4 24.1  4.2 
India 72.0 26.8  2.7 
United States 57.3 20.6  2.8 
Russia 44.8 22.9  1.9 
France 35.9 5.2  6.9 
Canada 23.8 9.8  2.4 
Germany 22.3 3.0  7.4 
Pakistan 20.2 8.3  2.4 
Australia 20.0 12.4  1.6 
Ukraine 15.9 5.8  2.6 
Other 193.0 76.5  2.5 
World 605.6 215.3  2.8 
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Table 1.3. Wheat yield data for the period of 1951 to 2005 from the Yaqui Valley in Mexico broken 
down into breeding eras (adapted from Ortiz et al. 2008). 

 
Breeding era Yield increase Yield increase Era characterization 
 per year (%) per year (kg/ha)  

 
1951–1962 5.79 115 Introduction of improved,   
   non–semi-dwarf cultivars 
1963–1975 4.81 175 Introduction of initial    
   semi-dwarf cultivars) 
1976–2005 0.85 43 Current improvement efforts  
   for semi-dwarf cultivars) 
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Table 1.4. List of Wheat Milling Classes for Eastern Canada and their descriptions (Canadian Grain 
Commission 2010). 

Classification  Characteristics    End Uses 

 
Amber Durum  High yield semolina, Pasta making quality Semolina for Pasta, Couscous 
Hard Red Winter Good milling quality   French, flat and steamed   
        breads, noodles 
Hard White Spring Superior milling quality for flour with excellent Bread and noodle production 
   colour 
    
Red Spring  Superior milling and baking quality  High volume pan bread, noodles 
        pasta, used alone or in blends for  
        hearth, steamed and flat breads 
Soft Red Winter  Low protein content   Cakes, pastry, cereal, biscuits and  
        filling 
Soft White Spring Low protein content   Cookies, cakes, pastry, flat and  
        steamed breads noodles and  
        chapatis 
Soft White Winter Low protein content   Cakes, pastry, cereal, crackers,  
        biscuits and filling 
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Table 1.5. Equations for commonly used vegetation indices used for remote sensing of field crops (adapted from Hatfield et al. 2008; Stagakis 
et al. 2010; Ustin et al. 2009; Zarco-Tejada et al. 2005)  

 
Index  Wavebands  Application  Reference 

 
 R800–R680 biomass (Jordan 1969) 
 R800–R550 biomass  (Buschmann and Nagel 1993) 
 R550 chlorophyll  (Carter 1994) 
 1/R700  chlorophyll (Gitelson et al. 1999) 
 log(1/R737)  chlorophyll  (Yoder and Pettigrew-Crosby 1995) 
SR1 (Simple ratio)  SR = R750/R670  biomass, LAI, cover  (Birth and McVey 1968; Jordan 1969) 
SR2, SR3, SR4  R750/R700, R752/R690, R750/R550  chlorophyll (Gitelson and Merzlyak 1997) 
SR5  R672/R550  chlorophyll b (Datt 1998) 
SR6 R800/R680  LAI (Jordan 1969) 
SR7, SR8  R690/R655, R685/R655  fluorescence (stress) (Zarco-Tejada et al. 2003) 
GI (Greenness Index) GI=R554/R667 chlorophyll (Zarco-Tejada et al. 2005) 
MSR1 (Modified Simple Ratio 1) MSR1={(R800/R670)-1}/{(R800+R670)+1}1/2    LAI (Chen 1996) 
MSR2 MSR2={(R750/R445)/(R705-R445) chlorophyll (Sims and Gamon 2002) 
MSR3 MSR3=(R750-R445)/(R705-R445) chlorophyll (Sims and Gamon 2002) 
PRI1 (Photochemical Reflectance Index)  PRI=(R550– R531)/(R550+ R531) light capture efficiency  (Gamon et al. 1992) 
PRI2 PRI2=(R531−R570)/(R531+R570)  xanthophyll ,estimation LUE (Gamon et al. 1997) 
PRI3  PRI3=(R570−R539)/(R570+R539)  xanthophyll (Filella et al. 1996) 
PSND (Pigment-specific normalized difference) PSND =(R800 – R675)/(R800 + R675) LAI  (Blackburn 1998) 
NDVI (Normalized Difference Vegetation Index ) NDVI=(R800 – R670)/(R800 + R670)  intercepted PAR, (Rouse et al. 1974) 
  vegetation cover 
Green NDVI  NDVIgreen=(R750 – R550)/(R750 + R550)  intercepted PAR, (Buschmann and Nagel 1993)  
  vegetation cover (Gitelson and Merzlyak 1994);  
   (Gitelson et al. 1996) 
Red Edge NDVI NDVIred edge=(R750– R 705)/(R750 + R705) intercepted PAR, (Gitelson and Merzlyak 1994) 
  vegetation cover 
mNDVI (Modified NDVI) mNDVI1=(R800−R680)/(R800+R680−2R445)  chlorophyll (Sims and Gamon 2002) 
mNDVI2 mNDVI2=(R750−R705)/(R750+R705−2R445)  chlorophyll (Sims and Gamon 2002) 
RDVI (Renormalized Difference Vegetation Index)  RDVI=(R800−R670) /(R800 + R670)1/2 intercepted PAR (Roujean and Breon 1995) 
PVI (Perpendicular Vegetative Index)  PVI=(RNIR – aRred – b)/(1 + a2)1/2  LAI  (Richardson and Wiegand 1977)  
WDRI (Wide Dynamic Range Vegetation Index)  (0.1NIR– Rred)/(0.1RNIR + Rred)  LAI, vegetation cover,  (Gitelson 2004) 
  biomass 
SAVI (Soil Adjusted Vegetation Index)  SAVI=(RNIR – Rred)(1 + L)/(RNIR + Rred + L)  LAI  (Huete 1988) 
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TSAVI (Transformed Soil Adjusted Vegetative Index)z  TSAVI=a(R875−aR680−b) biomass (Baret et al. 1989) 
             [R680+a(R875−b)+0.08(1+a2)], 
OSAVI (Optimized Soil Adjusted Vegetative Index) OSAVI=1.16(R800-R670)/(R800+R670+0.16) green cover (Rondeaux et al. 1996) 
MSAVI (Improved Soil Adjusted Vegetation Index)  MSAVI=0.5(2R800 + 1−{(2R800 + 1)2−8(R800−R670)}1/2 green cover (Qi et al. 1994) 
Enhanced Vegetation Index  EVI=2.5(RNIR – Rred)/(RNIR+6Rred–7.5Rblue + 1)  LAI, biomass  (Huete et al. 1997) 
Visible Atmospherically Resistant Indices  VARIgreen=(Rgreen – Rred)/(Rgreen + Rred)  green vegetation fraction  (Gitelson et al. 2002a) 
 VARI red edge=(R red edge – Rred)/( R red edge + R red)  green vegetation fraction  (Gitelson et al. 2002a) 
CI (Chlorophyll Indices-green) CIgreen=(RNIR/Rgreen) – 1 LAI, GPP, chlorophyll  (Gitelson et al. 2003; Gitelson et al. 2005) 
CI (Chlorophyll Indices-red edge) CI red edge =(RNIR/ R red edge) – 1 LAI, GPP, chlorophyll  (Gitelson et al. 2003; Gitelson et al. 2005) 
CARI (Chlorophyll Absorption Ratio Index)y CARI=R700 |c670 + R670 + d|  chlorophyll (Kim et al. 1994) 
            R670(c2 + 1)1/2                          
MCARI MCARI={((R700-670)-0.2)(R700-R550)}(R700/R670) chlorophyll (Daughtry et al. 2000) 
(Modified Chlorophyll Absorption in Reflectance index) 
MCARI1 MCARI1=1.2[2.5(R800-R670)-1.3(R800-R550)] chlorophyll (Haboudane et al. 2004) 
 
MCARI2 MACRI2=1.2[2.5(R800−R670)−1.3(R800−R550)]  LAI, chlorophyll (Haboudane et al. 2004) 
                 {(2R800+1)2-(6R800-5(R670)1/2)-0.5}1/2   
Transformed CARI TCARI=3{((R700-R670)-0.2)(R700-R550)}(R700/R670)} chlorophyll (Haboudane et al. 2002) 
Triangular Vegetation Index TVI=0.5{120(R750-R550)-200(R670-R550)} LAI, chlorophyll (Broge and Leblanc 2001) 
Modified TVI-1 MTVI1=1.2[1.2(R800-R550)-2.5(R670-R550)] LAI, Chlorophyll (Haboudane et al. 2004) 
MTVI-2 MTVI2=1.5{1.2(R800-R550)-2.5(R670-R550)} LAI, chlorophyll (Haboudane et al. 2004) 
                          {(2R800+1)2-(6R800-5(R670)1/2)-0.5}1/2   
SPVI (Spectral polygon vegetation index)  SPVI=0.4[3.7(R800−R670)−1.2|R530−R670|]  LAI, chlorophyll (Vincini et al. 2006) 
GVI  GVI=(R682−R553)/(R682+R553)  chlorophyll (Gandia et al. 2004) 
MTCI (MERIS Terrestrial Chlorophyll index)  MTCI=(R754−R709)/(R709−R681)  chlorophyll (Dash and Curran 2004) 
REP (Red-Edge Position)  REP=700 + 40 {(R670 + R780)/ 2}−R700 chlorophyll (Guyot et al. 1988)                             
                           R740−R700 
SIPI (Structure Insensitive Pigment Index)  SIPI=(R800−R450)/(R800−R650)  carotenoid (Penuelas et al. 1995a) 
SIPI2  SIPI2=(R800−R440)/(R800−R680)  carotenoid (Penuelas et al. 1995a) 
VOG1 (Vogelmann Indices)  VOG1=R740/R720  total chlorophyll (Vogelmann et al. 1993) 
VOG2  VOG2=(R734−R747)/(R715+R726)  total chlorophyll (Zarco-Tejada et al. 2001) 
ARI (Anthocyanin Reflectance Index)  ARI=(1/R550)−(1/R700)  anthocyanin (Gitelson et al. 2001) 
BGI (Blue Green Pigment Index)  BGI=450/R550  chlorophyll (Zarco-Tejada et al. 2005) 
BRI (Blue Red Pigment Index)  BRI=R450/R690  chlorophyll (Zarco-Tejada et al. 2005) 
CRI (Carotenoid Reflectance Index)  CRI=(1/R510)−(1/R550)  carotenoid (Gitelson et al. 2002b) 
CRI2  CRI2=(1/R510)−(1/R700)  carotenoid (Gitelson et al. 2002b) 
RGI (Red/Green)  RGI=R690/R550  chlorophyll (Zarco-Tejada et al. 2005) 
CI (Curvature Index)  CI=R675*R690/R6832  chlorophyll (Zarco-Tejada et al. 2003) 
LIC  LIC=R440/R690  fluorescence (Lichtenthaler et al. 1996) 
NPCI (Normalized Pigment Chlorophyll index)  NPCI=(R680−R430)/(R680+R430)  total chlorophyll (Penuelas et al. 1994) 
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NPQI (Normalized Phaeophytinization Index)  NPQI=(R415−R435)/(R415+R435)  chlorophyll, stress (Barnes et al. 1992) 
PSRI (Plant Senescence Reflectance Index)  PSRI=(R680−R500)/R750  leaf senescence (Merzlyak et al. 1999) 
SRPI (Simple Ratio Pigment Index)  SRPI=R430/R680  carotenoid:chl a (Penuelas et al. 1995c) 
PSSR (Pigment Specific Simple Ratio) PSSRa=R800/R675  chlorophyll a (Blackburn 1998; Blackburn 1999)
 PSSRb=R800/R650 chlorophyll b (Sims and Gamon 2002) 
 PSSRc=R800/R500  carotenoid (Blackburn 1998) 
RARS (Ratio Analysis of Reflectance Spectra) RARSa =R675/R700  chlorophyll a (Blackburn 1999; Chappelle et al. 1992)
 RARSb =R675/(R650 × R700) chlorophyll b  
 RARSc =R760/R500 carotenoid 
PSND (Pigment Specific Normalized Difference) PSNDa= (R800−R675)/(R800 +R675)  chlorophyll a (Blackburn 1998) 
 PSNDb= (R800−R650)/(R800 +R650) chlorophyll b 
mCRI (Modified Carotenoid Reflectance Index) mCRIG= [(R510–R520)-1- (R560–R570)-1]*R750 carotenoids (Gitelson et al. 2006) 
 mCRIRE= [(R510–R520)-1- (R690–R710)-1]*R750 carotenoids 
mARI (Modified AnthocyaninReflectance Index) mARI= [(R530–R570)-1−(R690–R710)-1] *R750 anthocyanins (Gitelson et al. 2006) 

z a=1.062, b=0.022LAI 
y c = R700−R550 , d=R550−a550 

          150 
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Figure 1.1. Directional spread of wheat from the Fertile Crescent (represented as black rectangle).  

Numbers represent approximate year of arrival before present (adapted from Feldman, 2001). 
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Figure 1.2. Historical average spring wheat yields in Canada between 1908 and 2009 (From Statistics 

Canada, 2011). 
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A. 

B.  

 
C. 

 

Figure 1.3. Average spring wheat data summaries for:  area harvested (A); yield (B); and total grain 

production (C) in Canada between 1999 – 2009 (From Statistics Canada, 2011). 
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A. 

 
B. 

C.  

 

Figure 1.4. Average winter wheat data summaries for:  area harvested (A); yield (B); and total grain 

production (C) in Canada between 1999 – 2009 (From Statistics Canada, 2011). 
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Figure 1.5. Production and export amounts for Canadian wheat in tonnes (From Statistics Canada, 

2011). 



70 

 

A.       B. 

  
C. D. 

 

Figure 1.6.  Average winter (A) and spring (B) wheat planted area in hectares;  and  winter (C) and spring (D) wheat yields in tonnes per 

hectare for growing regions in Ontario between 1999 and 2009 (OMAFRA, 2009). 
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Figure 1.7. A comparison of winter and spring wheat production area in Ontario between 1981 and 

2009 (OMAFRA, 2009).
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Figure 1.8. Expression patterns of flowering pathway genes in wheat.  Induction of CONSTANS (CO) transcripts as regulated by photoperiod, 
corresponding to the seasonal daylengths (boxed figure displaying non-shaded and shaded areas indicating day and night, respectively).  
Higher levels of CO co-incide with activation of Vrn-3 only when Vrn-2 is not repressing Vrn-3. Vrn-1 is slightly upregulated during the winter 
through epigenetic changes and then strongly induced by Vrn-3 when daylength increases (Adapted from Distelfeld et al. (2009a).
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Figure 1.9. Percent yield effects of substituting photoperiod insensitive Ppd-D1 into ‘Capelle-Desprez’ 

on wheat yields across Europe.  Note increasing yield effect as latitude decreases which also 

correlates with environmental condition. Numbers in brackets indicate number of trial years (Adapted 

from Laurie (2004)).
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Figure 1.10. Schematic diagram of flowering and cold tolerance induction pathways in wheat (Adapted from Greenup et al. (2010), Galiba et 
al. (2009), Distelfeld et al. (2009) and Yoshida et al. (2010)).
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CHAPTER 2. DEVELOPING THE WINTER HARDY SPRING WHEAT PLATFORM 

2.1 Introduction 

Winter survival is an extremely complex trait and, in winter wheat, it requires that a plant be tolerant to 

cold temperatures, flooding, icing, disease, desiccation, insect damage and frost heaving (Brown and 

Blackburn 1987; Fowler et al. 1983; McKersie and Hunt 1987; Pearce 1999).  Cold tolerance is the most 

important portion of winter survival for winter cereals (Brown and Blackburn 1987; Fowler et al. 1983; 

McKersie and Hunt 1987).  The level of importance for cold tolerance varies depending on the target 

breeding environment.  For European developed winter barley varieties assessed in Poland, it was found 

that at least 50% of the winter-hardiness is associated with freezing tolerance (Rizza et al. 2011).  Fowler 

et al. (1981) found that cold tolerance was the most important factor associated with winter survival in 

wheat as indoor LT50 freezing tests were highly correlated to field survival index (FSI)  from field trials 

carried out in the Canadian Prairies (r=-0.95).  Limited genotype x environment interactions also added 

to this conclusion (Fowler et al. 1983).   

For winter wheat to survive the winter cold stress, it is necessary that the plant adapt by altering the 

regulation of a number of cold-adaptive components.  This includes solute accumulation (amino acids 

and carbohydrates)  that alters the water potential of the cell, limiting cellular dehydration (Gusta et al. 

2004; Kamata and Uemura 2004; Monroy et al. 2007), plasma membrane lipid desaturation improving 

membrane fluidity (Uemura and Steponkus 1997), cell wall alteration to limit dehydration and limiting 

intracellular ice formation (Huner et al. 1981a), ability to scavenge reactive oxygen species (Ensminger 

et al. 2006), the increase in cold-adaptive proteins (Griffith and Yaish 2004; Houde et al. 1992; Vágújfalvi 

et al. 2005), and adjustments to photosynthesis and photosynthesis-related pigments (Ensminger et al. 

2006; Ruelland et al. 2009; Savitch et al. 2002).  Experiments have shown that low temperatures slow 

enzyme processes and limit alteration of thylakoid membrane structures resulting in the inability to deal 
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with light energy (Hurry et al. 2000; Uemura and Steponkus 1997).  This leads to a higher rate of damage 

to a core reaction center protein, D1, compared to the D1 repair capacity, resulting in photoihbition and 

reduced plant growth (Aro et al. 1993).  A positive correlation between maintenance of plastoquinone 

(Qa), the primary electron acceptor,  in an oxidized state at 5oC and cold tolerance measured by LT50 

methods (Oquist et al. 1993).  Any negative effect with regards to the oxidation state of Qa leads to 

photoinhibition and damage to D1 (Oquist et al. 1993; Vass et al. 1992).  Examination of cool 

temperature resistance to photoinhibition in cereals displays an elementary link between cold tolerance 

and the ability for the plant to photosynthesize, producing sucrose at cool temperatures (Gray et al. 

1996)  

Many of the effects of cool temperature on photosystem II and photosynthesis were discovered using 

chlorophyll fluorescence measurement techniques (Gray et al. 1996; Oquist et al. 1993).  Photosystem II 

and photosynthesis are highly sensitive to stress (Maxwell and Johnson 2000) and therefore, measuring 

chlorophyll fluorescence is an effective way to assess a variety of plant stresses, including extreme 

temperatures, drought, salt and disease (Balla et al. 2006; Cuin et al. 2010; Rapacz and Wozniczka 2009; 

Rizza et al. 2001; Rosyara et al. 2010).  Chlorophyll fluorescence is a physical signal defined as radiative 

energy evolved at an approximate wavelength of 690 nm from de-exciting chlorophyll a molecules 

(Rohcek et al. 2008).  One of the most widely used chlorophyll fluorescence parameters is maximum 

potential quantum yield of photosystem II (Fv/Fm).  It is defined as the maximum likelihood at which a 

photon absorbed by the light-harvesting antennae of PSII is converted to chemical energy (Baker and 

Rosenqvist 2004).  Values lower than 0.83 are indicative of stress on the plant in the form of 

photoinhibition (Björkman and Demmig 1987).  In cereals, one of the most common applications of 

Fv/Fm has been to measure freezing tolerance in cereals (Clement and Van Hasselt 1996; Dhillon et al. 

2010; Rapacz et al. 2008; Rapacz and Wozniczka 2009; Rizza et al. 2011; Rizza et al. 2001).  The reason 
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for this is that it is highly sensitive, rapid, less invasive,  and more amenable to high throughput for 

breeding programs than other accepted methods like LT50, electrolyte leakage and triphenyltetrazolium 

chloride (TTC) staining (Clement and Van Hasselt 1996; Fowler et al. 1981; McKersie and Hunt 1987; 

Rapacz and Wozniczka 2009; Rizza et al. 2001).  Fv/Fm has been demonstrated to be correlated to 

winter hardiness in cereals (Rapacz and Wozniczka 2009; Rizza et al. 2011; Rizza et al. 2001) and also 

correlated to LT50 tests (Oquist et al. 1993; Rapacz et al. 2011; Rizza et al. 2011) and electrolyte leakage 

(Clement and Van Hasselt 1996; Rapacz et al. 2011; Rapacz and Wozniczka 2009; Rizza et al. 2001) 

The genetic control of cold tolerance has been found to have additive, dominant and epistatic modes of 

gene action as estimated by traditional methods of genetic analysis (Brule-Babel and Fowler 1988; 

Sofalian et al. 2006; Sutka 1981).  These conclusions have been confirmed through molecular analysis 

and it has been estimated that the regulation of nearly 13,000 genes is altered when exposed to cold 

temperatures (Båga et al. 2007; Campoli et al. 2009; Laudencia-Chingcuanco et al. 2011; Monroy et al. 

2007; Vagujfalvi et al. 2003).  The complexities of the genetics, molecular interactions and cell 

biochemical functions that are altered in order for the plant to adapt and survive cold temperatures 

illustrate the difficulty of analysing and breeding for cold tolerance.   

A major cold tolerance locus in wheat, FR-1, has been mapped to linkage groups 5A, 5B and 5D, and  has 

been found to be genetically linked to the recessive vernalization 1 (vrn-1) genes (Galiba et al. 1995; 

Snape et al. 1997; Toth et al. 2003).  Vernalization is defined as the requirement of a plant to be exposed 

to a lengthy  period of cold temperatures to accelerate flowering (Taiz and Zeiger 2002).   The 

significance of the association of vrn-1 with FR-1 is not completely understood and there is 

disagreement about whether or not FR-1 is tightly linked to vrn-1 or if vrn-1 has a pleiotropic effect on 

cold tolerance.  The evidence for pleiotropy is derived from physiology experiments (Limin and Fowler 



 

 

78 

 

2006; Prášil et al. 2005) and gene expression studies (Campoli et al. 2009; Dhillon et al. 2010; Stockinger 

et al. 2007).  

Strong evidence for non-pleiotropic effects was shown through development of reciprocal near isogenic 

lines for the Vrn-1 locus.  The spring habit allele (Vrn-A1) from cold sensitive wheat cultivar 'Manitou' 

was backcrossed into cold tolerant winter cultivar 'Norstar' background and winter habit from 'Norstar' 

(vrn-A1) was backcrossed into cold sensitive spring wheat cultivar 'Manitou' (Limin and Fowler 2006).  It 

was shown that “spring” Norstar with Vrn-A1 maintained in vegetative phase under short days had 

almost as much cold tolerance as winter Norstar maintained in vegetative phase because of 

vernalization.  This demonstrated the separation of cold tolerance and vernaliztion and further 

illustrated that it was possible to have cold tolerant spring wheat.   

Further evidence for pleiotropy was generated through the crossing of spring Triticum monococcum 

diploid wheat and a non-flowering maintained vegetative phase (mvp) T. monococcum mutant which 

had a complete deletion of the Vrn-1 gene.  It was found through comparative gene expression assays 

that Vrn-1 is likely responsible for the down regulation of cold tolerance when the plant transitions to 

reproductive growth.  It was also shown that the cold tolerance pathway responsible for cold regulated 

(COR) gene expression appears to be down regulated under long daylength photoperiod.  Therefore, it 

was proposed that FR-1 is a pleiotropic effect of Vrn-1 (Dhillon et al. 2010).  

A second major locus for cold tolerance, Fr-A2, has been the focus of most of the cold tolerance 

research in cereals, including wheat.  It has been found to be associated with the regulation of a large 

portion (estimated 40%) of the cold tolerance in cereals (Badawi et al. 2008; Båga et al. 2007; Campoli et 

al. 2009).  Subsequent mapping and sequencing confirmed that FR-2 is located approximately 30 cM 

from the Vrn-A1 gene (Båga et al. 2007) in wheat and is composed of a series of C-repeat binding factor 

(CBF) genes (Knox et al. 2008; Miller et al. 2006).  The function of CBFs is to act as transcriptional 
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activators that bind to C-repeat/drought responsive elements (CRT/DRE) in the promoter regions of COR 

genes and upregulate gene expression which helps the plant to adapt and cope with drought or cold 

conditions (Thomashow 2001; Yamaguchi-Shinozaki and Shinozaki 1994).  It is interesting to note that 

CBF genes within this cluster are regulated differently with regards to acclimation temperature and 

photoperiod (Campoli et al. 2009; Knox et al. 2010; Knox et al. 2008; Stockinger et al. 2007).  Variation 

has also been found at this locus in barley for copy number as well as the presence of a non-functional 

CBF pseudogene which may explain some of the variability in cold tolerance (Knox et al. 2010)  

Since maintaining the vegetative stage is thought to be critical for maintaining cold tolerance, any gene 

responsible for initiation or repression of reproduction/flowering may be important for maintaining cold 

tolerance.  Many genes have been noted to control or have an effect on the plant’s shift into 

reproductive phase.  Many of these genes have been mapped and cloned (Beales et al. 2007; Fu et al. 

2005; Yan et al. 2004a), leading to the development of molecular markers to aid in germplasm screening 

(Iqbal et al. 2011; Iqbal et al. 2007; Sun et al. 2009).  Vrn-1 is the main gene responsible for vernalization 

in wheat (Law et al. 1976; Yan et al. 2003).  The Vrn-1 loci are located on the long arms of chromosomes 

5A, 5B and 5D in hexploid wheat.  Deletions have been found in the promoter (5A) and first intron 

regions (5A, 5B and 5D) which correspond to a dominant spring growth habit that either does not 

require (Vrn-A1) or requires minimal amounts of vernalization (Vrn-B1 and Vrn-D1) (Fu et al. 2005; 

Pugsley 1972; Yan et al. 2004b; Yoshida et al. 2010).  Vrn-2 and Vrn-3 (FT), as well as the major 

photoperiod locus (Ppd-1) play a role in repressing or promoting Vrn-1 and therefore have an effect on 

floral induction and flowering time.  The Vrn-2 locus lies on chromosome 5 (Distelfeld et al. 2009b; Yan 

et al. 2004b) is thought to be a repressor of flowering because of the dominance associated with the 

presence of a copy of the gene corresponding to delayed heading and winter habit (Distelfeld et al. 

2009b).  Vrn-3, on chromosome 7, is similar to the Arabidopsis FLOWERING LOCUS T gene (Yan et al. 
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2006) and early flowering is dominant to late flowering.  In barley it is hypothesized that Vrn-3 plays a 

significant role in barley adaptation (Casas et al. 2011).  Ppd-1 is located on homoeologous chromosome 

2  and is associated with the circadian rhythm of the plant (Beales et al. 2007).  Earlier flowering is 

dominant (Beales et al. 2007) and similar to the Vrn-1 genes, variation exists in the strength of 

photoperiod sensitivity genes.  In terms of photoperiod insensitivity, the order of effect is thought to be 

Ppd-D1>Ppd-B1>Ppd-A1 (Fischer and Widmer 2001).   

One major issue with improvement of winter cereal crops through breeding is that for each gerneration, 

all plants require vernalization.  This means that breeding winter cereals is inherently slower and less 

efficient than spring crops due to the increased time for the plants to complete their full life cycle.  This 

results in the reduction in the number of generations possible per year and the inability to make use of 

offseason nurseries.  Results by Limin and Fowler (2006) indicate that the development of winter-hardy 

spring wheat is possible.  Further evidence in barley from Rizza et al (2011) also indicates that cereal 

lines without vernalization requirement do have considerable levels of cold tolerance.  Taken together, 

the hypothesis for this research is that winter-hardy spring wheat is possible and development of a 

winter-hardy spring breeding program could facilitate increased rates of improvement for normally fall-

sown wheat in Ontario.   

The first objective of this research project was to evaluate the effectiveness of a chlorophyll 

fluorescence (Fv/Fm) protocol, developed for assessing cold tolerance in oats (Rizza et al. 2001), for 

differentiating levels of cold tolerance among Ontario-adapted winter and spring wheat varieties.  

Furthermore, we investigated whether the Fv/Fm method would be effective as a high throughput 

screening tool for evaluating wheat breeding germplasm.  The second objective was to develop and 

select cold tolerant spring wheat lines from eight complex crosses with at least one spring parent and 

one biparental cross between Froid, cold tolerant winter wheat and Siete Cerros, non-cold tolerant 
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spring hexaploid wheat cross, for the purpose of developing winter-hardy spring wheat.  The Froid x 

Siete Cerros winter hardy spring wheat population was analysed further to examine the influence of 

vernalization and photoperiod genes, major genes responsible for flowering, and their influence on cold 

tolerance.  Generation means analysis was used to attempt to understand the underlying quantitative 

genetic components of cold tolerance in this cross.  The third objective was to evaluate a broad range of 

germplasm for cold tolerance and to determine the robustness of the cold tolerance testing.  Beyond 

testing Ontario-adapted winter and spring wheat varieties and the Froid x Siete Cerros population, 

winter barley lines were evaluated and correlated to winter survival ratings.  Preliminary data indicated 

that Thiamethoxam and difenoconazole (Cruiser Maxx; Syngenta) treated cereals had improved cold 

tolerance (Anon, 2009).  Ontario-adapted spring wheat varieties were tested for cold tolerance with 

Cruiser Maxx-treated and untreated treatments to determine if the seed treatment improved cold 

tolerance of spring wheat cultivars.  To compare the methods used in this research to an independent 

laboratory, a Norstar x Bergen winter hardy spring wheat doubled haploid population was evaluated at 

the University of Guelph and at the Lethbridge Research Centre (Agriculture and Agri-Food Canada) in 

Lethbridge, Alberta.  The final objective was to develop a method, similar to that of Fowler and Gusta 

(1979) that could be used to reduce experimental error among experimental sets during cold tolerance 

testing, as well as normalize data allowing the compiling and analysis of data from a number of cold 

tolerance experiments.   
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2.2 Materials and Methods 

2.2.1 Experiment #1- Testing of Ontario-adapted spring and winter wheat varieties 

2.2.1.1 GERMPLASM 

Eleven winter wheat varieties, eleven spring wheat varieties, a spring barley and a winter barley all 

adapted to the Ontario environment were evaluated in this experiment (Table 2.1).   

2.2.1.2 EXPERIMENTAL DESIGN, PLANT GROWTH CONDITIONS 

This experiment was designed to evaluate the effectiveness of chlorophyll fluorescence as a tool to 

detect differences in cold tolerance among winter and spring wheat varieties, to correlate chlorophyll 

fluorescence measurements with winter survival ratings in the field, and to serve as reference for 

comparisons with experiments 2, 3, 4 and, 5. 

The experiment was set up as a split plot design with temperature as the main plot factor and the 24 

varieties as the sub-plot factors.  Individual varieties were the experimental unit with four seeds planted 

per variety in the cell packs as subsamples.  The experiment was replicated four times in time and space.  

In a growth room, seeds of each variety were germinated in a 55 cm x 28 cm x 6 cm planting tray 

composed of eight 3x4 (13 cm x 13 cm x 6 cm) cell pack inserts (Myers Industries, Akron, OH) filled with 

a 50:50 (v:v) mixture of LA4 Sunshine mix potting soil (Sun Gro, Vancouver, BC) and medium sized baked 

clay Turface (Profile Products LLS, Buffalo Grove, IL).  Planting depth was approximately two 

centimetres.  The conditions for germination were 16/8 hr day/night with a temperature of 20/18oC, 

day/night and photosynthetic photon flux density (PPFD) of 150 umol.m-2s-1 at tray level.  One week 

after planting, the plants had grown to the 1.5 leaf stage and were transferred to a vernalization 

chamber for three weeks where they were exposed to a temperature regime of 4/2oC day/night and a 

photoperiod of 8/16 hr day/night.  The PPFD of the light at canopy level was 250 umol.m-2s-1.  The trays 
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were randomly moved within the vernalization chamber once per week to minimize light and 

temperature positional effects on the plants in the chamber.  Eight hours before the cold tolerance 

testing commenced, the trays were evenly watered to saturation.  The trays were moved into four 

programmable chest-type freezers (W.C. Wood Company Limited, Guelph, ON), one flat of 8 cell pack 

inserts per freezer.  One tray was left in the vernalization chamber during the cold testing as the non-

freezing temperature treated control.  In the freezers, the plants were sub-zero acclimated in the dark 

for 18 hours at -3oC.  After acclimation, the temperatures of the freezers were lowered at a rate of -2oC 

per hour until the desired temperature was reached: -4, -6, -8, -10 or -12oC.  The trays were kept at the 

final temperatures for 16 hrs without light.  After the freezing treatment, the temperature was raised 

approximately 2oC/hr until all trays had reached -1oC.  The temperature was then raised to 2oC to ensure 

thawing was uniform across temperature treatments.  Plants were allowed to thaw in the freezer for 

two hours.  The trays were then removed from the freezers and placed back into the growth room 

under the same conditions as germination.  The control tray for each replication was moved from the 

vernalization chamber to the growth room at the same time as the treated trays. 

2.2.1.3 CHLOROPHYLL FLUORESCENCE MEASUREMENTS 

Twenty-four hours after moving the flats to the 20oC growth room, the trays were moved into a lab at 

ambient temperature (approximately 20oC) with no light for one hour to dark adapt and relax 

photochemical and non-photochemical quenching pathways.  After dark adaption, under green light, the 

first leaf of each plant was removed by cutting and tested using pulse amplitude modulation in the dark 

(mini-PAM; Walz, Effeltrich, Germany).  The midpoint of each leaf was placed in the light and 

temperature sensing leaf clip 2030-B with the adaxial side of the leaf 1.5 cm from the fibre optic cable.  

The basal fluorescence value (Fo) of the leaf was measured with the fluorimeter set on ML-burst mode.  

This setting reduces the integrated light intensity by a factor of 5 and produces a measuring light pulse 
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at a relatively low level (0.1 umol.m-2s-1) for 0.2s followed by a dark interval of 0.8s.  This setting does not 

stimulate any variable fluorescence and is beneficial for measuring plants grown indoors.  For the 

fluorimeter, the saturation pulse intensity was set at a level of 12, the damping setting was 2, the gain 

setting was 4, and the measuring light intensity was set at 12.  A saturating pulse of light of 10000 

umol.m-2s-1 for 0.8s was used to determine the maximum fluorescence (Fm) value.    The variable 

fluorescence value was calculated as the difference between maximum fluorescence (Fm) and basal 

level fluorescence (Fo) or Fv=Fm - Fo.  It is a useful measure of the underlying photosynthetic processes 

in the leaf and is a good measure of photoinhibition.  After testing, the trays were moved back to the 

growthroom and watered.  Conditions of the growthroom were maintained the same as during 

germination. 

2.2.1.4 VISUAL ASSESSMENT OF WHEAT PLANTS TWO WEEKS POST FREEZING 

Two weeks after chlorophyll fluorescence measurement, each plant was visually evaluated on a scale of 

1 to 4 (Table 2.2).   

2.2.1.5 FIELD EVALUATION FOR ONTARIO-ADAPTED WINTER WHEAT 

Data for winter survival of the winter wheat varieties was generated from the 2008-09 Ontario winter 

wheat performance trial planted at the Elora Research Station (Elora, Ontario; 43°41′6″N 80°25′38″W) 

which accumulates approximately 2800 crop heat units during the growing season and has Harriston silt 

loam soil.  The trial was set up in an alpha lattice design with four replications.  The trial was planted on 

October 10, 2008 with a six row Wintersteiger Plotmaster seeder (Wintersteiger AG, Ried, Austria) at a 

seeding rate of 400 seeds/m2.   Spacing between rows was 17.8 cm for a total plot width of 106.8 cm.  

Plot length was three meters resulting in the total plot area of 3.204m2.  Winter survival was assessed as 

the percentage of the plot exhibiting active re-growth in the spring.  Average winter survival over the 

http://toolserver.org/~geohack/geohack.php?pagename=Elora,_Ontario&params=43_41_6_N_80_25_38_W_type:city_region:CA-ON
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trial for the specific varieties was calculated.  Data for this trial was selected for analysis in this 

experiment due to severity of the winter conditions and the ability to differentiate winter survival 

among varieties. 

WINTER SURVIVAL TESTING OF THE ONTARIO-ADAPTED SPRING WHEAT 

The fall-planted spring wheat trial was set up in a randomized complete block design with four 

replications.  There were 13 entries (listed in Table 2.1) including nine spring wheat lines, two winter 

wheat checks, one spring barley and one winter barley.  The trial was planted on October 18, 2007 at 

the Elora Research Station with the same specifications as the winter wheat trial.  Only means for the 

2007-08 trial are reported as a similar trial in 2008-09 did not survive due to the severity of the winter 

conditions. 

2.2.1.6 STATISTICAL ANALYSIS 

For the indoor experiment on cold tolerance, outliers were identified and removed based on Cook's D 

statistic.  Analysis of variance was carried out using PROC MIXED (SAS, ver 9.2).  Temperature, variety 

and temperature x variety were considered fixed effects with replication, replication x temperature, and 

replication x temperature x variety as a random effect.  Tukey‘s range test for means comparison 

analysis was carried out using the PDMIX800 macro (Saxton 2004).  Differences between spring and 

winter growth habits were calculated using a CONTRAST statement.   

2.2.1.7 CALCULATION OF LT50 

Any plant with a visual rating of 2 or greater was considered to be alive and anything less than 2 was 

considered to be dead.  From this scoring scheme, the percent survival for each variety was calculated 

for each temperature treatment.  The PROC PROBIT (SAS, ver 9.2) was used to calculate the LT50 values 

for the visual assessment parameter for each breeding line. 
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The PROC CORR Spearman procedure was used to examine rank correlations between field and indoor 

cold tolerance screening, as well as relationships between chlorophyll fluorescence and visual 

assessment two weeks post freezing.  Correlations were derived for the complete data set and 

individually for winter and spring growth habit groups. 

A 5% type I error rate (α=0.05) was used for all statistical tests throughout the experiment. 

2.2.1.8 INDOOR FREEZING SURVIVAL INDEX (IFSI) OF ONTARIO ADAPTED WINTER AND SPRING WHEAT VARIETIES  

Indoor freezing survival index (IFSI) analysis was based on the field survival index developed by Fowler 

and Gusta (1979).  Similar to what is observed in field trials, where each location varies for the level of 

winter survival stress, each testing temperature provides a different level of stress to plants depending 

on their level of cold tolerance.  Therefore, breeding lines or varieties being assessed sometimes show 

very little variation, meaning that they have either complete or no survival. These lines, when rated at a 

specific temperature, provide little information as to how they rank compared to other lines.  Often, 

even within populations, germplasm is tested in sets.  This means that making direct comparisons may 

not be accurate due to variation caused by experimental error.  Since IFSI is similar to FSI, variation 

between replications and sets can be reduced, facilitating more accurate comparisons.  To add to this, 

specific checks ranging in levels of winter survival and cold tolerance as determined by a reference 

experiment (experiment 1) can be used in future experiments to ‘normalize’ the data and allow for an 

overall ranking of germplasm across experiments.    

IFSI was calculated using Fv/Fm and the visual assessment two weeks after freezing data.  For this, 

means were calculated for each replication.  These means were used to calculate a relative difference 

among varieties for each replication.  For Fv/Fm measurements, differences were calculated relative to 

FT Wonder.  To eliminate noise in the data, Fv/Fm values for each variety were inspected.  For varieties 

where Fv/Fm had reached their absolute minimum at a specific temperature, the successive lower 
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temperature Fv/Fm values were not included in the mean calculation.  A global relative difference mean 

value was calculated for each variety across temperatures and replications.  This global mean value 

provided an initial estimate of IFSI (X) for each variety.  Also, to avoid negative numbers, a value of 0.6 

was added to each value.  This estimate, IFSI(X), for each variety was used to calculate the level of cold 

tolerance required for the plants to display no damage (P), similar to the way field survival index was 

calculated by Fowler and Gusta (1979).  The equation for calculating P is, P=X+1-a, where ‘P’ is the IFSI to 

have a 100% Fv/Fm value, ‘X’ is the estimated IFSI(X) value and ‘a’ is the actual measured Fv/Fm value.  

The value of 1 was used as the theoretical maximum for Fv/Fm.  The stress-corrected P value (C), 

associated with the stress level  due to location of the variety within the tray, was calculated using a 

nearest neighbour correction where the mean ‘P’ value of the variety and the two varieties displaying a 

stress response, located on each side of the variety according to the experimental design, were 

averaged.  Final IFSI(E) was calculated by the following equation E=C-1+a, where C is the stress-corrected 

P value and ‘a’ is the actual measured Fv/Fm value.  The IFSI(E) value is referred to as the IFSI value and 

was used to complete the analysis of variance in Experiment 1 and as reference checks in 

 Experiments 2, 3, 4 and, 5.  IFSI was calculated for each variety replicated within each temperature 

treatment and a mean value was calculated for each variety.  Since some of the varieties had reached 

their minimum Fv/Fm value at warmer temperatures, these lines did not have IFSI values calculated at 

lower testing temperatures.  Therefore, not all lines were consistent across replications and testing 

temperatures.  To account for this, and similar to Folwer and Gusta (1979), the entire experiment was 

analysed as a completely random design (CRD) in PROC MIXED. 

To calculate IFSI for visual assessment methods, mean data values from two week after freezing visual 

assessment observations, based on a 1-4 scale, were converted into percentage values, by subtracting 1 

and dividing by 3 and multiplying by 100.  To calculate estimated IFSI (X), relative differences among 
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varieties were calculated relative to 25R47.  To avoid negative numbers, a value of 50 was added to all 

IFSI (X) values.  IFSI required to show no damage (P) was calculated using the same equation as for 

Fv/Fm, except instead of 1, as in the Fv/Fm IFSI methodology, a value of 100% was used.  The ‘Corrected 

P’ (C) value and estimate of cultivar IFSI (E) were calculated in the same manner as in the Fv/Fm-IFSI 

calculation.  The visual assessed IFSI data were analysed in a CRD using PROC MIXED. 

 

2.2.2 Experiment #2- Evaluation of Winter Hardy Spring Wheat Populations 

2.2.2.1 GERMPLASM 

Germplasm tested in this experiment included 64 lines derived from eight different crosses with either 

Siete Cerros, Froid or both as parents and three additional lines from a cross with Alsen as a spring 

parent and a similar basic genetic background.  Froid, a variety developed by Montana State University 

in 1968 was used as a parent to contribute cold tolerance and hard red wheat quality.  Siete Cerros, a 

variety developed by CYMMYT in 1966 was chosen as a parent for its spring habit, semi-dwarf growth 

habit, photoperiod insensitivity and has white grain.  Alsen, a variety developed by North Dakota State 

University in 2000, is a hard red spring wheat with Fusarium tolerance derived from Sumai 3. 

 

2.2.2.2 DEVELOPMENT OF GERMPLASM 

In 2005 and 2006, final crosses were made to eight complex crosses facilitated by dominant male 

sterility (DMS) and one biparental cross (Table 2.3) in a growth room at the University of Guelph 

(Guelph, Ontario).  All of the crosses have at least one spring parent.  In the spring of 2006, F1 seed was 

planted in single rows at the Elora Research Station.  All plants producing seed were considered to be 

spring habit and fertile.  The mature grain from the row was bulked at harvest.  In the fall of 2006, 
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plump, ripe F2 grain was selected and sent to an offseason nursery in New Zealand where the selected 

seed was space planted.  All mature plants were considered to be spring habit.  At maturity, an 

individual spike was harvested from a fully mature plant.  These spikes were sent back to Canada where 

they were individually hand threshed and planted as single F2 plant-derived F3 headrows at the Elora 

Research Station in the spring of 2007.  At maturity, 67 individual rows were selected for further analysis 

based on pedigree, relative maturity, and uniformity for spring habit.  The breakdown for the number of 

rows selected per cross is listed in Table 2.3.  Individual plants were selected from each row and the F3:4 

lines from the 67 selected rows were the basis of Experiment 2.   

 

2.2.2.3 EVALUATION OF WINTER HARDY SPRING WHEAT GERMPLASM THROUGH INDOOR SCREENING METHODS 

Grain from one spike of each of the F3:4 selected lines, was chosen for cold tolerance analysis using 

chlorophyll fluorescence and visual assessment two weeks after freezing.  The experiment was set up in 

a split plot design, similar to the method in the previous experiment, except the experiment only had 

two replications due to limited amounts of seed.  Limited space in freezers required the experiment to 

be divided into four sets.  18 lines were tested per set and the lines were randomized in each flat with a 

common set of six checks:  two winter wheat cultivars, Emmit and Maxine, two spring wheat cultivars, 

Hoffman and Quantum, one winter barley cultivar, MacGregor and one spring barley cultivar, OAC 

Kawartha.  The growth conditions up to the freezing test were the same as the experiment 1 protocol.  

For this experiment, the treatment conditions were: a non-treated control maintained at cold 

acclimation conditions and freezing temperatures of -6, -8, -10 and -12 oC.  Chlorophyll fluorescence 

measurements (Fv/Fm) and visual evaluation two weeks after freezing were carried out using the same 

protocol as in experiment 1.   
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2.2.2.4 FIELD EVALUATION OF WINTER HARDY SPRING WHEAT GERMPLASM 

In the fall of 2007, grain from individually threshed F3:4 heads were planted in three specific methods on 

agricultural land near Mimosa, ON (43o74'N, 80o2'W; approximately 2800 CHU) that has Hillsburg fine 

sandy loam soil type.  The 67 lines tested in the chlorophyll fluorescence cold tolerance experiment 

were a part of a larger test of 135 single head rows organized in a randomized complete block design 

with two replications.  The planting was done by hand; seed from one spike planted per 1.5-m row with 

50 cm between rows.  The planting depth was approximately 3 cm.  The second method tested a near-

complete subset of lines from the first experiment.  105 lines were planted in a potato ridge system 

where the soil was raised approximately 20 cm using discs from a potato planter.  This was done to 

facilitate exposure and cold stress on the seedlings.  Rows were approximately 1.5 m long and 1 m apart.  

Seed from one F3:4 spike was planted by hand along the top of the ridge at a planting depth of 

approximately 3 cm.  The final method was a box planting system modeled after (Prasil and Rogalewicz 

1989) where a subset of 40 lines from the complete headrow experiment  were planted in 3-gallon (40.1 

cm long x 26.2 cm wide x 17.8 cm height) Rubbermaid totes (Newell Rubbermaid Inc, Atlanta, GA) filled 

with soil from the field; a number of holes were drilled in the bottom for drainage.  The boxes were 

placed on the soil surface.  Two lines were planted per box in individual rows 6.5 cm apart (6.5 cm from 

the outer edge of the box) at an approximate planting depth of 3 cm.  Planting for all test methods was 

completed on the same date, October 15, 2007.  Across all testing methods, plants were counted 17 

days later to determine the number of seeds that had germinated in each row.  Early in the spring at 

'green up' and before extensive tillering, surviving plants were counted in each row.  Percent winter 

survival based on fall and spring plant totals was calculated.  Soil temperatures were recorded at 

planting depth over the winter for each testing method using four-channel Hobo temperature 
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dataloggers (Onset Computer Corp, Atlanta, GA).  Air temperature was also recorded at a height of 30 

cm.  At maturity, grain was bulk harvested for each row. 

In the fall of 2008, due to varying amount of seed produced by each line from the 2007 experiment at 

Mimosa, headrows were planted in three trials to maximize the number of lines tested in the field and 

to maintain purity by segregation of the F3:5 lines.  All trials were planted as single rows using an eight 

row cone seeder; the row length was 2 m and the distance between rows was 18.5 cm.  Approximately 

3.5 g of seed was planted for each row across all tests.  The first trial was an unreplicated trial with 

entries and systematic spring and winter checks placed uniformly throughout the test.  The trial was 

planted on October 7, 2008.  The second trial was set up in an 11 x 11 simple lattice design and was 

planted October 7, 2008.  The third trial was set up in a 13 x 13 quadruple lattice with each entry having 

double rows instead of a single row like the other two trials and was planted October 10, 2008.  On 

November 4, 2008, approximately four weeks after planting, plants for each trial were counted to 

determine stand count before the onset of snow cover.  In the spring, plants were again counted in each 

row for every trial to determine winter survival.   

2.2.2.5 PHOTOPERIOD EXPERIMENT 

A photoperiod experiment was designed to evaluate the relationship between photoperiod and cold 

tolerance evaluated in the field and indoors.  The set of 67 lines were evaluated for photoperiod 

response by examining final leaf number (FLN) (Wang et al. 1995).    The potting mix used in this 

experiment was a 50:50 (v/v) of LA4 Sunshine potting mix (Sun Gro, Vancouver, BC) and medium sized 

baked clay turface (Profile Products LLS, Buffalo Grove, IL).  The study was set up as a split plot design 

with two replications.  The main plot factor was photoperiod which had two treatment levels; short 

daylength photoperiod of 8hrs with 16hrs dark and long daylength photoperiod treatment of 20 hrs of 

light and 4 hrs dark.  A constant temperature of 20oC was maintained throughout the experiment.  The 
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subplot treatment for each experiment was the 67 lines plus the two parental cultivars Froid 

(photoperiod sensitive) and Siete Cerros (photoperiod insensitive) structured in a randomized complete 

block design.  For this experiment, three seeds from the same F3:4 spike used for the cold tolerance 

screening indoors were planted in a 12.7 cm diameter round pot and thinned back to a total of two 

plants.  There was no vernalization treatment prior to the photoperiod treatment as all lines were 

assumed to be spring habit.  To determine FLN, leaf tips of the main stem were painted (colour-coded) 

using latex paint at several intervals and FLN was determined when the spike emerged from the boot 

(Zadocks stage 50).  The photoperiod response for each line was calculated as the difference between 

the FLN mean of the short and long daylength treatments. 

2.2.2.6 GENERATION MEANS ANALYSIS 

Germplasm was developed for genetic analysis of a Froid x Siete Cerros population by generation 

means.  F1, F2, backcross to Froid (BC1Froid) and backcross to Siete Cerros (BC1Siete Cerros) seed was 

produced.  The different generations were tested by Fv/Fm and visual assessment two weeks after 

freezing using the same cold tolerance protocol developed in Experiment 1.  Due to limited numbers of 

seeds, only control (vernalization treatment only), -6 oC and -8 oC treatments were used with three 

replications.  The rest of the experimental protocol was the same as in previous experiments 

(experiments 1 and 2).  The germplasm was also evaluated in the field over two seasons.  In the 2007-08 

trial at Mimosa, the generations were planted as a part of the two replication headrow trial and in 2008-

09 at Elora as a part of the two replication 11 X 11 lattice trial.  The planting methodology, row length 

and widths for each location and determination of winter survival were the same protocols used for 

Mimosa and Elora locations.   
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2.2.2.7 MOLECULAR MARKER ANALYSIS 

Gene-specific polymerase chain reaction molecular markers were used to evaluate the 67 lines, as well 

as parental cultivars Froid and Siete Cerros.  Primary/young leaves were harvested from seedlings and 

freeze dried overnight.  DNA extracted from the dried tissue was then isolated using the Qiagen DNeasy 

Plant kit (Qiagen, Mississauga, ON).  After isolation, the genomic DNA was quantified using a nanodrop 

ND-1000 system (Thermo Fisher Scientific Inc, Ottawa, ON).  The concentration of the genomic DNA to 

be used for the PCR reactions was adjusted to 10 ng/ul and aliquoted into a 96 sample deep well plate 

to facilitate high throughput PCR analysis.  For each reaction, 25 ng of genomic DNA was used.    A PCR 

master mix was used across all reactions containing 10X buffer, 200 μm final concentration of DNTPs, 

1.5 mM final concentration of MgCl2 and 1 unit of Thermo-Start Taq Polymerase (Thermo Fisher 

Scientific Inc, Ottawa, ON).  All PCR reactions were run using a Stragagene RoboCycler 96 thermocycler 

system (Agilent, Santa Clara, CA).  15 μl of the PCR reaction product was mixed with 5μl of a 10 X loading 

buffer and then loaded on to a 1.2% TBE agarose gel and then run at 120V for 2 hrs.  A 100 bp DNA 

ladder (Thermo Fisher Scientific Inc, Ottawa, ON) was loaded on to the gel to be used as a standard to 

quantify PCR product band sizes.   All gels were stained with ethidium bromide and imaged under UV 

light using a Bio-Rad Gel Doc-2000 documentation system (Bio-Rad Laboratories Ltd, Mississauga, ON). 

 Three PCR-based molecular markers were used in this experiment; a co-dominant marker for the Vrn- 

A1 which is able to differentiate between various forms of the dominant Vrn-A1 spring allele and the 

recessive vernalization sensitivity (winter) allele at the Vrn-1 locus on chromosome 5 in the A genome, 

Vrn-B1 for the dominant vernalization insensitive (spring) allele at the Vrn-1 locus on chromosome 5 in 

the B genome and the dominant Ppd-D1a allele for the photoperiod insensitivity gene at the Ppd locus 

on chromosome 2 in genome D.   
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The Vrn-A1 and Vrn-B1 genes and the associated alleles were examined by using gene-specific primers 

for both genes (Fu et al. 2005; Yan et al. 2004a).  To determine the allele at the Vrn-A1 locus, the primer 

sequences used in this experiment were 'VRN1AF' (gaaaggaaaaattctgctcg) and 'VRN1-INT1R' 

(gcaggaaatcgaaatcgaag).  The amplification protocol had a 20 ul reaction volume containing 5 pmol of 

each primer and 20 ng of genomic DNA.  The PCR program had an initial denaturation step of 94°C for 10 

min, followed by 38 cycles of 95°C for 30 s, 50°C for 30 s, 72°C for 43 s followed by a final 72°C 

polymerization step of 10 minutes.  PCR products were separated on 1.2% TBE agarose gel at 120 V for 2 

hrs .  A PCR product of size 734 bp amplified in Froid, specific for the vrn-A1 winter allele and a product 

size of _ and _ was amplified for the spring allele. 

The PCR primer sequences used to determine the Vrn-B1 allele were 'Intr/B/F' (caagtggaacggttaggaca) 

and 'Intr1/B/R3' (ctcatgccaaaaattgaagatca).  The amplification protocol had a 20 ul reaction volume 

containing 5 pmol of each primer.  The PCR program was an initial denaturation of 94°C for 10 min, 

followed by 38 cycles of 95°C for 30 s, 50°C for 30 s, 72°C for 43 s followed by  a final 72°C 

polymerization step of 10 minutes. Products were separated on 1.2% TBE agarose gel at 120 V for 2 hrs.  

The PCR product for this primer pair was 709 bp and amplified in Siete Cerros.  The presence of this 

band indicated that the Vrn-B1 (spring) allele was present.   

The Ppd-D1a gene specific genotyping was completed using the primers developed by Beales et al 

(2007).  The forward primer sequence 'Ppd-D1_F' (acgcctcccactacactg) was combined with two reverse 

primers 'Ppd-D1_R1' (gttggttcaaacagagagc) and 'Ppd-D1_R2' (cactggtggtagctgagatt) to provide allele 

determination at this locus.  The amplification protocol had a 20 ul reaction volume containing 5 pmol of 

each primer, The PCR program was an initial denaturation of 94°C for 10 min, followed by 38 cycles of 

95°C for 30 s, 54°C for 30 s, 72°C for 1 min followed by a final 72°C polymerization step of 10 minutes. 

Products were separated on 1.2% TBE agarose gel at 120 V for 2 hrs. The primer Ppd-D1_R1 which 
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amplified in Froid (photoperiod sensitive), is designed to be within the deletion and only amplifies from 

the intact sequence giving a 414 bp product.  Ppd-D1_R2 is within intron 1 and amplified a 288 bp 

product in Siete Cerros (photoperiod insensitive). 

2.2.2.8 STATISTICAL ANALYSIS: INDOOR FREEZING EXPERIMENTS 

For the indoor experiments, outliers were identified in Fv/Fm and visual assessment data and removed, 

based on Cook's D statistic.  Data was analysed according to sets and analysis of variance using PROC 

MIXED (SAS, ver 9.2) was carried out with temperature, variety and temperature x variety interaction 

considered as fixed effects.  Replication, replication x temperature, and replication x temperature x 

variety were considered to be random effects.  The ddfm=kr (Kenward-Roger approximation) was used 

to calculate the appropriate degrees of freedom in the analysis (Kenward and Roger 1997).  Tukey ‘s 

range test for means comparison analysis was carried out using the PDMIX800 macro (Saxton 2004).   

2.2.2.9 STATISTICAL ANALYSIS: ANALYSIS OF WINTER SURVIVAL DATA 

To determine the relationship between field data and the indoor cold tolerance screen data, field data 

was analysed based on the original selected row from the spring planting at Elora in 2007.  For this 

comparison the three experiments planted and evaluated at Mimosa in 2007-08 (headrow, ridge and 

box planted methods) were examined to determine there was heterogeneity of variances across 

experiments for the purpose of combining planting methods into one experiment.  The percent winter 

survival data and field temperature data were analysed using PROC MIXED and 'REPEATED 

/group=method' function to test for heterogeneity of variances across the three planting methods.  No 

significant heterogeneity of variance was found for percent winter survival and replications were 

combined into one experiment that could be examined by analysis of variance.  The experiment was 

analysed as a completely random design.  Tukey‘s range test for means comparison was carried out 
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using the PDMIX800 macro (Saxton 2004).  Due to the design of the 2008-09 trial planted in Elora, 

heterogeneity of variance tests were carried out using the same methods as the 2007-08 Mimosa trial to 

examine the three field experiments (unreplicated, 11 x 11 simple lattice and 13x13 quadruple lattice).  

The analysis failed to find evidence of heterogeneity of variance across experiments and replications.  As 

a result, it was possible to pool the data from the three experiments.  Analysis of plant emergence and 

percent winter survival for each experiment in the 2008-09 trial at Elora found consistent and significant 

differences due to planter effects among the eight planter rows across the three experiments.  To adjust 

for this induced variation, nearest neighbour analysis of fall plant stand data was completed to create 

range and row covariates that could be applied to the winter survival data.  The experiment was 

analysed as a completely random design.  Subsampling was built into the statistical analysis so that more 

than one entry from the original 2007 spring headrow was accounted for in each replication.   PROC 

MIXED (SAS, ver 9.2) was used for analysis of variance with lines being a fixed variable.  The ddfm= kr 

(Kenward-Roger option) was used in the MODEL statement to make the appropriate adjustments to the 

degrees of freedom.  Tukey ‘s range test for means comparison was carried out using the PDMIX800 

macro (Saxton 2004).     

LS Means calculated from the Mimosa and Elora trials were used to correlate with the results from 

Fv/Fm and visual assessment data using the PROC CORR Spearman procedure (SAS, ver 9.2).     

STATISTICAL ANALYSIS: CALCULATION OF LT50 

Similar to experiment 1, any plant with a visual rating of 2 or greater was considered to be alive and 

anything less than 2 was considered to be dead.  From this scoring scheme, the percent survival for each 

variety was calculated for each temperature treatment.  The PROC PROBIT (SAS, ver 9.2) was used to 

calculate the LT50 values visual assessment parameter for each breeding line. 
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2.2.2.10 STATISTICAL ANALYSIS:  CALCULATION OF IFSI 

Six cereal lines tested in experiment 1 were used as reference checks in each flat for experiment 2.  The 

values for estimated IFSI (E) for each check variety from experiment 1 were used as the IFSI (X) values 

for Experiment 2.  Similar to Fowler and Gusta (1979) ‘group 2’ trials, only check varieties showing 

differential Fv/Fm or visual assessment values due to freezing stress were used to calculate the stress 

value (P).  These stress values for the checks were calculated using the equation P=X+1 (or 100 in the 

case of visual assessment)-a; where X is the estimated IFSI (E) value from experiment 1 for the specific 

check variety and ‘a’ is the actual Fv/Fm measurement or visual assessment value.  An average stress 

value ‘P’ was then calculated from these check varieties (P) values.  This value was used as the P value 

for all of the breeding lines tested in a flat and was used to calculate the IFSI (E) estimate of each cultivar 

in the tray.  As in experiment 1, once Fv/Fm measurements had reached the overall minimum Fv/Fm 

value across testing temperatures for the breeding line at a specific temperature, subsequent data from 

lower temperatures were not used in the analysis.  Visually assessed data was converted into 

percentage values, as in experiment 1.  IFSI (E) was calculated using the formula E=P-1 (or 100 in the 

case of visual assessment) + a; where P is the average stress value of the check varieties and ‘a’ is the 

actual Fv/Fm measurement or visual assessment value from the breeding line.  All of the data across sets 

was combined from experiment 2 and analysed as a completely random design using PROC MIXED (SAS, 

ver 9.2).  

2.2.2.11 STATISTICAL ANALYSIS:  PHOTOPERIOD EXPERIMENT 

This experiment was set up in a split plot design with two replications.  The data was analysed using 

PROC MIXED (SAS, ver 9.2).  Long day and short day photoperiod means were calculated separately and 

then differences calculated to give the final leaf number photoperiod response for each line.  

Photoperiod, line and photoperiod x line interaction were considered to be fixed variables in the 
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analysis.  Replication, replication x photoperiod, and replication x line x photoperiod were considered to 

be random effects.  The ddfm= kr (Kenward-Roger option) was used in the MODEL statement to make 

the appropriate adjustments to the degrees of freedom.  Tukey ‘s range test for means comparison was 

carried out using the PDMIX800 macro (Saxton 2004).   

2.2.2.12 STATISTICAL ANALYSIS: GENERATION MEANS ANALYSIS 

For generation means analysis, the SAS macros 'dist' and 'estim' from the SASQuant 1.3 program 

(Gusmini et al. 2007) were used to analyse the data.  The program uses a two-step approach to analyse 

data.  The first step uses the 'dist' macro to determine if the data can be combined through Bartlett's 

test for homogeneity.  From this it was determined that the 2008 and 2009 field data could be combined 

however, the -6 and -8oC cold tolerance data for Fv/Fm and visual assessment two weeks after freezing 

could not be combined into one analysis.  Fv/Fm-IFSI and Visual-IFSI data was also analysed. The 'estim' 

macro of SASQuant 1.3 was used to estimate the genetic variances, heritability and genetic effects 

(Hayman 1958). 

2.2.2.13 STATISTICAL ANALYSIS: MOLECULAR MARKER ANALYSIS 

Molecular markers for alleles at the Vrn-A1, Vrn-B1 and Ppd-D1 locus were tested individually using 

PROC GLM.  The markers were tested against 2008 and 2009 winter survival, Fv/Fm, visual assessment 

two weeks after freezing, final leaf number for long and short photoperiods, and the overall 

photoperiod response.  The analysis was completed on the Froid X Siete Cerros biparental cross 

population.  The Vrn-A1 and Vrn-B1 markers were tested using PROC GLM to determine the effect of all 

the two gene combinations on each trait. 
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2.2.3 Experiment 3: Analysis of Winter Barley Genotypes for Winter Survival and Cold Tolerance  

2.2.3.1 GERMPLASM 

13 winter and spring barley lines from Europe and Canada were obtained from several sources to test 

for cold tolerance.  Winter wheat checks, Emmit and Maxine, spring wheat checks Hoffman and 

Quantum, winter barley MacGregor, and spring barley OAC Kawartha were included in the analysis for 

comparison and to facilitate IFSI analysis.  

 

2.2.3.2 EXPERIMENTAL DESIGN, PLANT GROWTH CONDITIONS 

Experimental design for this study was similar to experiment 1.  Briefly, 14 winter barley varieties (Table 

2.23) along with six checks, initially evaluated in experiment 1 were randomized in each flat.  The checks 

were included for comparison and to facilitate IFSI analysis.  The experiment was set up as a split plot 

design with temperature as the main plot factor and varieties as the sub-plot factors.  The experiment 

was replicated three times in time and space.  Individual germplasm lines were the experimental unit 

with four seeds planted per variety in the cell packs as subsamples.  The growth conditions up to the 

freezing test were the same as the experiment 1 protocol.  For this experiment, the treatment 

conditions were: a non-treated control maintained at acclimation conditions and freezing temperatures 

of -6, -8, -10 and -12 oC.  After freezing, the plants were placed in the growth room, under the same 

conditions as experiment 1.  Fv/Fm measurement parameters and visual assessment protocols were the 

same as in experiment 1.   

2.2.3.3 FIELD EVALUATION FOR WINTER BARLEY 

Data for winter survival of the winter barley breeding lines and varieties was generated from one field 

season in 2008-09.  For this trial, only the winter barley lines listed in Table 2.23 were tested.  Winter 
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wheat varieties, spring wheat varieties and the spring barley varieties were not included.  The trial was 

planted at the Elora Research Station.  The trial was set up in a randomized complete block design with 

four replications.  The trial was planted on October 7, 2008 with a six row Wintersteiger Plotmaster 

seeder (Wintersteiger AG, Ried, Austria) at a seeding rate of 400 seeds/m2.   Spacing between rows was 

17.8 cm for a total plot width of 106.8 cm.  Plot length was three meters making the total plot area 

3.204 m2.  Winter survival was assessed as the percentage of the plot exhibiting active re-growth in the 

spring.  Average winter survival over the trial for the specific varieties was calculated.   

 

2.2.3.4 STATISTICAL ANALYSIS:  INDOOR FREEZING TEST AND 

Statistical analysis was the same as for experiment 1 (See section 2.2.1.6 for details). 

2.2.3.5 STATISTICAL ANALYSIS:  CALCULATION OF LT50 

Calculation of LT50 values was that same as in experiment 1 (See section 2.2.1.7 for details). 

2.2.3.6 STATISTICAL ANALYSIS:  CALCULATION OF IFSI 

Indoor freezing survival index (IFSI) was calculated using the same method as in experiment 2.  Briefly, 

only check varieties displaying variation in Fv/Fm measurements and visual assessment two weeks after 

freezing were used to calculate an average stress value for each testing tray of 18 varieties.  This value 

was used to calculate the estimated IFSI (E) value for each variety.  Fv/Fm values generated at lower 

testing temperatures were not included in the variety overall IFSI mean if the minimum Fv/Fm value had 

been reached at a higher temperature.  Visual assessment data was converted into percentage values 

using the same method listed in experiment 1. 

Analysis of the 2008-09 winter survival was carried out using PROC MIXED (SAS, ver 9.2) where varieties 

were considered to be fixed and the replications were considered random. Tukey‘s range test for means 
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comparison analysis was carried out using the PDMIX800 macro (Saxton 2004).  LS Means calculated 

from the Elora field trial was used to correlate with the results from Fv/Fm and visual assessment data 

using the PROC CORR Spearman procedure (SAS, ver 9.2).     

2.2.4 Experiment 4: Analysis of seed treatment effects on cold tolerance 

2.2.4.1 GERMPLASM 

Seed from 11 Ontario-adapted spring wheat varieties (Table 2.25) were obtained from C & M Seeds Ltd. 

(Palmerston, ON), Dow AgroSciences (Nairn, Ontario) and SeCan and divided into two lots.  One lot was 

treated with Cruiser Maxx (Thiamthoxam and difenoconazole; Syngenta, Guelph, Ontario) at a rate of 

325ml/100kg of seed and the second lot was not treated.  Untreated winter wheat checks, Emmit and 

Maxine and untreated spring wheat checks Hoffman and Quantum were used to facilitate comparisons 

and IFSI analysis.  

2.2.4.2 EXPERIMENTAL DESIGN, PLANT GROWTH CONDITIONS 

The experiment was set up as a split plot design with temperature as the main plot factor.  The subplots 

were composed of eleven Cruiser-Maxx treated spring wheat varieties and eleven non-treated spring 

wheat lines, along with the two winter wheat checks, all randomized in each flat.  Three flats were 

tested per replication at each temperature and there were four replications, separated in time and 

space, in this experiment.  Individually treated or non-treated varieties were the experimental unit with 

four seeds planted per variety in the cell packs as subsamples. With three flats per testing temperature, 

per replication, as many as 12 subsamples were taken per subplot.  The growth conditions up to the 

freezing test were the same as the experiment 1 protocol.  For this experiment, the temperature 

treatment conditions were: a non-treated control maintained at cold acclimation conditions and 

freezing temperatures of -2, -4, -6 and -8 oC.  For this experiment the 18 hour sub-zero acclimation 



 

 

102 

 

temperature was held at -2oC instead of -3 oC.  After freezing, the plants were placed in the growth 

room, under the same conditions as experiment 1.  The visual assessment protocol was the same as in 

experiment 1.   

2.2.4.3 STATISTICAL ANALYSIS:  INDOOR FREEZING TEST AND 

Statistical analysis was the same as for experiment 1 (See section 2.2.1.6 for details).  Simple contrasts 

were carried out to test the difference between Cruiser-Maxx treated and non-treated spring wheat 

varieties. 

2.2.4.4 STATISTICAL ANALYSIS:  CALCULATION OF LT50 

Calculation of LT50 values was that same as in experiment 1 (See section 2.2.1.7 for details). 

2.2.4.5 STATISTICAL ANALYSIS:  CALCULATION OF IFSI 

Indoor freezing survival index (IFSI) was calculated using the same method as in experiment 2.  Briefly, 

only the check varieties (Emmit, Maxine, Hoffman and Quantum) displaying variation in visual 

assessment two weeks after freezing were used to calculate an average stress value for each testing 

tray.  This value was used to calculate the estimated IFSI (E) value for each variety.  Visual assessment 

data was converted into percentage values using the same method listed in experiment 1.  Data was 

analysed as a completely random design using PROC MIXED (SAS, ver 9.2).  Tukey ‘s range test for means 

comparison analysis was carried out using the PDMIX800 macro (Saxton 2004).   
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2.2.5 Experiment 5:  Analysis of a Norstar x Bergen Doubled Haploid Population for Cold Tolerance using 

Fv/Fm and Visual Assessment and Comparisons with Traditional LT50 Methodology. 

2.2.5.1 GERMPLASM 

Germplasm for this experiment was developed at the Agriculture and Agri-Food Canada (AAFC), 

Lethbridge Research Centre (Lethbridge, Alberta).  The 92 doubled haploid breeding lines were 

developed from a Norstar x Bergen cross using the corn pollination method.  ‘Norstar’ is a cold tolerant 

hard red winter wheat and ‘Bergen’ is a hard red spring wheat. 

2.2.5.2 EXPERIMENTAL DESIGN, PLANT GROWTH CONDITIONS 

The experiment was set up in a split plot design with testing completed in sets, similar to the method in 

experiment 2, except that this experiment was composed of three replications, separated in time and 

space.  18 lines were tested per set and were randomized in each flat with a common set of six checks:  

two winter wheat cultivars, Emmit and Maxine, two spring wheat cultivars, Hoffman and Quantum, one 

winter barley cultivar, MacGregor and one spring barley cultivar, OAC Kawartha.  The growth conditions 

up to the freezing test were the same as the experiment 1 protocol.  For this experiment, the 

temperature treatment conditions were: a non-treated control maintained at cold acclimation 

conditions and freezing temperatures of -6, -8, and -12 oC.  Fv/Fm measurements and visual evaluation 

two weeks after freezing were carried out using the same protocol as in experiment 1.  At AAFC-

Lethbridge, cold tolerance testing of an 18-line subset from the Norstar x Bergen doubled haploid 

population was completed using a protocol similar to (Gaudet and Kozub 1991), except plants were 

grown for 1 wk at 20oC and then acclimated indoors at 2 oC for three weeks, instead of being grown and 

acclimated outdoors.  Ten plants were tested in a two replication test at cold tolerance testing 

temperatures of 0, -4, -8, -12 and -16 oC. 
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2.2.5.3 STATISTICAL ANALYSIS:  INDOOR FREEZING EXPERIMENTS AT GUELPH 

Statistical analysis was the same as for Experiment 2 (See section 2.2.2.8 for details).  . 

2.2.5.4 STATISTICAL ANALYSIS:  CALCULATION OF LT50 AT GUELPH AND LETHBRIDGE 

Calculation of LT50 values from data generated through cold tolerance testing at Guelph was the same as 

in experiment 1 (See section 2.2.1.7 for details).  Data from Lethbridge was scored as percent survival of 

10 plants from each breeding line at each testing temperature.  PROC PROBIT (SAS, ver 9.2) was used to 

calculate the LT50 values from the Lethbridge data. 

2.2.5.5 STATISTICAL ANALYSIS:  Calculation of IFSI 

Indoor freezing survival index (IFSI) was calculated using the same method as in experiment 2.  Briefly, 

only check varieties displaying variation in Fv/Fm measurements and visual assessment two weeks after 

freezing were used to calculate an average stress value for each testing tray of 18 varieties.  This value 

was used to calculate the estimated IFSI (E) value for each variety.  Fv/Fm values generated at lower 

testing temperatures were not included in the variety overall IFSI mean if the minimum Fv/Fm value 

across temperature treatments had been reached at a higher temperature.  Visual assessment data was 

converted into percentage values using the same method listed in experiment 1.  All of the IFSI data 

across sets was combined and analysed as a completely random design using PROC MIXED (SAS, ver 9.2).  

LS Means calculated from Fv/Fm measurements, visual assessment values, Fv/Fm-IFSI, visual-IFSI and 

Guelph-LT50 values were correlated to LT50 values established from cold tolerance testing completed at 

the Lethbridge Research Centre using the PROC CORR Spearman procedure (SAS, ver 9.2).  
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2.3 Results 

2.3.1 Experiment 1 

Analysis of the winter weather conditions for 2007-08 and 2008-09 showed variation in snow cover that 

affected the winter survival of the plants (Figure 2.1A and B).  In 2007-08, there was considerable snow 

depth throughout the winter.  No extreme or prolonged freeze thaw cycles occurred without snow 

cover and snow melt corresponded with warmer spring temperatures.  In contrast, 2008-09 had a thaw 

in early February that reduced the snow depth to 0 cm.  Following the snow melt, a series of severe 

freeze-thaw cycles led to plants being exposed to cold temperatures without snow cover protection 

(Figure 2.1 A and B).  As a result, the year to year environmental variation created drastic differences in 

winter survival.  

Winter survival data for experiment 1 was based on 2007-2008 data for spring wheat and 2008-2009 

data for winter wheat (Table 2.4).  Both trials were located at the Elora Research Station.  The specific 

seasons were selected based on severity of the winter.  The winter of 2007-08 was less severe than 

2008-09 (Figure 2.1 A and B) and proved to be a good environment to evaluate spring wheat cultivars, 

but very little differential was noted in winter wheat lines.  In 2007-08, spring wheat varieties averaged 

16.6% winter survival with a range of 2.5 to 37.5%.  The winter wheat checks had an average winter 

survival of 92%.  The winter of 2008-09 was a very severe winter and no spring wheat survived, 

however; it was a good environment to detect differences among winter wheat varieties.  Winter wheat 

cultivars had a mean winter survival of 62.8% and survival ranged from 56% to 70%.   

A cold tolerance screen method was developed to examine cold tolerance in an indoor setting.  To 

induce freezing stress, cold-acclimated Ontario-adapted winter and spring wheat plants were subject to 

six temperature treatments and then tested using chlorophyll fluorescence measurements of the 

maximum theoretical quantum yield of photosystem II (Fv/Fm parameter) on dark-adapted leaves one 
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day after freezing.  Non-frozen controls exposed to acclimation temperatures of 4/2oC day/night did not 

show any significant differences between winter and spring growth habit groups or among cultivars 

(P=0.20; Tables 2.4 and 2.5).  The average Fv/Fm value for winter and spring cultivars was 0.89 (Table 

2.4).  The range in Fv/Fm values for winter cultivars was 0.89 to 0.90.  The range for spring cultivars was 

0.88 to 0.90 (Table 2.4). Analysis of data from visual assessment two weeks after the non-freezing 

temperature treatment was applied showed that none of the cultivars exhibited any visual symptoms of 

stress from the acclimation treatment (Table 2.5).  Winter and spring barley checks had the same mean 

values as the spring and winter wheat means. 

A cold treatment of -4oC resulted in a mean Fv/Fm value for winter and spring cultivars of 0.90 and 0.87, 

respectively (Table 2.4).  There was a significant difference between winter and spring wheat growth 

habit groups and cultivars tested (P=<0.001; Table 2.4 and 2.6).  The range in Fv/Fm measurements for 

winter wheat was 0.89 to 0.91 and there were no significant differences among winter wheat varieties 

(Table 2.4).  There were significant differences among spring wheat cultivars and the Fv/Fm values 

ranged from 0.81 to 0.90 (Table 2.4).  Visual assessment two weeks after freezing showed a significant 

difference between the means of winter and spring growth habits (P=<0.001; Table 2.5) and among 

cultivars (P=<0.001; Table 2.5 and 2.6).  Winter cultivars had an average value of 3.20 with a range of 

2.92 to 3.45 (Table 2.5).  Spring wheat cultivars had a mean value of 1.59 and a range of 1.00 to 2.04 

(Table 2.5).  The winter barley control had Fv/Fm values similar to winter and spring wheat cultivars, and 

the visual assessment value was similar to winter wheat cultivars.  The spring barley control showed 

Fv/Fm and visual assessment values similar to the spring wheat cultivars.   

At the -6oC testing temperature treatment, there was a significant difference between Fv/Fm means of 

winter and spring growth habit groups (P=<0.001; Table 2.4) and among lines (P=<.0001; Table 2.6).  

Winter cultivars had an average Fv/Fm value of 0.88 with a range of 0.86 to 0.89 (Table 2.4).  Spring 
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cultivars Fv/Fm values averaged 0.52 with a range of 0.32 to 0.78 (Table 2.4).  The winter barley control 

had Fv/Fm values similar to the winter wheat cultivars and the spring barley control had an Fv/Fm value 

higher than the mean of the spring wheat cultivars (Table 2.4).  For visual assessment of wheat plants at 

-6oC, there were significant differences between winter and spring wheat growth habit groups 

(P=<0.001; Table 2.5) and among varieties (P=<0.001; Tables 2.5 and 2.6).  Winter cultivars had an 

average visual assessment value of 2.86 and values ranged between 2.17 to 3.20 (Table 2.5).  Spring 

cultivars had an average visual assessment of 1.06 and ranged between 1.00 and 1.28 (Table 2.5).  The 

winter barley check had a visual assessment rating similar to the winter wheat cultivars while the spring 

barley control had a visual rating similar to the spring wheat lines (Table 2.5). 

A significant difference was found between winter and spring growth habit (P=<0.001; Table 2.4) and 

among wheat cultivars tested for Fv/Fm values at -8oC (P=<0.001; Tables 2.4 and 2.6).  Winter wheat 

cultivars had a mean Fv/Fm value of 0.84 and ranged between 0.81 and 0.88 (Table 2.4).  For spring 

cultivars, the mean Fv/Fm value was 0.32 with a range of 0.21 to 0.42 (Table 2.4).  The winter and spring 

barley controls had Fv/Fm values intermediate to the means of the winter and spring wheat cultivars 

(Table 2.4).  For visual assessment of cold tested wheat cultivars, there was a significant difference 

between the means of winter and spring growth habits (P=<0.001; Table 2.5) and significant differences 

among cultivars (P=<0.001; Table 2.5 and 2.6).  Winter wheat cultivars had an average visual assessment 

value of 2.12 and the range in values was 1.13 to 2.73 (Table 2.5).  Spring cultivars had a mean visual 

assessment value of 1.00 (Table 2.5).  No spring cultivars survived the cold treatment.  The winter barley 

control had a visual assessment value intermediate to the spring and winter wheat cultivars.  The spring 

barley control did not survive the -8oC testing temperature (Table 2.5). 

Fv/Fm values at the testing temperature of -10oC for winter and spring cultivars showed a significant 

difference between growth habit groups (P=<0.001; Table 2.4) and significant differencese among 
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cultivars (P=<0.001; Tables 2.4 and 2.6).  Winter cultivars had an average Fv/Fm value of 0.56 with a 

range of 0.32 to 0.77 (Table 2.4).  Spring cultivars had a mean Fv/Fm value of 0.31 and a range of 0.26 to 

0.38 (Table 2.4).  The winter barley control had an Fv/Fm value intermediate to the winter and spring 

wheat cultivar means, while the spring barley check had an Fv/Fm value less than the spring wheat 

cultivars mean (Table 2.4).  Analysis of visual assessment data of winter and spring cultivars tested at -

10oC found a significant difference between growth habit types (P=0.02; Table 2.5), but no significant 

differences among cultivars (P=0.39; Table 2.5 and 2.6).  The average value for winter cultivars was 1.07 

with a range of 1.00 and 1.20 (Table 2.5).  Spring cultivars had an average visual assessment value of 

1.00 (Table 2.5).  No spring cultivars showed variation for winter survival at the -10oC treatment.  Both 

winter and spring barley controls did not survive the testing temperature (Table 2.5). 

For the -12oC cold treatment, there was a significant difference between winter and spring wheat Fv/Fm 

means (P=<0.001; Table 2.4) and significant differences among cultivars (P=<0.001; Tables 2.4 and 2.6).  

Winter cultivars had a mean Fv/Fm value of 0.37 with a range of 0.25 to 0.60 (Table 2.4).  Spring 

cultivars had a mean Fv/Fm value of 0.30 with a range of 0.19 and 0.37 (Table 2.4).  Winter and spring 

barley controls were similar to the spring Fv/Fm mean with the spring barley having slightly lower Fv/Fm 

value (Table 2.4).  Visual assessment of winter and spring wheat cultivars showed no significant 

difference between winter and spring growth habit groups or significant differences among lines within 

growth habit groups due to no wheat cultivars surviving the cold treatment.  Both winter and spring 

barley controls also did not survive the testing temperature (Table 2.5). 

Mean Fv/Fm values were calculated across temperature treatments for the winter and spring cultivars.  

Analysis of variance determined that there were significant differences between winter and spring 

cultivar means. There was also a significant difference between winter and spring cultivar growth habits 

(P=<0.001; Tables 2.4) and among cultivars (P=<0.001; Tables 2.4 and 2.6).  Winter cultivars had an 
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average Fv/Fm value of 0.71 and had a range of 0.65 to 0.81 (Table 2.4).  Spring cultivars had an average 

Fv/Fm value of 0.47 with a range of 0.42 to 0.55 (Table 2.4).  The winter and spring barley controls had 

values intermediate to the winter and spring wheat cultivars with the winter barley slightly higher (Table 

2.4).  There was a significant difference between winter and spring growth habit.  There were also 

significant differences between winter and spring cultivar means and among varieties (P=<0.001; Table 

2.5) and among cultivars for visual assessment of re-growth two weeks after cold testing (P=<0.001; 

Tables 2.5 and 2.6).  Winter cultivars had an average visual rating of 2.05 with a range of 1.76 to 2.24 

(Table 2.5).  For spring cultivars, the mean visual rating was 1.13 with a range of 1.00 to 1.24 (Table 2.5).  

The winter barley control had an intermediate visual rating value compared to the winter and spring 

wheat varieties.  The spring barley control had a visual assessment value similar to the spring wheat 

cultivars (Table 2.5). 

Analysis of variance for the entire experiment indicated that for both Fv/Fm measurement and visual 

assessment ratings, there was a significant difference among means for different cold tolerance testing 

temperatures (P=<0.001; Table 2.6), as well as differences among lines across the entire experiment 

(P=<0.001; Table 2.6).  A significant temperature x variety interaction indicates that not all varieties 

reacted the same way across testing temperatures (P=<0.001; Table 2.6).  That was expected due to the 

inherent differences between spring and winter wheat germplasm.   

LT50 values were determined for visual assessment ratings using probit analysis.  The winter wheat 

cultivars had an average LT50 value of -8.19oC with a range of -7.10 to -8.99 oC (Table 2.5).  Spring 

cultivars had an average LT50 value of -4.39 oC and a range of -2.92 to -5.36 oC (Table 2.5).  There was a 

significant difference between LT50 values for spring and winter wheat growth habits (P=<0.001; Table 

2.5).  Both winter and spring barley checks had LT50 values intermediate to the winter and spring wheat 

LT50 means (Table 2.5). 
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Indoor freezing survival index (IFSI) uses calculated relative difference as a means of controlling within-

experiment variation among replications.  Furthermore, it can be used with check cultivars to normalize 

data in separate experiments allowing analysis of broad datasets.  Analysis of variance of Fv/Fm-IFSI 

values, analysed as a completely random design, found that there was a significant difference between 

growth habits (P<0.001; Table 2.4) and were significant differences among cultivars (P<0.001; Table 2.4 

and 2.6).  Winter wheat cultivars had an average Fv/Fm-IFSI value of 0.59 with a range of 0.51 to 0.68 

(Table 2.4).  Spring wheat varieties had an average Fv/Fm-IFSI value of 0.20 with a range of 0.05 to 0.35 

(Table 2.4).  Winter and spring barley lines had intermediate values to the winter and spring wheat 

Fv/Fm-IFSI means.  Analysis of variance for visual-IFSI values found a difference between growth habits 

(P=<0.001; Table 2.5) and among cultivars (P=<0.001; Table 2.5 and 2.6).  The winter wheat mean was 

91.35 with a range of 79.43 to 102.46 (Table 2.5).  Spring wheat varieties had a visual-IFSI mean of 46.65 

and values that ranged between 0 and 62.30 (Table 2.5).  Winter and spring barley checks were 

intermediate to the winter and spring wheat visual-IFSI cultivar means. 

For the complete data set, all correlations were significant among testing temperature comparisons 

within Fv/Fm and visual assessment testing parameters (Table 2.7).  For Fv/Fm and visual assessment 

methods, mean, LT50, and IFSI values were all highly correlated to each other and to each individual 

testing temperature.  Significant correlations were found between Fv/Fm and visual assessment 

parameters at -4, -6, -8, -10oC, overall mean and for IFSI values (Table 2.7).  Winter and spring cultivars 

display significant separation at cold testing temperatures (Table 2.4 and 2.5).  This leads to a bimodal 

distribution of data causing correlation analysis to give misleading results.  To avoid misleading 

conclusions about the effectiveness of the cold tolerance screen, rank correlations within winter and 

within spring groupings were also calculated (Table 2.8 and 2.9, respectively).  For comparisons within 

the winter wheat group, significant rank correlations were found between winter survival at Elora in 
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2008-09 and Fv/Fm measurements taken at -6, -8, -10, -12 oC testing temperatures, as well as the mean 

Fv/Fm value for the variety across testing temperatures and the Fv/Fm-IFSI values (Table 2.8).   Fv/Fm 

measurements taken at -6oC were significantly correlated Fv/Fm measurements taken at -10 and -12oC 

but, not with -8oC (Table 2.8).  The Fv/Fm measurements taken at -8 oC were significantly correlated to 

Fv/Fm measurements at -10 oC (Table 2.8).  Mean and Fv/Fm-IFSI values were significantly correlated 

with Fv/Fm values measured at -6, -8, -10 and-12oC, as well as with each other.  No significant 

correlations were found between winter survival and visual assessment methods at each testing 

temperature (Table 2.8).   Visual assessment at -6oC was significantly correlated to visual assessment at -

8 and -10oC.  Mean visual rating across temperatures and LT50 values were significantly correlated to -6, -

8 and -10 oC testing temperatures.  Visual-IFSI was significantly correlated to -6 and -8oC testing 

temperatures.  Mean, LT50 and IFSI were all significantly correlated to each other (Table 2.8).  Fv/Fm and 

visual assessment were not correlated to each other at any of the specific testing temperatures (Table 

2.8).   

Within the spring growth habit grouping, no significant correlation was found between winter survival 

and Fv/Fm measurements (Table 2.9).  Among specific testing temperatures, there was a significant 

correlation between Fv/Fm values measured at -4oC and Fv/Fm values at -6 and -10 oC.  A significant 

correlation was also found between control Fv/Fm measurements and -12oC measurements (Table 2.9).  

Mean Fv/Fm values were significantly correlated to testing temperatures -4, -6 and -10oC.  Fv/Fm-IFSI 

values were significantly correlated to Fv/Fm measurements taken at testing temperatures -4 and -6oC.  

Mean Fv/Fm values and Fv/Fm-IFSI were significantly correlated (Table 2.9).  Winter survival ratings 

were not significantly correlated to visual assessment ratings (Table 2.9).  Significant correlations were 

found between visual assessment at -4oC and mean visual assessment values, LT50 and visual-IFSI (Table 

2.9).  Mean visual assessment values, LT50 and visual-IFSI were correlated to each other (Table 2.9). 
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2.3.2 Experiment 2  

In 2007-08 at Mimosa, ON, Froid and Siete Cerros winter survival was 91.1% and 0%, respectively.  The 

breeding lines developed from eight complex crosses having Froid, Siete Cerros or at least one parental 

variety with spring habit, and one biparent cross between Froid and Siete Cerros averaged 60.5% 

survival with a range of 4.5% to 84.4% (Table 2.110).  The winter cereal check mean was 73.4% and the 

spring check mean was 0% survival.  No breeding lines had winter survival values higher than Froid or 

lower than Siete Cerros.  In 2008-09 at Elora, ON, Froid and Siete Cerros averaged 54.9% and 3% winter 

survival, respectively (Table 2.10).  The breeding lines averaged 17.5% survival with a range of 0% to 

46.5% (Table 2.10).  No breeding lines had winter survival ratings higher than Froid, however; four lines 

had winter survival ratings less than Siete Cerros.  The winter cereal check mean survival was 35.9 %, 

while the spring check mean was 2.2% (Table 2.10). A significant difference among lines was found for 

2007-08 (P=<0.001; Table 2.12) and 2008-09 (P=<0.001; Table 2.12).  When analysed by pedigree, 

significant differences were found among crosses for the winters of 2007-08 (P=<0.001; Table 2.12) and 

2008-09 (P=<0.001; Table 2.12).  The Froid x Siete Cerros population had an average winter survival of 

60.2% with a range of 26.4% to 79.1% in 2007-08 (Table 2.11). Within the population, no lines had 

winter survival ratings higher than Froid nor lower than Siete Cerros.  For the winter of 2008-09, the 

Froid x Siete Cerros population had a mean winter survival rating of 14.9% and a range of 1.8% to 33.9% 

(Table 2.11).  Two lines had a lower winter survival rating than Siete Cerros.  Analysis of variance among 

lines in the population determined that a significant differences existed for winter survival data from 

2007-08 (P=<0.001; Table 2.12) and 2008-09 (P=<0.001; Table 2.12). 

For indoor cold tolerance testing using Fv/Fm evaluation methods, the data followed the expected trend 

of decreasing Fv/Fm values as the temperature decreased (Table 2.10).  At cold acclimation (no cold 

treatment) temperatures, Fv/Fm had a mean of 0.89 with a range of 0.87 to 0.91 (Table 2.10).  21 lines 
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had Fv/Fm values greater than Froid and 36 lines had values less than Siete Cerros (Table 2.10).  Among 

the nine populations evaluated, the mean Fv/Fm values ranged from 0.88 to 0.90 with three of the 

crosses having Fv/Fm values lower than Siete Cerros and one cross having Fv/Fm values higher than 

Froid (Table 2.10).  Within the Froid x Siete Cerros populations the mean Fv/Fm value was 0.89 and the 

range was 0.87 to 0.91 (Table 2.11).  20 lines had mean Fv/Fm values less than Siete Cerros and 12 lines 

had values greater than Froid. Winter and spring cereal checks both had Fv/Fm values of 0.89.  The 

visual assessment mean value was 4 for all lines tested (Table 2.11).   

At the -6oC temperature treatment, the mean Fv/Fm value was 0.87 and values ranged from 0.82 to 0.90 

(Table 2.10).  Winter and spring wheat checks averaged 0.88 and 0.76, respectively.  33 lines had an 

Fv/Fm value greater than Froid and 63 lines had a Fv/Fm value less than Siete Cerros.  For the nine 

crosses tested, the range in mean Fv/Fm values was 0.86 to 0.89 (Table 2.10).  All nine crosses had 

Fv/Fm values less than Siete Cerros and three had Fv/Fm values greater than Froid.  The Froid x Siete 

Cerros population mean was 0.88 and the range was 0.82 to 0.90 (Table 2.10).  37 lines had mean Fv/Fm 

values less than Siete Cerros and 23 lines had values greater than Froid.  Visual assessment of all lines 

tested at -6oC in this experiment had a mean value of 2.84 with a range of 1.50 to 3.75 (Table 2.10).  The 

winter and spring wheat check cultivars had mean visual ratings of 2.74 and 1.12, respectively.  Three 

lines had visual assessment ratings less than Siete Cerros and two lines had ratings higher than Froid.  

Among the nine crosses evaluated, the range was 2.31 to 3.42 (Table 2.10).  No cross had mean values 

less than Siete Cerros nor greater than Froid.  The Froid x Siete Cerros population had a visual 

assessment mean of 2.84 and a range of 1.5 to 3.75 (Table 2.11).  Two lines had ratings lower than Siete 

Cerros and two lines had ratings higher than Froid.    

At -8oC, the breeding lines testing in experiment 2 had an average Fv/Fm value of 0.84 with a range of 

0.56 to 0.90 (Table 2.10).  The winter and spring wheat cultivar checks averaged 0.86 and 0.49, 
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respectively.  Eight lines had Fv/Fm values less than Siete Cerros while 25 lines had Fv/Fm values greater 

than Froid.  The mean Fv/Fm values of crosses evaluated ranged between 0.60 to 0.87 (Table 2.10).  Two 

crosses had a mean value less than Siete Cerros and one cross had a mean rating greater than Froid.  

The mean Fv/Fm value of the Froid x Siete Cerros population was 0.86 with a range of 0.74 to 0.90 

(Table 2.11).  Two lines had a mean Fv/Fm less than Siete Cerros and 18 lines had a mean Fv/Fm value 

greater than Froid.  For visual assessment of the 67 breeding lines at a -8oC freezing treatment, the 

mean value was 2.15 with a range of 1.00 to 3.38 (Table 2.10).  Mean of the winter and spring cereal 

checks was 2.04 and 1.00, respectively.  Five lines had visual assessment values less than Siete Cerros 

and one line had a rating higher than Froid.  The nine different crosses had a range in visual ratings of 

1.47 to 2.82 (Table 2.10).  No crosses had a mean visual rating less than Siete Cerros nor greater than 

Froid.  The Froid x Siete Cerros population had a mean visual rating of 2.17 with a range of 1 to 3.13 

(Table 2.11).  Two lines had a mean visual rating less than Siete Cerros and no lines had a rating greater 

than Froid. 

Fv/Fm values for all breeding lines tested at -10oC had a mean of 0.72 with a range of 0.31 to 0.89 (Table 

2.10).  The winter and spring cereal checks had an average of 0.80 and 0.41, respectively.  At this testing 

temperature, 15 lines had a Fv/Fm ratio less than Siete Cerros and 16 lines had an Fv/Fm ratio greater 

than Froid.  For the nine crosses evaluated in experiment 2, the range in Fv/Fm values was 0.49 to 0.87 

(Table 2.10).  Two of the crosses had mean Fv/Fm values less than Siete Cerros and one cross had a 

value greater than Froid.  The Froid x Siete Cerros population had a mean Fv/Fm value of 0.74 and a 

range of 0.32 to 0.89 (Table 2.11).  Six lines had an Fv/Fm value less than Siete Cerros and 10 lines had 

an Fv/Fm value greater than Froid.  Visual ratings for the lines tested in experiment 2 had a mean value 

of 1.31 and a range of 1.00 to 2.73 (Table 2.11).  The winter and spring wheat checks had mean values of 

1.21 and 1.00, respectively.  No lines had visual ratings less than Siete Cerros or greater than Froid.  
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Among the nine crosses studied, the range in ratings was 1.00 to 1.94.  No crosses had mean visual 

ratings lower than Siete Cerros nor higher than Froid.  For the Froid x Siete Cerros population, the mean 

visual rating was 1.26 with a range of 1.00 to 2.54.  No lines from the population had values less than 

Siete Cerros nor higher than Froid.   

At testing temperatures of -12oC, the mean Fv/Fm ratio for all of the breeding lines tested was 0.57 with 

a range of 0.31 to 0.84 (Table 2.10).  In comparison, the winter and spring cereal check cultivars had  

average values of 0.64 and 0.36, respectively.  Two lines had Fv/Fm values less than Siete Cerros and no 

line had an Fv/Fm value higher than Froid.  For the nine crosses tested, the range in Fv/Fm values was 

0.38 to 0.67 (Table 2.10).  One cross had a mean Fv/Fm value less than Siete Cerros.  No crosses had 

Fv/Fm values greater than Froid.  For the Froid x Siete Cerros population, the mean Fv/Fm value of lines 

tested at the -12oC temperature treatment was 0.58 with a range of 0.31 to 0.84 (Table 2.11).  Five lines 

had Fv/Fm values less than Siete Cerros and no lines had Fv/Fm values greater than Froid.  For visual 

assessment of breeding lines tested at -12oC, the mean value was 1.09 with a range of 1.00 to 1.88 

(Table 2.10).  The winter and spring wheat checks had an average value of 1.06 and 1.00, respectively.  

No lines had visual rating values less than Siete Cerros nor greater than Froid.  The nine crosses 

evaluated had a range in mean visual rating of 1.00 to 1.35 (Table 2.10).  No crosses had a visual rating 

less than Siete Cerros nor greater than Froid.  The mean visual rating of the the Froid x Siete Cerros 

population was 1.06 with a range of 1.00 to 1.81 (Table 2.11).  No lines from the population had a lower 

mean visual rating than Siete Cerros, nor a high rating than Froid.   

Fv/Fm values taken from across the temperature treatment range had an overall mean of 0.78 and a 

range of 0.59 to 0.87 (Table 2.10).  The Fv/Fm mean of the winter and spring wheat checks was 0.82 and 

0.59, respectively.  Nine lines had mean Fv/Fm values less than Siete Cerros.  No lines had mean Fv/Fm 

values greater than Froid.  The nine crosses had a range in mean Fv/Fm values of 0.65 to 0.84 (Table 
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2.10).  Two crosses had mean Fv/Fm values less than Siete Cerros.  For the Froid x Siete Cerros 

population, the mean was 0.79 with a range in Fv/Fm values between 0.64 and 0.87 (Table 2.11).  Three 

lines from the population had Fv/Fm values less than Siete Cerros.  The mean visual assessment value 

across temperatures was 2.28 and the range of breeding line means was 1.70 to 2.98 (Table 2.10).  One 

line had a mean visual assessment value less than Siete Cerros.  The range in visual assessment values 

for the nine crosses was 1.99 to 2.71 (Table 2.10).  No crosses had lower mean visual assessement value 

than Siete Cerros and no cross had mean visual assessment values greater than Froid.  The mean visual 

assessment rating for the Froid x Siete Cerros population was 2.27 (Table 2.11).  The range in ratings for 

the population was 1.70 to 2.96.  One line from the population had a visual assessment value less than 

Siete Cerros.  No line had a visual assessment value greater than Froid.   

For Fv/Fm measurements, two of four sets of F3:4 had significant differences for temperature treatments 

(Table 2.13).  Significant differences were found among breeding lines for each set (Table 2.13). To 

summarize the ability of freezing temperatures to differentiate between breeding lines, lower testing 

temperatures consistently proved to induce significant differentiation among breeding lines when 

evaluated with Fv/Fm.  The temperature treatment of -10oC induced significant differences in cold 

tolerance among lines across all sets and the -12oC treatment produced significant differences in three 

of four experimental sets.  A significant temperature x breeding line interaction was also found for each 

set (Table 2.13).  For visual assessment, all four sets had significant differences for the temperature 

treatment.  Significant differences were found among breeding lines for each set, however; within 

temperature treatments for each set, only the -8oC temperature treatment consistently produced 

significant differences among lines (Table 2.13).  Temperature x variety interactions were significant for 

all sets (Table 2.13).   
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LT50 analysis was carried out using visual assessment data.  The mean LT50 value for all of the breeding 

lines tested was -6.43 oC and the range was -4.13 oC to -8.71 oC (Table 2.10).  The LT50 values of the 

winter and spring wheat checks was -6.37 oC and -3.32 oC, respectively.  One line had a LT50 value higher 

than Siete Cerros.  No lines had a LT50 value lower than Froid.  The nine crosses evaluated in this 

experiment had mean LT50 values that ranged from -5.34 oC to -7.69 oC (Table 2.10).  No crosses had LT50 

values higher than Siete Cerros nor lower than Froid.  The Froid x Siete Cerros population had a mean 

LT50 value of -6.39 oC and a range of -4.13 oC to -8.71 oC (Table 2.11).  One line had a LT50 value higher 

than Siete Cerros and no lines had a LT50 value better than Froid. 

Indoor Freezing Survival Index (IFSI) values were calculated for Fv/Fm measurements and visual 

assessment ratings.  This method used six reference checks (Maxine, Emmit, MacGregor, Hoffman, 

Quantum and OAC Kawartha) from experiment 1 to normalize data across testing temperatures and 

replications.  To normalize the data across temperatures, only the checks showing differential 

expression of cold tolerance were used.  For each replication within a set the stress value was calculated 

(Table 2.14).  The general trend is for increasing stress values as the freezing temperature decreases.  As 

a result of using the stress values to correct for variation among sets, IFSI can be used to combine and 

analyse all lines as a complete dataset.  The data was analysed as a completely random design (CRD).  

For Fv/Fm-ISFI, significant differences were found among lines (P=<0.001; Table 2.13).   For the lines 

tested the overall mean was 0.51 with a range of 0.29 to 0.63 (Table 2.10).  The winter and spring cereal 

checks had Fv/Fm-IFSI values of 0.58 and 0.24, respectively.  Nine lines had Fv/Fm-IFSI values less than 

Siete Cerros.  No lines had Fv/Fm-IFSI values greater than Froid.  For the nine crosses analysed in 

experiment 2, the range in Fv/Fm-IFSI values was 0.35 to 0.57 (Table 2.10).  Significant differences were 

found among crosses (P=<0.001; Table 2.13).  The mean Fv/Fm-IFSI value for the Froid x Siete Cerros 

population was 0.51 and the population had a range of 0.40 to 0.62 (Table 2.11).  There were significant 
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differences among lines for Fv/Fm-IFSI values (P=<0.0002; Table 2.13).  Four lines had Fv/Fm-IFSI values 

less than Siete Cerros and no lines had values greater than Froid.  There were significant differences 

among lines within the Froid x Siete Cerros population for visual-IFSI (P=<0.001; Table 2.13).  The visual-

IFSI mean of the breeding lines was 81.9% and the range was 58.1% to 111.4% (Table 2.10).  The winter 

and spring cereal checks had visual-IFSI values of 85.8% and 53.6%, respectively.  Four lines had visual-

IFSI values less than Siete Cerros and no lines had visual-IFSI values greater than Froid.  Analysis of the 

nine crosses determined that there were significant differences among crosses (P=<0.001; Table 2.13).  

The range in visual-IFSI values was 70.4% to 99.2%.  No crosses had lower visual-IFSI values than Siete 

Cerros nor higher than Froid.  For the Froid x Siete Cerros population the mean was 80.9% with a range 

of 58.1% to 111.4% (Table 2.11).  Analysis of variance determined that there were significant differences 

among lines (P=<0.001; Table 2.13).  Two lines had visual-IFSI values less than Siete Cerros.  No lines had 

visual-IFSI values greater than Froid. 

The 67 lines tested for cold tolerance were also tested for photoperiod response using final leaf number 

as a measurement.  The overall mean of the lines under short day photoperiod was 15.3 leaves with a 

range of 9.9 leaves to 18.8 leaves (Table 2.10).  There were significant differences among lines tested 

(P=<.0001; Table 2.15).  One line had a final leaf number less than Siete Cerros.  The vernalization 

requirement for Froid did not allow for heading to occur in short or long day photoperiod treatments.  

Under long day photoperiod treatment, the mean final leaf number was 9.5 leaves and the range was 

7.0 leaves to 11.7 leaves (Table 2.10).  Analysis of variance determined that there were significant 

differences among lines (P=<0.0001; Table 2.15).  Three lines had a final leaf number less than the final 

leaf number of Siete Cerros (7.5).  For the nine crosses examined in experiment 2, the mean final leaf 

numbers under short day photoperiod ranged from 12.9 leaves to 18.8 leaves (Table 2.10).  There were 

significant differences among crosses (P=0.002; Table 2.15).  No crosses had fewer mean number of 



 

 

119 

 

leaves than Siete Cerros.  Under long day conditions, the range in mean final leaf number for the crosses 

was 7.9 leaves to 11.1.  Significant differences were found among crosses (P=0.003; Table 2.15).  Short 

day photoperiod analysis of the Froid x Siete Cerros population determined that there was a significant 

difference among lines within the population (P=0.002; Table 2.15).  The mean leaf number was 15.3 

and the range was 13.5 leaves to 16.8 leaves No line had fewer leaves that Siete Cerros (Table 2.11).  

Under long day conditions, the mean of the population was 9.6 leaves with a range of 7.5 leaves to 11.7 

leaves Cerros (Table 2.11).  There were significant difference among lines (P=<0.001; Table 2.15).  No 

lines had fewer leaves than Siete Cerros. 

There was a significant difference between short day and long day photoperiod treatments (P=0.02; 

Table 2.15).  In this experiment, the short day photoperiod treatment led to plants producing an average 

of 5.8 extra leaves (Table 2.10).  The range in difference between short day and long day photoperiod 

final leaf number was 2.9 leaves to 9.1 leaves (Table 2.10).  Five lines had a final leaf number less than 

Siete Cerros.  For the eight complex crosses and one biparental cross, the range in photoperiod response 

was 4.2 leaves to 8.9 leaves (Table 2.10).  No crosses showed less photoperiod response than Siete 

Cerros.  The Froid x Siete Cerros population had a mean photoperiod response of 5.7 leaves with a range 

of 2.9 leaves to 7.7 leaves (Table 2.11).  Three lines were less sensitive to photoperiod than Siete Cerros. 

A rank correlation analysis was conducted to examine relationships between winter survival, parameters 

used to evaluate cold tolerance and photoperiod response.  The two winter seasons, 2007-08 and 2008-

09, used to evaluate germplasm for winter survival during this study, were significantly correlated (r= 

0.52; Table 2.16).  The winter survival in 2008 had significant correlations with Fv/Fm measurements at -

8oC, -12 oC , the overall mean Fv/Fm values across testing temperatures and Fv/Fm-IFSI values (Table 

2.16).  Visual evaluation of plants tested at -6oC, the overall mean rating, LT50 and visual-IFSI values were 

significantly correlated to winter survival ratings for 2008 (Table 2.16).  Final leaf number of plants 
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grown under a short day photoperiod was also significantly correlated to winter survival (Table 2.16).  

Fv/Fm and visual assessment measurements for each temperature treatment, except the control, were 

significantly correlated to 2009 winter survival values (Table 2.16).  Final leaf number of plants grown 

under short day lengths was significantly correlated to 2009 winter survival ratings (Table 2.16).  

Significant positive correlations were found among all cold tolerance testing temperatures when Fv/Fm 

parameters were analysed, except for correlations between control Fv/Fm measurements and -6 and -8 

oC testing temperatures.  Fv/Fm measurements taken at -6oC were not significantly correlated to Fv/Fm 

measurements taken at -8 or -12 oC.  No significant correlations were found between control or -6oC 

Fv/Fm measurements and visual assessment ratings.  Generally, Fv/Fm measurements had significant 

correlations with all visual assessment measurements at lower testing temperatures (-8oC to -12oC), 

mean Fv/Fm measurements and Fv/Fm-IFSI values.  The exceptions were correlations between Fv/Fm 

measurements at -8oC and visual measurements taken at 12oC, as well as correlations between -10oC 

Fv/Fm measurements and -6oC visual assessment measurements (Table 2.16).  For visual assessment, 

significant correlations were found across all measurements, except between -6oC and -12oC 

measurements (Table 2.16).  Final leaf number measurements for the short day photoperiod treatment 

had significant positive correlations with all Fv/Fm measurements except for control and -6oC 

measurements (Table 2.16).  All visual assessment measurements were significantly correlated to short 

day final leaf number measurements (Table 2.16).  Within the correlations all were positive, except LT50 

measurements.  For long day photoperiod final leaf number measurements, all Fv/Fm measurements 

were significantly correlated to final leaf number, except control and -6oC measurements.  For visual 

assessment, all measurements were significantly correlated to long day final leaf number, except 

measurments taken at -12oC (Table 2.16).   The significant correlations were positive, except the 

correlations with LT50.  The difference in final leaf number between short and long days was only 
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significantly correlated with control and -6oC Fv/Fm measurements (Table 2.16).  From the photoperiod 

experiment, long day, short day and differences in final leaf number between short and long days were 

all intercorrelated (Table 2.16). 

Generation means analysis was set up to examine the quantitative genetic components for cold 

tolerance in a Froid x Siete Cerros cross.  SASQuant (Gusmini et al. 2007) was used to analyse the 

generation means data generated from field-based winter survival measurements, Fv/Fm 

measurements and visual assessment.  The DIST macro was used to determine if datasets across 

temperatures could be combined for analysis.  It was determined that only the winter survival data from 

2007-08 and 2008-09 could be combined.  The ESTIM macro was used to calculate the mean of the 

generations and variance components, as well as additive, dominant and epistatic gene effects.  

Calculated means for the generations followed expected trends (Table 2.17).  Cold tolerant parent Froid 

was the most cold tolerant across testing methods and parameters.  Cold susceptible parent Siete 

Cerros was consistently the least cold tolerant across testing methods and parameters.  F1 and F2 

generations displayed intermediate levels of cold tolerance compared to the parental lines, with no 

consistent trend across testing temperatures or parameters (Table 2.17).  Backcross generations were 

consistently intermediate to the F1 and F2 generations and the recurrent parent (Table 2.17).  The 

temperatures tested did not provide enough cold stress to produce a large enough differential for the 

Fv/Fm evaluation method to be effective, which limited the analysis (Table 2.17).  Calculations of 

variance components show the result of limited variation for the Fv/Fm measurements at -6 oC and -8oC 

(Table 2.18).   Visual and winter survival assessment displayed higher levels of variation.  Visual 

assessment at -6oC and winter survival data had higher levels of environmental influence than genotypic 

influence (Table 2.18).  Both of these parameters had most of the genetic variation partitioned into 

dominant variance components.  Visual assessment at -8oC and visual-IFSI had higher levels of genotypic 
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variation which was partitioned into additive variance components (Table 2.18).  Estimation of the mode 

of gene action indicates that significant additive effects on cold tolerance were present for -6 oC, -8 oC 

and visual-IFSI testing parameters (Table 2.19).  Additive x additive epistatic interactions were also noted 

for the visual assessment parameter at -6oC (Table 2.19).  No significant level of dominant gene action 

was found in this analysis. 

Molecular marker analysis was completed on the 40 lines from the Froid x Siete Cerros population.  The 

Froid vrn-A1 winter allele was significantly associated with increased cold tolerance ratings for Fv/Fm 

measurements at -10oC, visual assessment ratings at -6, -8 and, -10 oC, as well as, overall mean of visual 

assessment ratings, LT50 and visual-IFSI values (Table 2.20).  The Ppd-D1 allele from Siete Cerros was 

associated with higher visual ratings at -12oC (Table 2.20).  The vrn-A1 allele was associated with higher 

number of leaves under long day photoperiod but, was also significantly associated with decreased 

photoperiod response (Table 2.20).  Combined molecular marker analysis of vrn-A1 and Vrn-B1 found 

significant differences between specific vernalization gene allele combinations for Fv/Fm values at -6oC 

(P=0.03) and visual assessment at -6oC (P=0.002), as well as, for the mean visual assessment (P=0.007), 

LT50 (P=0.03) and visual-IFSI (P=0.02; Table 2.21).  Consistently, the spring Vrn-B1 allele associated with 

Siete Cerros, paired with the winter vrn-A1 from Froid was found to have the highest cold tolerance 

values.  The two spring alleles from Siete Cerros had the lowest measured cold tolerance values.  

Significant differences among vernalization genotypes were found for long day photoperiod response 

(P=0.004) and final leaf number difference (P=0.02; Table 2.21).  Photoperiod experiment data indicates 

that the vrn-A1, Vrn-B1 genotype consistently had more leaves than the other genotypes (Table 2.21).   

2.3.3 Experiment 3  

Winter Barley varieties from various sources (Table 2.22) were planted as yield plots in the fall of 2008 

at Elora, ON.  Due to severe winter conditions (Figure 2.1), winter survival was low.  Mean winter 
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survival for cultivars in the test was 9.4% and cultivar means ranged between 0% and 17.5% (Table 

2.23).  Analysis of variance indicated that there were significant differences among winter barley 

varieties for winter survival (Table 2.24).  Indoor screening of the barley germplasm was completed 

using a control treatment (acclimation temperature) and four freezing temperatures of -6 oC, -8 oC, -10 

oC, and -12oC.  The barley varieties were evaluated using Fv/Fm measurements on dark-adapted leaves 

one day after freezing tests were completed.  Visual assessment was completed two weeks after freeze 

testing.  At non-freezing control temperatures, the barley varieties did not show any significant 

differences for Fv/Fm or visual assessment measurements (Table 2.24).  For Fv/Fm the mean value was 

0.88 with a range of 0.88 to 0.90 (Table 2.23).  For visual assessment, all plants showed no sign of stress 

and therefore, had a mean rating of 4 (Table 2.23).   

For the -6oC treatment, no significant differences were found among varieties (P=<0.18; Table 2.24) 

evaluated using Fv/Fm.  The mean Fv/Fm value was 0.86 and the range was 0.84 to 0.89 (Table 2.23).  

For visual assessment, there was no significant difference among cultivars (P=0.32; Table 2.24).  The 

mean value was 1.79 and the range was 1.25 to 2.42 (Table 2.23).   

At -8oC, analysis of variance of Fv/Fm values determined that there were significant differences among 

cultivars (P=<0.0001; Table 2.24).  The mean Fv/Fm value at -8oC was 0.81 and the range was 0.71 to 

0.86 (Table 2.23).  For visual assessment no significant differences were found among varieties (P=0.20; 

Table 2.24).  The mean visual assessment value was 1.54 with a range of 1.00 to 2.03 (Table 2.25).   

At -10oC, analysis of variance of Fv/Fm values determined that there were no significant differences 

among cultivars (P=0.29; Table 2.24).  The mean Fv/Fm value was 0.46 and the range was 0.24 to 0.61 

(Table 2.23).  For visual assessment no significant differences were found among varieties (Table 2.24).  

The mean visual assessment value was 1.00 as no plants survived the freezing treatment (Table 2.23).   
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At -12oC, analysis of variance of Fv/Fm values determined that there was a significant difference among 

cultivars (P=0.04; Table 2.24).  The mean Fv/Fm value at -12oC was 0.46 and the range was 0.30 to 0.63. 

(Table 2.23).  For visual assessment, no significant differences were found among varieties (Table 2.24).  

The mean visual assessment value was 1.00, as no plants survived the freezing treatment (Table 2.23). 

Analysis of variance for the complete experiment determined that there were significant differences 

among testing temperatures for both evaluation methods (P=<0.0001; Table 2.24).  For the Fv/Fm 

testing parameter, there were significant differences among varieties (P=0.02; Table 2.24), however; 

there were no significant differences among varieties when visual assessment testing was used (P=0.07; 

Table 2.24).  There was also a significant temperature x variety interaction for Fv/Fm (P=<0.01; Table 

2.24) but, not for visual assessment (P=0.32; Table 2.24). This indicates that the varieties did not react in 

a similar manner across temperatures when measuring with Fv/Fm (Table 2.24). 

LT50 analysis was completed on the visual assessment data.  The mean temperature at which 50% of 

plants died was -2.31 oC and the range in values was -1.16 oC to -2.84 oC (Table 2.23).  IFSI analysis was 

completed on the winter barley data set.  After using the check varieties to adjust the Fv/Fm and visual 

assessment data,  the Fv/Fm-IFSI mean value was 0.69 and the range was 0.63 to 0.74 (Table 2.23).  

Analysis of variance of Fv/Fm-IFSI data indicated that there were no significant differences among 

varieties (P=0.54; Table 2.24).  For visual-IFSI no significant differences were found among varieties 

(P=0.19; Table 2.25).  The mean visual-IFSI value was 76.78% and the values ranged between 53.59% 

and 95.38% (Table 2.23). 

 Rank correlation analysis was carried out to compare winter survival ratings to indoor measurements of 

cold tolerance.  Fv/Fm measurements taken on winter barley plants tested at -12oC were significantly 

related to winter survival in the field (r=0.75; Table 2.23).  For visual assessment ratings, the mean visual 
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rating (r=0.61) and LT50 (r=-0.66) values were both significantly correlated to winter survival ratings 

(Table 2.23). 

2.3.4 Experiment 4 

Analysis of variance for the complete experiment determined that there was a significant difference in 

rating values among temperature treatments (P=<0.0001; Table 2.26) and among varieties (P=0.0001; 

Table 2.26).  The contrast examining the difference between untreated and treated varieties was 

significant (P=<0.0001; Table 2.26).  There was no significant difference between untreated varieties and 

the winter wheat controls (P=0.14; Table 2.26).  There was a significant difference between treated 

varieties and the winter wheat checks (P=<0.0001; Table 2.26).  There was a significant temperature x 

variety interaction (P=<0.0001; Table 2.26).  At non-freezing acclimation temperatures, all varieties 

tested showed no sign of stress had a rating of 4 (Table 2.27).  No difference was noted between 

untreated and treated plants.  At a testing temperature of -2oC, there were no significant differences 

among varieties (P=0.14; Table 2.26) and there was no significant difference between untreated and 

treated lines (P=0.44; Table 2.26).  There were no significant differences between the winter wheat 

controls and the untreated lines (P=0.62) or the winter wheat controls and the treated lines (P=0.94).  

The mean of untreated varieties was 3.54 and the range was 3.27 to 3.68 (Table 2.27).  For treated 

varieties, the mean visual rating was 3.59 and the range was 3.43 to 3.64 (Table 2.27).  On average, the 

treated varieties had a 1.4% higher visual rating than the untreated varieities.  At the -4oC temperature 

treatment, there were significant differences among varieties (P=0.0001; Table 2.26) and between 

treated and untreated varieties (P=0.003; Table 2.26).  There was no significant difference between the 

winter wheat checks and the untreated (P=0.26; Table 2.26) or treated lines (P=0.55; Table 2.26).  The 

mean visual rating of untreated varieties was 2.74 and the range was 2.17 to 3.17 (Table 2.27).  For 

treated varieties, the mean rating was 2.94 and the range in rating values was 2.46 to 3.29 (Table 2.27).    
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On average, the treated varieties had a 7.3% higher visual rating than the untreated varieties.  At -6oC, 

there were significant differences among varieties (P=<0.0001; Table 2.26) and between untreated and 

treated varieties (P=0.0001; Table 2.26).  There were no significant differences between untreated lines 

and winter wheat checks (P=0.28; Table 2.26).  There were significant differences between winter wheat 

checks and treated varieties (P=0.008; Table 2.26).  The mean visual rating of untreated varieties was 

1.69 and the range in rating values was 1.2 to 2.2 (Table 2.27).  For treated varieties, the mean rating 

value was 1.84 and the range was 1.39 to 2.74 (Table 2.27).  On average, the treated varieties had an 

8.9% higher visual rating than the untreated varieties.  At a freezing temperature of -8oC, there were 

significant differences among varieties (P=0.0004; Table 2.26).  However, there was no significant 

difference between untreated and treated varieties (P=0.15; Table 2.26).  Both untreated (P=0.001; 

Table 2.26) and treated (P=0.002; Table 2.26) varieties were significantly different than the winter wheat 

controls.  For untreated varieties, the mean rating was 1.00, as none of the plants survived the freezing 

treatment (Table 2.27).  For treated varieties, the mean rating was 1.01 with a range of 1.0 to 1.12 

(Table 2.27).  On average, the treated varieties had a 1.0% higher visual rating than the untreated 

varieties. 

Mean visual rating values across temperatures were calculated.  The untreated varieties had a mean 

rating of 2.23 with a range of 1.93 to 2.51 (Table 2.27).  Treated varieties had a mean visual rating of 

2.34 and a range in values between 2.11 to 2.66 (Table 2.27).  Across testing temperatures, the mean 

increase in cold tolerance of treated spring wheat varieties was 4.9% over the untreated varieties.   

LT50 analysis was completed on the data and values for untreated varieties had a mean of -1.41oC and a 

range of 0.26 oC to -2.97oC (Table 2.27).  Treated varieties had a mean of -2.09 oC and a range of -0.56oC 

to -4.21oC (Table 2.27).  On average, the treated varieties had a 48.2% lower LT50 value than the 

untreated varieties.  Visual-IFSI analysis determined that there were significant differences among lines 
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(P=<0.0001; Table 2.26) and that there was a significant difference between untreated and Cruiser Maxx 

treated varieties (P=0.003; Table 2.26).  The mean visual-IFSI rating of untreated lines was 57.2% with a 

range of 44.8% to 66.8% (Table 2.27).  For treated lines, the mean visual-IFSI rating was 63.1% with a 

range of 51.5% to 77.1% (Table 2.27).  Treated spring wheat had lower mean visual-IFSI and higher LT50 

compared with winter wheat checks.  Percentage difference between treated and non-treated cultivars 

ranged between 0 and 8.9% improvement over non-treated cultivars.  Mean and IFSI percent 

improvement over non-treated varieties were 4.9 and 10.3%, respectively.  LT50 analysis indicated that 

there was a 48.2% improvement due to seed treatment. 

2.3.5 Experiment 5 

The Norstar x Bergen population was evaluated for cold tolerance at one non-freezing control 

temperature and three freezing temperatures -6 oC, -8 oC and -12oC.  Similar to the Froid x Siete Cerros 

population, the breeding lines were tested in sets.  The sets were tested individually and to facilitate 

comparisons and complete analysis across the population, indoor freezing survival index (IFSI) analysis 

was carried out for both Fv/Fm measurements on dark-adapted leaves one day after freezing and visual 

assessment two weeks after freezing.  For each set, the data followed a similar trend to previous 

experiments, where colder freezing temperatures decreased Fv/Fm values as well as reduced visual 

assessment ratings and survival of wheat plants (Table 2.28).  Analysis of variance for each set also 

followed similar trends to previous experiments.  For Fv/Fm and visual assessment, significant 

differences were noted among testing temperatures for each set (Table 2.29) and significant differences 

were found among breeding lines in each set, except for set 6 where a significant difference among lines 

was not found for Fv/Fm measurements (Table 2.29).  It should be noted that set 6 contained only three 

lines plus the checks to facilitate IFSI comparisons.  A significant temperature x line interaction for Fv/Fm 

and visual assessment methods in each set indicated that lines did not react similarly across freezing 
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temperatures (Table 2.29).  Only set 6 did not show a temperature x line interaction.  Consistent 

significant differences among lines at each testing temperature were not found.  For Fv/Fm, the freezing 

temperature treatment of -8oC consistently induced a differential stress response for lines tested (Table 

2.29).  Testing temperatures -6oC and -12oC induced a differential response in some sets, but not in all 

sets (Table 2.29).  For visual assessment, testing temperatures of -6oC and -8oC consistently induced a 

significant differential response, whereas -12oC proved to be too severe and plants all died, or survival 

was limited to one line at a very low level (Table 2.29).  Analysis of variance for Fv/Fm-ISFI and visual-IFSI 

values determined that there were significant differences among lines (Table 2.29). 

Rank correlation analysis between cold tolerance testing completed at Guelph and Lethbridge was 

carried out to evaluate testing methods.  For Fv/Fm values, significant correlations were found with 

Lethbridge LT50 values at testing temperatures -6oC (r=-0.52) and -8 oC (r=-067; Table 2.30).  For visual 

assessment values, a significant correlation was found with visual-IFSI (r=-0.52; Table 2.30). 

To determine the overall rank of all germplasm tested across the five experiments, IFSI values from all 

experiments were combined and analysed as a completely randomized design.  Significant differences 

were found among the breeding lines and cultivars tested for Fv/Fm-IFSI and visual-IFSI (Table 2.31).  A 

ranking of all lines is provided for Fv/Fm-IFSI (Table 2.32) and visual-IFSI (Table 2.33).  For Fv/Fm-IFSI, 

Maxine had the highest overall IFSI of all lines tested.  Froid, the cold tolerant parent of the Froid x SIete 

Cerros population was ranked 5th (Table 2.32).  A number of breeding lines from the Froid x Siete Cerros 

and the Norstar x Bergen crosses had Fv/Fm-IFSI values greater than some winter wheat and winter 

barley varieties which indicates the possibility of producing winter hardy spring lines for 

commercialization.  True spring wheat varieties tested from the Ontario adapted germplasm pool had 

the lowest level of cold tolerance, which was expected (Table 2.32).  For the visual-IFSI values Froid had 

the most cold tolerance and was over 8% higher than the next line tested (Table 2.33).  Similar to the 
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Fv/Fm-IFSI results, many breeding lines from the Froid x Siete Cerros and Norstar x Bergen crosses had 

cold tolerance greater than some winter wheat varieties and all winter barley varieties (Table 2.33).  

Cruiser seed treatment elevated Hoffman to a cold tolerance level similar to winter barley lines.  Similar 

to Fv/Fm-IFSI analysis, the Ontario-adapted spring wheat varieties had the lowest visual-IFSI ratings 

(Table 2.33). 

2.4 Discussion 

2.4.1 Experiment 1 

Through the analysis of Ontario-adapted winter and spring wheat cultivars, it was demonstrated that 

chlorophyll fluorescence (Fv/Fm) and visual assessment methods were able to differentiate between 

inherent cold tolerance differences of winter and spring wheat growth habit groups (Table 2.4 and 2.5).  

Winter survival and indoor cold tolerance analysis showed that winter wheat was significantly better 

than spring wheat, as expected, and nearly all measurements clearly distinguished winter from spring 

growth habit types.  Therefore, growth habit group-specific analysis was carried out (Table 2.8 and 2.9).  

Fv/Fm values for cold tolerance tested winter wheat varieties were found to be significantly correlated 

to winter survival, indicating that Fv/Fm is a good measure of cold tolerance and is an effective way to 

test for cold tolerance indoors (Table 2.8).  Significant correlations were not found between winter 

survival and testing procedures for spring wheat cultivars (Table 2.9).  This could be due to the range of 

testing temperatures used in this analysis.  It could also be due to limited differences in winter survival 

among spring wheat varieties.  Differentiation among varieties in field trials is difficult and it requires 

winters that are consistent over years (Fowler et al. 1983).  This is often not possible in Ontario.  A 

second year of winter survival testing of spring wheat varieties was planned for this experiment in 2008-
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09, but the winter proved to be too severe and no spring wheat varieties survived for evaluation, 

underscoring the difficulty of selecting for winter hardiness in a breeding program context. 

Correlations between Fv/Fm and visual assessment methods were significant across testing 

temperatures for the complete data set (Table 2.7).  However, correlations were not significant when 

data was analysed by growth habit group (Table 2.8 and 2.9).  One possible reason for this is that visual 

assessment values appear to be more affected by severe testing temperatures than Fv/Fm 

measurements.  For example, at the -4oC temperature treatment, a majority of the spring wheat 

varieties did not survive the treatment, based on visual assessment (Table 2.5).  However, at -4oC, Fv/Fm 

values did not move substantially from their non-treated control measurement value and were still 

above the accepted value of 0.83 (Björkman and Demmig 1987) which is used as a indicator of stress by 

Fv/Fm measurements.   For winter wheat, no significant correlation was found between Fv/Fm and 

visual assessment measurements (Table 2.8).  Although not significant, correlation coefficients between 

Fv/Fm and visual measurements were generally higher between Fv/Fm measurements taken at lower 

temperatures than visual assessment ratings (Table 2.8).  This is also consistent with correlations among 

data in experiment 2 (Table 2.16).  This might explain why in other experiments, cold tolerance testing 

temperatures were lower for Fv/Fm analysis on oats and winter barley (Francia et al. 2004; Rizza et al. 

2011; Rizza et al. 2001), which are considerably less cold tolerant crops than what was found for wheat, 

in this experiment.  Correlations between plant survival and Fv/Fm values across testing temperatures 

were not thoroughly addressed in those research studies.  Differences in Fv/Fm and visual assessment 

results at specific temperatures raise an important point for plant breeders to consider.  Any breeding 

material tested using Fv/Fm methodology may be needed for seed multiplication or entry into crossing 

programs.  From this experiment, it appears that Fv/Fm measurements might not be the most 

appropriate method.  One possible avenue to avoid plant death through testing would be to employ a 
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detached leaf assay where plants are acclimated and then leaves are removed before the freezing 

treatment is applied.  This is similar to the work by (Rapacz et al. 2011).  Using this technique they 

showed significant correlations between a number of photosynthetic parameters and winter survival, 

and this might be a viable option to ensure viable plants are maintained.   

2.4.2 Experiment 2 

In both years of winter survival screening, some breeding lines showed levels of cold tolerance at a 

similar level to the winter wheat checks (Table 2.10).  This result is encouraging in that this is the first 

generation of winter hardy spring wheat and the lines from this experiment have not undergone 

selective breeding for cold tolerance.  No transgressive segregation was found for improved winter 

survival as no lines exceeded Froid in terms of winter survival (Table 2.10).  This is common and one of 

the main struggles in breeding for winter survival is producing wheat lines that exceed some of the 

older, most cold tolerant winter wheat varieties (Fowler et al. 1983).   It is believed that much of the 

genetic variability for cold tolerance has been exhausted, however; the levels of cold tolerance in Froid 

or Norstar, for example, are considerably higher than what is commonly needed in Ontario and the 

Eastern United States. Therefore, cold tolerance levels equivalent to the winter wheat checks would be 

sufficient for commercialization purposes. 

Correlations between 2007-08 and 2008-09 winter seasons used to evaluate the breeding lines in 

experiment 2 were significant (Table 2.16).  By examining the indoor cold tolerance data and the 

weather data, conclusions can be made about the different winters.  The winter of 2007-08 had more 

snow which protected the plants limiting winterkill (Figure 2.1).  The indoor cold tolerance screen is a 

measure of pure cold tolerance, and therefore correlations between the cold tolerance screen and 

winter survival data was lower (Table 2.16).  The winter of 2008-09 was an excellent year to select for 

winter survival due to less snow cover later in the winter season and a period of severe cold where the 
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plants were not protected (Figure 2.1).  These conditions were more similar to the indoor cold tolerance 

screen, and therefore the correlations were higher (Table 2.16).  These results are illustrated by the 

means of the breeding lines tested (Table 2.10).  To further demonstrate the severity of the winter of 

2008-09, the winter wheat performance trial for all registered Ontario-adapted winter wheat varieties 

had an average winter survival of 52% in 2008-09 compared to 2007-08 and 2009-10 where survival was 

100%  with no observed winterkill (Ontario Cereal Crop Committee 2011).  Both Fv/Fm and visual 

assessment methods had higher correlations to winter survival in 2008-09 than to winter survival of 

2007-08 (Table 2.16).  This indicates that the indoor screen is more effective for selecting for cold 

tolerance than the average Ontario winter is able to.   

One of the goals of this research project was to develop a method to rapidly test the cold tolerance of 

winter hardy spring wheat that would be useful in a breeding program.  It is highly unlikely that a public 

breeding program would have enough space in growth rooms, acclimation chambers, freezers, as well as 

technical help to test all breeding lines at once.  Therefore, testing is generally completed in sets, as was 

the case in this experiment.  This creates an issue in analysing and ranking breeding lines properly.  To 

attempt to solve these problems, the field survival index developed by Fowler and Gusta (1979) was 

adapted to fit the indoor cold tolerance experiments.  Data from experiment 1 was used to calibrate six 

reference wheat and barley varieties of various cold tolerance levels.  These reference varieties were 

planted randomly in each tray, and after cold treatments, reference checks displaying a differential in 

cold tolerance were used to calculate stress values.  The stress values were then used to adjust variation 

of breeding lines within the tray.  As a result, all of the sets could then be analysed as a completely 

random design (Fowler and Gusta 1979).  By using these common checks, all future experiments can be 

adjusted and all of the breeding lines can be ranked accordingly.  This facilitates easier selection and 

knowledge of how the tested lines rank across a series of separate experiments.   
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For experiment 2, the Fv/Fm-IFSI and visual-IFSI values had the highest correlation with winter survival 

values, indicating that IFSI methods were effective (Table 2.16).  The IFSI correlations were higher than 

correlations with any specific temperature rating and were similar to the overall mean and LT50 values.  

The fact that the parameters using the complete data set are more highly correlated than one specific 

temperature measurement is not surprising.  Similar to the field trials used to calculate the original FSI 

values (Fowler and Gusta 1979), each freezing temperature will differentiate among lines depending on 

their potential to tolerate cold temperatures.  Non-cold tolerant lines will show variation for cold 

tolerance stress at higher freezing temperatures, whereas cold tolerant lines may show no variation and 

therefore, cannot be reliably rated for cold tolerance.  At lower testing temperatures, many of the non-

cold tolerant lines will not show any variation because they did not survive the treatment and therefore 

cannot be reliably ranked.  However, the cold tolerant lines will have a variable response to the colder 

testing temperature.  By taking this into account, a more accurate method of calculating the cold 

tolerance is developed.  Testing protocols currently used by some research groups only use one 

temperature to evaluate germplasm (Francia et al. 2004; Rizza et al. 2011).  Although results from these 

studies show significant correlations to winter survival, it is possible that the results are not showing the 

complete range of variation that might be expected, especially in breeding populations.  Furthermore, 

the lack in different testing temperatures and the inherent difference for cold tolerance among varieties 

developed in different geographic locations means that an overall ranking of germplasm across a species 

is not necessarily accurate.  As a result, it is recommended that analysis of germplasm should be carried 

out using a number of testing temperatures as it gives the best range in stress response.  

Links have been made between vernalization and photoperiod and the control of cold tolerance 

(Mahfoozi et al. 2000; Fowler et al. 2001; Limin et al. 2006; Mahfoozi  et al. 2001).  Significant positive 

correlations were found between winter survival, cold tolerance indoors and final leaf number under 
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short day photoperiods. Significant correlations were also found between indoor cold tolerance testing 

and long day photoperiod treatments (Table 2.16).  It is most likely that this was not due to genetic 

control of photoperiod response.  Through the use of the molecular marker specific to Ppd-D1, no 

significant association was found between photoperiod response of the plants and the Ppd-D1 gene.  

One possible explanation is that the Vrn-B1 gene may be maintaining the vegetative phase longer which 

is overriding the photoperiod response.  Furthermore, the delay in heading caused by Vrn-B1 might also 

be associated with prolonging cold tolerance.  This could plausibly explain the significant correlations 

between photoperiod and cold tolerance.  Examination of the Froid x SIete Cerros population long day 

photoperiod data using molecular markers indicated that the Vrn-A1 allele from Siete Cerros decreased 

the final leaf number as expected (Table 2.20).  Analysis of the Vrn-B1 gene indicated that, although not 

statistically significant (P=0.07), the Siete Cerros Vrn-B1 allele increased the final leaf number by 1.0 leaf.  

When the molecular markers were paired together for analysis to examine epistatic relationships, 

consistent Vrn-B1 effects were found on cold tolerance and photoperiod response (Table 2.21).  It 

appears that for final leaf number analysis, the difference in final leaf number between short and long 

day was not driven entirely by photoperiod response but, as suspected, also by vernalization 

requirement of Vrn-B1.  This result confounded the photoperiod experiment, but confirmed the effect of 

Vrn-B1 on the plants for cold tolerance and effect on final leaf number.  Varying effects on heading and 

cold tolerance have been found associated with different vernalization genes (Koemel et al. 2004).  

Similar to the results from this experiment, a vernalization gene-associated trend in cold tolerance was 

found among Triple Dirk near isogenic lines differing only in Vrn-A1, Vrn-B1 and Vrn-A1-Vrn-B1 

vernlization gene combinations (Koemel et al. 2004).  It was found that Vrn-B1 produced the highest 

increase in cold tolerance out of the spring habit near isogenic lines tested, which led to the conclusion 
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that Vrn-B1 would be useful for facultative wheat.  The results from the current experiment confirm 

these findings in germplasm beyond experimental near isogenic lines. 

Both Vrn-B1 and Vrn-D1 are spring alleles, but they require some vernalization in decrease the final leaf 

number and days to heading (Koemel et al. 2004; Hancock 2003; Iqbal et al. 2007; Yoshida et al. 2010; 

Zohary 1969).  Both genes were found to be associated with increased cold tolerance over Vrn-A1, but 

have less cold tolerance than the winter near-isogenic line (Koemel et al. 2004).  A spring habit gene that 

requires a small amount of vernalization would be of real use to breeders wanting to develop a winter 

hardy spring wheat breeding system.  From a spring planting perspective, a delay in maturity would be 

expected, however, it is not expected to be detrimental to the breeding process.  In Canadian adapted 

spring wheat released between 1910 and 2004, a survey of vernalization genes found that Vrn-B1 led to 

approximately  a four day increase in days to maturity over the Vrn-A1 lines (Iqbal et al. 2007).  This 

amount of time is significant in some areas where the growing season is short.  However, in Ontario, 

length of the growing season for spring wheat is not a concern and the trade-off between increased 

days to maturity and greater cold tolerance would not hamper winter hardy spring breeding efforts.   

Utilizing Vrn-B1 or Vrn-D1 genes allows for the maintenance of FR-2 locus on Chromosome 5A.  This 

would maintain any linkage disequilibrium of genes selected for cold tolerance along chromosome 5A.  

Significant cold tolerance was associated with the Froid vrn-A1 allele in the Froid x Siete Cerros 

population.  This result was consistently found for Fv/Fm and visual assessment methods (Table 2.20).  

This was not associated with the breeding lines having a winter growth habit as they had been selected 

for spring habit in two environments, and confirmed indoors through the photoperiod experiment, as 

well as with molecular markers.  Therefore, it is highly possible that the cold tolerance associated with 

the Froid vrn-A1 allele is due to the FR-A2 locus.  This locus has been associated with as much as 40% of 
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cold tolerance and has been the focus of a considerable amount of examination to help understand the 

regulation of cold tolerance (Baga et al. 2007). 

Generation means analysis is a method of analysis that is particularly effective in examining the relative 

importance of additive, dominant and epistatic interactions on two divergent inbred lines (Bernardo 

2010).  By using the method of Hayman (1958) to estimate the genetic effects in a cross between Froid 

and Siete Cerros, it was determined that only significant additive effects were found (Table 2.19).  

Significant additive gene effects were only found using visual assessment methods.  This is most likely 

due to limited variation in Fv/Fm measurements due to the testing temperatures used for this 

experiment.  As mentioned earlier, Fv/Fm and visual assessment methods do not react similarly at the 

same testing temperatures and the use of lower testing temperatures to obtain effective Fv/Fm 

measurements generally means that plants will not survive.  Additive effects were found in similar 

studies examining the genetics of cold tolerance in winter x spring wheat crosses (Brule-Babel and 

Fowler 1988; Sofalian et al. 2006; Sutka 1981).  These studies also found significant dominant and 

epistatic effects with regards to cold tolerance.  In this case, no dominant gene effects were found.  

Limited amounts of seed led to limited replication.  As a result, large environmental effects were 

observed. Furthermore, differences due to winter conditions between years also led to a large 

environmental effect.  Despite all of this, significant additive variance indicates that selection for cold 

tolerance in this population would be effective (Table 2.18).  Since this result is consistent with other 

findings (Brule-Babel and Fowler 1988; Sofalian et al. 2006; Sutka 1981), it provides further evidence 

that selection for cold tolerance in a spring growth habit background is possible.   

Indoor cold tolerance analysis of the Norstar x Bergen population and the Froid x Siete Cerros 

population indicated that cold tolerant spring wheat is possible.  When compared to the check varieties, 

many lines showed cold tolerance similar to winter wheat lines (Table 2.32 and 2.33).  Through IFSI 
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analysis, the overall ranking of germplasm across experiments shows that both populations have lines 

that have higher levels of cold tolerance than Ontario-adapted winter wheat varieties.  Facultative 

cereals are grown throughout the world and are generally associated with limited winter survival 

potential.  However, with the cloning of the vernalization genes in wheat and barley (Kikuchi and Handa 

2009; Yan et al. 2006; Yan et al. 2004b; Yan et al. 2003) and subsequent creation of gene-specific 

molecular markers (Fu et al. 2005; Yan et al. 2003; Yan et al. 2004a), cereal varieties that were originally 

considered to be winter types are being genotyped and determined to be facultative spring types (Rizza 

et al. 2011).  In barley, many facultative types were found to have high levels of cold tolerance when 

they are tested indoors and in the field (Rizza et al. 2011).  Furthermore, tolerance testing and Fv/Fm 

measurements indicated that one advantage of facultative type barley over winter barley is that they 

cold acclimate faster.  In wheat, a spring version of Norstar had only slightly lower levels of cold 

tolerance compared to Norstar, depending on the growing conditions (Limin and Fowler 2006).  One 

aspect that may need to be addressed in facultative, or winter hardy spring, cereals is the level of cold 

tolerance over a winter and the role that vernalization might play in maintaining the vegetative stage of 

the plant’s growth cycle.  Indications of reduced winter survival in facultative barleys compared to 

winter barleys was noted (Rizza et al. 2011).  In winter wheat, it has been found that the best way to 

differentiate among cold tolerant lines is to use an indoor prolonged freeze screening (Gusta et al. 1997; 

Skinner and Garland-Campbell 2008) which might indicate the importance of vernalization and 

maintenance of cold tolerance.   

Although the methods described in these experiments are designed for higher throughput evaluations 

of germplasm, one method to differentiate among facultative wheat for cold tolerance might be to use a 

prolonged freezing test (Gusta et al. 1997; Andrews and Pomeroy 1975; Skinner and Garland-Campbell 

2008).  This method could be used in a two-stage approach, where breeding lines or varieties that have 
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shown a high level of cold tolerance with the high throughput cold tolerance screen are then evaluated 

in a second stage of testing by prolonged freezing.  One difference between the Lethbridge LT50 method 

and the Guelph method is, at Lethbridge, temperatures are lowered constantly over the experiment and 

plants are removed once a specific temperature is reached.  The Guelph methods hold temperatures for 

16 hours.  It was demonstrated in cold tolerant wheat variety Kharkov, that length of exposure, ranging 

from 1 to 120 hours, has differential effects on LT50 and re-growth (Andrews and Pomeroy 1975).  

According to this information, prolonged freezing tests, slightly longer than the Guelph protocol, might 

be sufficient to more effectively differentiate among winter-hardy spring breeding lines that have shown 

high levels of cold tolerance in the initial high throughput cold tolerance test.  Furthermore, the slightly 

prolonged freeze methods used at Guelph might explain why the correlations between LT50 methods 

and Fv/Fm and visual assessment methods were not higher (Table 2.30).    

2.4.3 Experiment 3 

Significant correlations were found between winter survival ratings and Fv/Fm and visual assessment 

data (Table 2.23).  This provides further evidence that the indoor cold tolerance screen can provide 

important information with regards to how cold tolerant cereal lines and varieties will be in the field.  

One observation from this experiment is the ability of the indoor screen to differentiate among lines 

depending on geographic origin.  The Ontario-adapted varieties and the German variety Fridericus had 

higher winter survival, Fv/Fm and visual assessment ratings than the winter barley lines from the United 

Kingdom (Table 2.23).  Based upon results from this experiment, incorporation of germplasm from 

Germany or similar geographic location into an Ontario winter barley breeding program would provide 

new sources of genes without reducing winter survival and adaptation.  Fridericus appears to have 

higher levels of cold tolerance compared to Ontario-adapted lines.  Although only one variety was 

tested, this may indicate that the German gene pool might provide improved cold tolerance which could 
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enable more producers to grow winter barley across a broader geographic range in Canada.  The ability 

to differentiate among barley gene pools based on cold tolerance testing is not surprising.  Analysis of a 

number of European-bred barley varieties for cold tolerance using Fv/Fm indicated that barley varieties 

from Poland, Germany and Turkey were significantly more cold tolerant than barley varieties from Spain 

or Italy (Rizza et al. 2011).   

For this experiment, Fv/Fm and visual assessment check values were lower than expected, in 

comparison to experiment 1.  Due to the length of time between planting and testing, fluctuations in 

growing conditions in growth cabinets can occur, leading to an increase in experimental error and 

inconsistency among experiments.  Confidence in the results can be assured, as the correlations with 

winter survival were significant (Table 2.23).  But, the data cannot be related to other datasets because 

the ratings of the checks indicate that the freezing stress, although applied at the same temperatures as 

other experiments, was too severe.  If initial values without IFSI correction were used for comparison, a 

number of the varieties would have ratings similar to or less than spring wheat varieties (Table 2.23).  

Through the use of systematic checks in this experiment, IFSI was used to adjust the rating values 

accordingly, taking into account the variation in acclimation conditions.  When combined with the 

overall Fv/Fm and visual assessment data from each experiment, the ratings of winter barley lines 

appear to be intermediate to the winter wheat varieties and lines, which was expected (Table 2.32 and 

2.33).  This information gives further evidence that IFSI is an effective method to manage among- 

experiment variation and facilitate comparisons of germplasm across experiments.  In this experiment, 

IFSI values were not significantly correlated to winter survival (Table 2.23).  However, the correlation 

was similar to the correlation of the mean values for Fv/Fm measurements and visual assessment 

values.  This is similar to what was found for experiments 1 and 2.  Therefore, a drastic change in the 

rank of IFSI values was not observed across experiments.     
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2.4.4 Experiment 4 

Chemical induction of cold tolerance via a commonly available seed treatment is a new development 

that could have significant impacts for wheat producers.  In this experiment, a significant cold tolerance 

improvement with thiamethoxam, difenoconazole and metalaxyl (Cruiser Maxx cereals) treated Ontario-

adapted spring wheat was found over non-treated varieties.  The average improvement over untreated 

lines across testing temperatures was approximately 4.9% (Table 2.27).  No previous evidence has been 

found for cold tolerance as a result of difenoconazole and metalaxyl treatment other than via control 

fungal pathogens which is associated with improved winter survival (Veisz et al. 2000).  This means that 

most of the cold tolerance can likely be attributed to the thiamethoxam component of the seed 

treatment mixture.  Thiamethoxam is a member of the neonicotinoid family of insecticides and a recent 

study examining the effects of neonicotinoid chemicals found that two neonicotinoids, imidacloprid and 

clothianidin (thiamethoxam is a precursor of clothiandin) elicit a salicylate associated response which 

corresponds with an overall increase in plant defense responses (Ford et al. 2010).  Through 

transcriptome analysis of treated Arabidopsis plants, a highly similar pattern of genes was upregulated 

for plants treated with neonicotinoids when compared to the response of plants that were treated with 

salicylic acid.  Chemical-specific analysis indicated that clothianidin stimulated a salicylic acid specific 

response, whereas imidacloprid was found to stimulate its own similar response, although it was 

independent of salicylic acid (Ford et al. 2010).   

In wheat, it was found that a 0.01 mM treatment of salicylic acid on non-cold acclimated wheat leaves 

increased cold tolerance over the control (Taşgín et al. 2003).  It is interesting to note that in the same 

experiment it was found that 1 mM levels of salicylic acid decreased the level of cold tolerance to levels 

less than the control.  This indicates that the response may be dose dependant.  Similar trends were 

found for a number of traits analysed to determine the effects of thiamethoxam on wheat seedling 
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vigour (Macedo and Castro 2011).  This effect may have been observed in this experiment.  One variety, 

HY 017-HRS, did not respond to the seed treatment and the visual ratings were actually lower than the 

untreated lines.  It is possible that HY 017-HRS is extremely sensitive to the seed treatment and this 

result indicates that all varieties may not react similarly to the treatment.   

These results should be taken as preliminary and further indoor testing of a large number of winter and 

spring cereal varieties must be completed to confirm that thiamethoxam, difenoconazole and metalaxyl 

(Cruiser Maxx cereals) seed treatment mixture improves cold tolerance.  Furthermore, a broad range of 

field based testing across a number of environments must be completed to confirm that these indoor 

results translate to the field.  Inclusion of transgenic wheat lines expressing the genes for NPR1 for 

enhanced systematic acquired response through increasing salicylic acid sensitivity (Makandar et al. 

2006) and NahG, which metabolizes salicylic acid and limits salicylic acid response, (Makandar et al. 

2011) in these experiments would also provide useful insight into determining if the increased cold 

tolerance due to the seed treatment is a result of increased salicylic acid accumulation.  It would also be 

useful to test a number of chemical concentrations of the seed treatment on a wide range of varieties to 

confirm if there are varying levels of sensitivity to the seed treatment across cereal species or among 

cereal varieties within a species.  Finally, length of efficacy is important to quantify.  In Brassica napus, a 

measurable concentration of thiamethoxam was found in leaves 70 days after sowing (Fischer and 

Widmer 2001).  Further testing is required to determine how long improved cold tolerance is observed 

in cereals and under what growth conditions. 

Implications of this research for producers include protection of early planted spring cereals from early 

season frosts which should lead to improved yields from increased capture of solar energy because of 

earlier establishment of plants.  Earlier planting leads to earlier plant maturity and therefore avoidance 

of early fall frosts which lead to a reduction in quality of the grain.  Furthermore, indications are that 
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earlier seeding reduces the exposure of the plants to a number of diseases and insects, as well as limits 

abiotic stress like high temperatures and limited moisture (McKenzie et al. 2011). 

2.4.5 Experiment 5 

This experiment was organized to compare methods between facilities, as well as compare winter x 

spring wheat populations through IFSI analysis.  Despite differences in testing methodology, there were 

significant correlations between Lethbridge LT50 testing methods and Fv/Fm and visual assessment 

evaluations completed at Guelph (Table 2.30).  This validates the Fv/Fm and visual assessment 

methodology developed and implemented for experiments 1-5.  A correlation between LT50 methods 

and Fv/Fm measurements was expected (Gray et al. 1997; Rizza et al. 2011).   

In an experiment examining barley cold tolerance evaluation methods across laboratories, similar results 

were found.  Depending on acclimation conditions and testing temperatures, significant correlations 

were found between Fv/Fm measurements and LT50 methods (Rizza et al. 2011).  The coefficient of 

determination values from Rizza et al. (2011) were also similar to what was found in this experiment 

(Table 2.30).  Unfortunately, no winter survival data is available from the Norstar x Bergen population.  

Winter survival testing would complete overall evaluation of the methodologies at both locations and is 

necessary to provide evidence that both methods are effective in assessing winter survival.   

2.5 Conclusion 

It was demonstrated in these series of experiments that the cold tolerance screen developed at Guelph 

to test cold tolerance of wheat and barley is effective in differentiating among germplasm with various 

levels of cold tolerance and is significantly correlated to winter survival ratings.  Generation means 

analysis found that a significant amount of cold tolerance was attributed to additive gene effects and is 

heritable.  This means that selection for improved cold tolerance in a spring habit genetic background is 
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possible.  Molecular marker analysis for vrn-A1 indicated that spring plants with the winter vrn-A1 allele 

have higher levels of cold tolerance which is likely due to the presence of the FR-A2 locus which is also 

associated with Chromosome 5A.  Vrn-B1 appeared to have a significant effect on delaying plant 

development, likely due to a small vernalization requirement, and was associated with increased cold 

tolerance.  The indoor freezing survival index (IFSI) adapted from Fowler and Gusta (1979) was 

demonstrated to adjust for variation across experiments facilitating an overall ranking of germplasm in 

these experiments.  Furthermore, the values from this analysis were similar to overall means of rating 

values across temperatures and LT50 values indicating that it did not drastically alter experimental 

values. 
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Table 2.1. List of Ontario-adapted wheat and barley cultivars evaluated for cold tolerance using 
chlorophyll fluorescence and visual assessment methods. 

Cultivar Species Growth Habit Quality Type Tested for Winter Survival  

 

25R47 wheat winter soft red yes 
25W41 wheat winter soft white yes 
AC Morley wheat winter hard red yes 
Ashley wheat winter soft white yes 
Carlisle wheat winter hard red yes 
Emmit wheat winter soft red yes 
FT Wonder wheat winter soft red yes 
Harvard wheat winter hard red yes 
Maxine wheat winter hard red yes 
Superior wheat winter soft white yes 
Warthog wheat winter hard red yes 
606 wheat spring hard red yes 
Hobson wheat spring hard red yes 
Hoffman wheat spring feed yes 
Isidore wheat spring hard red yes 
Norwell wheat spring hard red yes 
Quantum wheat spring feed yes 
Sable wheat spring hard red yes 
Superb wheat spring hard red yes 
HY124 HRS wheat spring hard red no 
SW126-047 wheat spring hard red no 
Winfield wheat spring hard red yes 
MacGregor barley winter feed yes 
OAC Kawartha barley spring feed yes 
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Table 2.2. Visual rating scale and description for evaluating wheat plants two weeks post freezing. 

 
Rating  Visual Description   

 
4   Re-growth similar to control plants which were not frozen.   
3.5   Plant is healthy with slight stunting observed compared to the control.  Tillering is  
  observed. 
3   Stunting observed with some leaves senescing, however plant is growing and tillers are  
  observed. 
2.5   Freezing injury has caused senescence of all leaves.  New leaves and some tillers are  
  growing and visibly emerging from stem. 
2   Severe freezing injury.  Very slight re-growth initiated from crown with leaf tips just  
  visible. 
1.5  Plant is dead with no visible re-growth; however, senescence was slow.  Mostly yellow 

with some green visible on senescing tissue. 
1  Plant is dead with no visible regrowth.  No green tissue observed, plant is completely 

yellow or brown. 
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Table 2.3. List of crosses and the number of lines per cross tested in field based winter survival, Fv/Fm, 
visual assessment and photoperiod experiments.   

 

Cross Number of PedigreeZ 
 Lines Tested 

 
05W058   2 DMS/Alsen/2/Frontana(03W233)/3/[Vienna/Kristy(03W072)](04W081)/4/Siete Cerros 
05W024   2 DMS/Kristy/2/Wuhan(03W210)/3/[DMS Vienna/Alsen(03W207)](04W012)/4/Froid 
05W065   3 DMS/Alsen/2/Frontana(03W233)/3/[CM98036/Kristy (03W095)](04W082)/4/Froid 

06W003   7 DMS /Chris/2/Frontana(03W201)/3/FTWonder(04W076)/4/ Froid (05W046) /5/Froid 
05W020   1 DMS/Kristy/2/Wuhan(03W210)/3/[DMS Vienna/Alsen(03W207)](04W012)/4/Siete Cerros 
05W027   3 DMS/FT Wonder//Alsen(03W215)/3/030411-761(04W062)/4/21P 
05W032   3 DMS/FT Wonder/2/Frontana(03W216)/3/CCFR03 11-White(04W075)/4/Froid 
05W052   7 DMS/FT Wonder/2/Alsen(03W215)/3/[RF1012/25R49(03W070)](04W080)/4/Froid 

FRD x 7C 40 Froid/Siete Cerros 

 
ZDMS= Dominant male sterile, derived from six backcrosses to AC Barrie spring wheat 
 



 

 

147 

 

 

Table 2.4. Means for winter survival tests and indoor cold tolerance screen Fv/Fm measurements 
taken on Ontario-adapted winter and spring wheat cultivars tested in experiment 1.   

 

  Winter Fv/Fm 
Variety Type Survival Control -4 oC  -6 oC -8 oC -10 oC -12 oC Mean IFSI  
  (%)          

 
25R47 Winter 60 0.89 0.90 0.87 0.81 0.40 0.38 0.67 0.52  
25W41 Winter n.a. 0.89 0.91 0.89 0.85 0.69 0.46 0.76 0.66  
AC Morley Winter 58 0.89 0.90 0.86 0.83 0.32 0.33 0.65 0.51  
Ashley Winter n.a. 0.89 0.91 0.87 0.85 0.47 0.25 0.67 0.55  
Carlisle Winter 65 0.89 0.91 0.88 0.86 0.65 0.41 0.74 0.63  
Emmit Winter 64 0.90 0.90 0.87 0.85 0.51 0.29 0.68 0.56  
FT Wonder Winter 56 0.90 0.90 0.87 0.85 0.65 0.28 0.71 0.59  
Harvard Winter 68 0.89 0.91 0.88 0.87 0.68 0.47 0.76 0.64  
Maxine Winter 70 0.89 0.90 0.89 0.88 0.77 0.60 0.81 0.68  
Superior Winter 60 0.90 0.91 0.88 0.81 0.50 0.32 0.68 0.57  
Warthog Winter 64 0.89 0.89 0.88 0.82 0.55 0.31 0.69 0.56  
606 Spring 12.5 0.88 0.89 0.77 0.21 0.30 0.29 0.50 0.26  
Hobson Spring 12.5 0.90 0.84 0.38 0.29 0.26 0.34 0.42 0.17  
Hoffman Spring 30 0.89 0.89 0.51 0.40 0.32 0.37 0.50 0.24  
HY 124 HRS Spring n.a. 0.88 0.85 0.53 0.24 0.32 0.19 0.43 0.15  
Isidore Spring 11.3 0.90 0.87 0.42 0.30 0.26 0.30 0.43 0.13  
Norwell Spring 15.5 0.89 0.88 0.47 0.30 0.38 0.36 0.48 0.17  
Quantum Spring 2.5 0.88 0.81 0.44 0.38 0.28 0.24 0.43 0.17  
Sable Spring 11.5 0.90 0.92 0.78 0.38 0.35 0.32 0.55 0.29  
Superb Spring 16 0.89 0.88 0.32 0.29 0.31 0.28 0.42 0.05  
SW126-047 Spring n.a. 0.90 0.90 0.72 0.42 0.35 0.36 0.54 0.35  
Winfield Spring 37.5 0.88 0.86 0.41 0.34 0.30 0.22 0.43 0.23  
Barley Checks 
OAC Kawartha Spring 16.8 0.89 0.89 0.80 0.42 0.23 0.26 0.52 0.33  
MacGregor Winter n.a. 0.88 0.89 0.87 0.79 0.37 0.31 0.65 0.50  
Tukey(0.05)  n.a. n.s. 0.05 0.29 0.19 0.31 0.24 0.09 0.10  
Winter Mean  62.8 0.89 0.90 0.88 0.84 0.56 0.37 0.71 0.59  
Spring Mean  16.6 0.89 0.87 0.52 0.32 0.31 0.30 0.47 0.20  
Winter vs. SpringZ   <0.001 0.30 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

 
Z P-Value of contrast using Type I error rate of α=0.05. 
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Table 2.5. Means for winter survival tests and indoor cold tolerance screen visual assessment 
measurements taken on Ontario-adapted winter and spring wheat cultivars tested in experiment 1.   

 

  Winter Visual Assessment 
Variety Type Survival Control -4oC -6oC -8oC -10oC -12oC Mean LT50 IFSI 
  (%)           

 
25R47 Winter 60 4.00 3.34 2.98 2.41 1.19 1.00 2.19 -8.69 97.25 
25W41 Winter n.a. 4.00 3.09 2.56 1.98 1.00 1.00 1.93 -8.20 90.70 
AC Morley Winter 58 4.00 3.15 2.95 1.87 1.00 1.00 1.99 -8.08 90.63 
Ashley Winter n.a. 4.00 3.45 2.17 1.72 1.00 1.00 1.87 -7.10 80.34 
Carlisle Winter 65 4.00 3.33 3.20 2.50 1.20 1.00 2.24 -8.99 102.46 
Emmit Winter 64 4.00 3.31 2.76 2.17 1.09 1.00 2.07 -8.34 86.72 
FT Wonder Winter 56 4.00 3.41 2.97 1.92 1.07 1.00 2.07 -8.13 91.54 
Harvard Winter 68 4.00 2.96 3.20 2.65 1.13 1.00 2.19 -8.73 95.43 
Maxine Winter 70 4.00 2.94 2.79 2.19 1.00 1.00 1.98 -7.84 89.43 
Superior Winter 60 4.00 2.92 2.74 1.13 1.00 1.00 1.76 -7.48 79.43 
Warthog Winter 64 4.00 3.33 3.10 2.73 1.00 1.00 2.23 -8.48 100.88 
606 Spring 12.5 4.00 1.88 1.28 1.00 1.00 1.00 1.23 -5.02 53.22 
Hobson Spring 12.5 4.00 2.01 1.00 1.00 1.00 1.00 1.20 -4.91 62.30 
Hoffman Spring 30 4.00 2.04 1.16 1.00 1.00 1.00 1.24 -5.36 59.84 
HY 124 HRS Spring n.a. 4.00 1.00 1.00 1.00 1.00 1.00 1.00 -2.92 0.00 
Isidore Spring 11.3 4.00 1.45 1.00 1.00 1.00 1.00 1.09 -3.93 47.96 
Norwell Spring 15.5 4.00 1.64 1.00 1.00 1.00 1.00 1.13 -4.50 49.16 
Quantum Spring 2.5 4.00 1.52 1.00 1.00 1.00 1.00 1.10 -4.47 45.41 
Sable Spring 11.5 4.00 1.26 1.16 1.00 1.00 1.00 1.08 -4.26 49.58 
Superb Spring 16 4.00 1.61 1.00 1.00 1.00 1.00 1.12 -4.66 56.19 
SW126-047 Spring n.a. 4.00 1.54 1.00 1.00 1.00 1.00 1.11 -4.29 41.19 
Winfield Spring 37.5 4.00 1.50 1.00 1.00 1.00 1.00 1.10 -3.99 48.35 
Barley Checks             
OAC Kawartha Spring 16.8 4.00 1.79 1.00 1.00 1.00 1.00 1.16 -4.67 55.60 
MacGregor Winter n.a. 4.00 3.04 2.75 1.42 1.00 1.00 1.84 -7.39 81.37 
Tukey(0.05)  n.a. n.s. 1.13 1.02 1.04 n.s. n.s. 0.29 0.89 11.47 
Winter Mean  62.8 4.00 3.20 2.86 2.12 1.06 1.00 2.05 -8.19 91.35 
Spring Mean  16.6 4.00 1.59 1.06 1.00 1.00 1.00 1.13 -4.39 46.65 
Winter vs. SpringZ  <0.001  <0.001 <0.001 <0.001 0.02 n.s. <0.001 <0.001 <0.001

 
Z P-Value of contrast using Type I error rate of α=0.05. 
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Table 2.6. Analysis of variance of Fv/Fm one day after cold temperature treatment and visual 
assessment two weeks after cold temperature treatment data from indoor cold tolerance testing of 
Ontario-adapted winter and spring wheat cultivars (experiment 1).   

 

 Fv/Fm  Visual Assessment 
Parameter F-value P-value F-value P-value 

 
Complete Experiment 
Temperature            128.94 <.0001 470.24     <.0001  
Variety           38.13     <.0001 45.73     <.0001 
Temperature x Variety  8.14     <.0001 10.03     <.0001 
 
Individual Temperatures 
Control  1.31     0.20 No variation 
-4  3.50     <.0001 300.55     <.0001 
-6 13.10     <.0001 21.08     <.0001 
-8       53.05     <.0001 8.82     <.0001 
-10      7.41     <.0001 1.08     0.39 
-12        3.38     <.0001 No variation 
 
Indoor Freezing Survival Index (CRD) 
IFSI  32.28     <.0001 27.66     <.0001 
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Table 2.7. Spearman rank correlations for all measured parameters on Ontario-adapted winter and spring wheat cultivars tested in experiment 1.   

 

  Winter Fv/Fm        Visual Assessment 
Treatment  Survival Control -4

o
C  -6

o
C -8

o
C -10

o
C -12

o
C Mean IFSI Control -4

o
C -6

o
C -8

o
C -10

o
C -12

o
C Mean LT50 

 
Fv/Fm Control 0.01                 

 -4 
o
C 0.59* 0.36                

 -6 
o
C 0.82* 0.11 0.77*               

 -8 
o
C 0.84* 0.21 0.70* 0.83*              

 -10 
o
C 0.86* 0.16 0.72* 0.91* 0.85*             

 -12 
o
C 0.52* 0.23 0.47* 0.51* 0.50* 0.52*            

 Mean 0.84* 0.17 0.78* 0.97* 0.91* 0.94* 0.55*           
 IFSI 0.85* 0.18 0.77* 0.95* 0.91* 0.91* 0.54* 0.98*          

Visual Control n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.       
Assessment -4 

o
C 0.75* 0.14 0.51* 0.66* 0.73* 0.65* 0.30 0.70*0.71* n.a.        

 -6 
o
C 0.81* 0.08 0.66* 0.84* 0.79* 0.76* 0.46* 0.87*0.84* n.a. 0.81*       

 -8 
o
C 0.88* 0.07 0.56* 0.85* 0.84* 0.82* 0.46* 0.87*0.84* n.a. 0.81* 0.93*      

 -10 
o
C 0.56* 0.15 0.38 0.40 0.53* 0.48* 0.29 0.49*0.47* n.a. 0.56* 0.67* 0.64*     

 -12 
o
C n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.    

 Mean 0.84* 0.09 0.50* 0.73* 0.76* 0.71* 0.49* 0.78*0.78* n.a. 0.92* 0.92* 0.92* 0.67* n.a.   
 LT50 -0.83* -0.09 -0.56* -0.76* -0.77* -0.73* -0.53* -0.79*-0.80* n.a. -0.88* -0.92* -0.91* -0.69* n.a. -0.98*  

 IFSI 0.83* 0.13 0.56* 0.74* 0.74* 0.71* 0.50* 0.77*0.77* n.a. 0.88* 0.92* 0.91* 0.62* n.a. 0.95* -0.96* 

 
* indicates significant correlation at Type I error rate of 0.05. 
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Table 2.8. Spearman rank correlations for all measured parameters on Ontario-adapted winter wheat cultivars tested in experiment 1.   

 

  Winter Fv/Fm        Visual Assessment 
Treatment  Survival Control -4

o
C  -6

o
C -8

o
C -10

o
C -12

o
C Mean IFSI Control -4

o
C -6

o
C -8

o
C -10

o
C -12

o
C Mean LT50  

 
Fv/Fm Control -0.46                 
 -4 

o
C 0.23 -0.07                

 -6 
o
C 0.79* -0.24 0.30               

 -8 
o
C 0.67* -0.23 0.27 0.41              

 -10 
o
C 0.69* -0.10 0.18 0.82* 0.74*             

 -12 
o
C 0.71* -0.52 0.21 0.65* 0.45 0.56            

 Mean 0.73* -0.13 0.20 0.85* 0.73* 0.99* 0.64*           
 IFSI 0.68* -0.03 0.35 0.86* 0.71* 0.97* 0.62* 0.97*          
Visual Control n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.         
Assessment -4 

o
C -0.43 -0.06 -0.22 -0.57 -0.16 -0.37 -0.65* -0.42 -0.50 n.a.        

 -6 
o
C 0.28 -0.26 -0.24 0.01 0.16 0.14 0.33 0.23 0.07 n.a. 0.09       

 -8 
o
C 0.61 -0.45 -0.30 0.34 0.29 0.40 0.45 0.45 0.26 n.a. 0.04 0.79*      

 -10 
o
C 0.18 0.04 0.11 -0.17 0.20 0.02 0.16 0.08 0.02 n.a. 0.28 0.66* 0.50     

 -12 
o
C n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.    

 Mean 0.23 -0.26 -0.35 -0.06 0.12 0.09 0.16 0.14 -0.03 n.a. 0.32 0.91* 0.86* 0.71* n.a.   
 LT50 -0.31 0.26 0.06 -0.11 -0.15 -0.21 -0.36 -0.27 -0.13 n.a. -0.11 -0.82* -0.84* -0.79* n.a. -0.90*  
 IFSI 0.15 -0.45 -0.22 0.12 0.08 0.21 0.30 0.26 0.10 n.a. 0.31 0.85* 0.81* 0.57 n.a. 0.90* -0.85* 

 
* indicates significant correlation at Type I error rate of 0.05.
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Table 2.9. Spearman rank correlations for all measured parameters on Ontario-adapted spring wheat cultivars tested in experiment 1.   

 

  Winter Fv/Fm        Visual Assessment 
Treatment  Survival Control -4 

o
C  -6 

o
C -8 

o
C -10 

o
C -12 

o
C Mean IFSI Control -4 

o
C -6 

o
C -8 

o
C -10 

o
C -12 

o
C Mean LT50  

 
Fv/Fm Control  -0.26                 
 -4 

o
C 0.21 0.39                

 -6 
o
C -0.23 0.00 0.64*               

 -8 
o
C 0.00 0.34 0.34 0.20              

 -10 
o
C 0.41 0.09 0.65* 0.56 0.33             

 -12 
o
C 0.08 0.66* 0.55 0.21 0.47 0.37            

 Mean -0.05 0.17 0.81* 0.90* 0.50 0.64* 0.47           
 IFSI 0.09 0.14 0.64* 0.72* 0.52 0.41 0.43 0.84*          
Visual Control n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.         
Assessment -4 

o
C 0.39 0.07 0.11 -0.19 -0.01 -0.06 0.61* -0.04 0.17 n.a.        

 -6 
o
C 0.03 -0.06 0.63* 0.65* 0.00 0.18 0.27 0.64* 0.58 n.a. 0.28       

 -8 
o
C n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.      

 -10 
o
C n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.     

 -12 
o
C n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.    

 Mean 0.46 0.00 0.19 -0.13 -0.04 -0.03 0.58 0.03 0.21 n.a. 0.99* 0.36 n.a. n.a. n.a.   
 LT50 -0.33 0.00 -0.21 0.06 0.04 0.02 -0.53 -0.05 -0.21 n.a. -0.95* -0.48 n.a. n.a. n.a. -0.94*  
 IFSI 0.44 0.24 0.18 -0.27 -0.17 -0.17 0.43 -0.14 0.03 n.a. 0.74* 0.44 n.a. n.a. n.a. 0.72* -0.79* 

 
* indicates significant correlation at Type I error rate of 0.05. 
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Table 2.10. Summary of experiment 2 data for winter survival, cold tolerance and photoperiod evaluations of breeding lines developed from eight 
complex crosses having Froid, Siete Cerros or at least one parental variety with spring habit.  

 

Cross Number No. Winter  Fv/Fm      Visual Assessment     Final Leaf Number
X
 

 of Survival (%)                Short Long 
 Lines 2008

y
 2009 Ctrl -6 -8 -10 -12 Mean IFSI Ctrl -6 -8 -10 -12 Mean LT50 IFSI Day  Day  Difference 

 
Complete Data Set                       
Overall Mean 67 60.5 17.5 0.89 0.87 0.84 0.72 0.57 0.78 0.51 4.00 2.84 2.15 1.31 1.09 2.28 -6.43 81.91 15.3 9.5 5.8 
Maximun Value  84.4 46.5 0.91 0.90 0.90 0.89 0.84 0.87 0.63 4.00 3.75 3.38 2.73 1.88 2.96 -4.13 111.38 18.8 11.7 9.1 
Minimum Value  4.5 0.0 0.87 0.82 0.56 0.31 0.31 0.59 0.29 4.00 1.50 1.00 1.00 1.00 1.70 -8.71 58.12 9.9 7.0 2.9 
No. of lines< Siete Cerros  0 4 36 63 8 15 10 9 9 0 3 5 0 0 1 66 4 1 3 5 
No. of lines > Froid  0 0 21 33 25 16 0 0 0 0 2 1 0 0 0 67 0 n.a. n.a. n.a. 
Tukey(0.05)  55.8 23.6       0.24        38.04 4.3 3.1 . 
Populations                       
05W058   2 37.1 3.5 0.89 0.88 0.82 0.63 0.47 0.74 0.45 4.00 2.39 1.78 1.06 1.00 2.05 -5.79 71.56 14.1 10.0 4.2 
05W024   2 36.6 6.5 0.89 0.86 0.75 0.50 0.38 0.68 0.39 4.00 2.31 1.66 1.00 1.00 1.99 -5.34 70.38 12.9 7.9 5.0 
05W065   3 69.7 15.6 0.89 0.87 0.87 0.58 0.49 0.74 0.50 4.00 3.22 2.03 1.06 1.00 2.26 -6.23 83.03 15.4 9.00 6.5 
06W003   7 68.4 27.7 0.89 0.87 0.78 0.66 0.59 0.76 0.48 4.00 2.85 2.22 1.52 1.24 2.37 -6.73 85.95 15.5 7.9 7.6 
05W020   1 3.3 9.0 0.88 0.87 0.60 0.49 0.42 0.65 0.35 4.00 2.69 1.63 1.19 1.00 2.10 -6.01 75.07 18.8 10.0 8.9 
05W027   3 54.7 17.6 0.90 0.89 0.85 0.71 0.52 0.77 0.52 4.00 2.61 1.47 1.00 1.06 2.03 -5.64 72.84 13.7 9.3 4.4 
05W032   3 80.3 32.1 0.88 0.88 0.87 0.87 0.67 0.84 0.57 4.00 3.42 2.82 1.94 1.35 2.71 -7.68 99.23 16.2 11.1 5.1 
FRD x 7C 40 60.2 14.9 0.89 0.88 0.86 0.74 0.58 0.79 0.51 4.00 2.84 2.17 1.26 1.06 2.27 -6.39 80.89 15.3 9.6 5.7 
05W052   7 76.1 33.0 0.89 0.87 0.86 0.74 0.59 0.79 0.55 4.00 2.83 2.43 1.52 1.11 2.38 -6.82 87.62 16.1 10.1 6.0 
No. of crosses < Siete Cerros  0 2 3 9 2 2 1 2 2 0 0 0 0 0 0 9 0 0 0 0 
No. of crosses > Froid  0 0 1 3 1 1 0 0 0 0 0 0 0 0 0 9 0 n.a. n.a. n.a. 
Tukey  28.2 17.0       0.14        18.74 2.7 2.8 . 
Siete Cerros  0.0 3.0 0.89 0.89 0.77 0.52 0.38 0.69 0.43 4.00 1.66 1.19 1.00 1.00 1.77 -4.74 58.58 10.9 7.5 3.4 
Froid  91.1 54.9 0.89 0.88 0.87 0.86 0.87 0.88 0.63 4.00 3.50 3.17 2.87 2.32 3.17 -9.29 120.04 vrn vrn vrn 
Winter Cereal Checks  73.4 35.9 0.89 0.88 0.86 0.80 0.64 0.82 0.58 4.00 2.74 2.04 1.21 1.06 2.25 -6.37 85.84 n.a. n.a. n.a. 
Spring Cereal Checks  0.0 2.3 0.89 0.76 0.49 0.41 0.36 0.59 0.24 4.00 1.12 1.00 1.00 1.00 1.68 -3.32 53.61 10.9 7.1 3.7 

 
zWinter survival data for 2008 winter and spring checks Maxine and Quantum, respectively  
yWinter survival data for 2009 winter wheat checks  Maxine and Emmit; spring wheat checks Quantum and Hoffman 
Xvrn - vernalization no heading 
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Table 2.11. Summary of experiment 2 data for winter survival, cold tolerance and photoperiod evaluations of breeding lines developed from a 
biparent cross between Froid and Siete Cerros. 

 

Cross Number No. Winter  Fv/Fm      Visual Assessment      Final Leaf Number
X
 

 of Survival (%)                Short Long 
 Lines 2008

y
 2009 Ctrl -6 -8 -10 -12 Mean IFSI Ctrl -6 -8 -10 -12 Mean LT50 IFSI Day  Day  Difference 

 
Population Mean 40 60.2 14.9 0.89 0.88 0.86 0.74 0.58 0.79 0.51 4.00 2.84 2.17 1.26 1.06 2.27 -6.39 80.89 15.3 9.6 5.7 
Maximun Value  79.1 33.9 0.91 0.90 0.90 0.89 0.84 0.87 0.62 4.00 3.75 3.13 2.54 1.81 2.96 -4.13 111.38 16.8 11.7 7.7 
Minimum Value  26.4 1.8 0.87 0.82 0.74 0.32 0.31 0.64 0.40 4.00 1.50 1.00 1.00 1.00 1.70 -8.71 58.12 13.5 7.5 2.9 
No. of lines< Siete Cerros  0 2 20 37 2 6 5 3 4 0 2 2 0 0 1 39 2 0 0 3 
No. of lines > Froid  0 0 12 23 18 10 0 0 0 0 2 0 0 0 0 40 0 n.a. n.a. n.a. 
Tukey(0.05)  51.5 21.5       0.22        36.41 3.4 3.2 . 
Siete Cerros  0.0 3.0 0.89 0.89 0.77 0.52 0.38 0.69 0.43 4.00 1.66 1.19 1.00 1.00 1.77 -4.74 58.58 10.9 7.5 3.4 
Froid  91.1 54.9 0.89 0.88 0.87 0.86 0.87 0.88 0.63 4.00 3.50 3.17 2.87 2.32 3.17 -9.29 120.04 vrn vrn vrn 
Winter Cereal Checks  73.4 35.9 0.89 0.88 0.86 0.80 0.64 0.82 0.58 4.00 2.74 2.04 1.21 1.06 2.25 -6.37 85.84 n.a. n.a. n.a. 
Spring Cereal Checks  0.0 2.3 0.89 0.76 0.49 0.41 0.36 0.59 0.24 4.00 1.12 1.00 1.00 1.00 1.68 -3.32 53.61 10.9 7.1 3.7 

 
zWinter survival data for 2008 winter and spring checks Maxine and Quantum, respectively  
yWinter survival data for 2009 winter wheat checks  Maxine and Emmit; spring wheat checks Quantum and Hoffman 
Xvrn - vernalization no heading 
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Table 2.12. Analysis of variance of winter survival data for experiment 2.   

 

Year Location  Parameter  F-Value P-value 

 
Complete Experiment 
2007 – 2008 Mimosa, ON Line   8.00     <.0001    
2008- 2009  Elora, ON  Planting row  41.74     <.0001  
    Line    17.59     <.0001  
By Pedigree 
2007 – 2008 Mimosa, ON Pedigree  33.12     <.0001 
2008- 2009  Elora, ON  Planting row  35.51     <.0001 
    Pedigree  49.06     <.0001 
 
Froid x Siete Cerros Population 
2007 – 2008 Mimosa, ON Line  10.17     <.0001 
2008- 2009  Elora, ON  Planting row  20.50     <.0001 
    Line  8.14     <.0001
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Table 2.13. Analysis of variance for experiment 2 where wheat breeding lines developed from eight 
complex crosses with at least one parent with spring habit and Froid or Siete Cerros and one 
biparental cross between Froid and Siete Cerros were cold tolerance tested. 

 

 Fv/Fm  Visual Assessment 
Parameter F-value P-value F-value P-value 

 
Set 1 
Temperature            5.28     0.07 60.55     0.0002  
Variety           3.94     <.0001 4.58     <.0001 
Temperature x Variety  1.98     <.0001 1.75     0.01 
Variety Effects at Individual Temperatures 
Control  0.94     0.55 None 
-6 1.53     0.23 1.44     0.24 
-8       1.45     0.13 3.58     0.008 
-10      2.23     0.008 1.16     0.38 
-12        2.52     0.002 None 
Set 2 
Temperature            108.40     <.0001 269.78     <.0001  
Variety           4.13     <.0001 4.71     <.0001 
Temperature x Variety  2.25     0.0002 1.83     0.004 
Variety Effects at Individual Temperatures 
Control  1.31     0.20 None 
-6 0.80     0.68 1.75     0.12 
-8       1.10     0.42 5.63     0.0004 
-10      4.91     0.0008 1.31     0.29 
-12        1.60     0.17 0.87     0.60 
Set 3 
Temperature            14.86     0.005 427.13     <.0001  
Variety           13.16     <.0001 4.10     <.0001 
Temperature x Variety  3.81     <.0001 1.67     0.013 
Variety Effects at Individual Temperatures 
Control  0.64     0.81 None 
-6 0.95     0.52 1.34     0.27 
-8       5.75     <.0001 2.39     0.04 
-10      5.78     0.0006 2.12     0.01 
-12        4.97     <.0001 4.75     <.0001 
Set 4 
Temperature           3.06     0.13 43.65     0.002  
Variety           11.06     <.0001 9.88     <.0001 
Temperature x Variety  3.12     <.0001 1.72     0.02 
Variety Effects at Individual Temperatures 
Control  1.52     0.12 None 
-6 1.95     0.03 2.20     0.08 
-8       1.30     0.31 2.89     0.03 
-10     7.35     0.0001 9.36     0.0001 
-12      4.31     0.004 2.02     0.10 
Indoor Freezing Survival Index-Complete Experimental Dataset (CRD) 
All Breeding Lines 2.99     <.0001 3.49     <.0001 
Among Crosses 6.34     <.0001 4.84     <.0001 
Froid x Siete Cerros Population 2.15     0.0002 11.83  <.0001 
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Table 2.14. Indoor Freezing Survival Index (IFSI) mean values required for complete survival of 
reference cultivars (P) from experiment 1.  This value ‘P’, is specific to each set replication within 
temperature treatment and is an indicator of stress levels based on reference cultivars displaying 
reaction to the temperature treatment. 

 

     
Set Replication -6

o
C -8

 o
C -10

 o
C -12

 o
C 

 
Fv/Fm 
1  1 0.54 0.69 0.77 0.94 
 2 0.57 0.65 0.73 0.79 
     
 2 1 0.61 0.74 0.91 0.93 
 2 0.63 0.77 0.88 1.02 
     
 3 1 0.62 0.77 0.79 0.80 
 2 0.59 0.71 0.80 0.95 
     
 4 1 0.56 0.70 0.85 0.81 
 2 0.60 0.75 0.81 1.03 
Visual Assessment 
 1 1 121.0 160.8 158.9 169.7 
 2 117.3 153.0 150.5 169.7 
     
 2 1 128.3 145.6 176.9 169.7 
 2 131.4 155.3 169.7 169.7 
     
 3 1 137.7 147.0 169.7 169.7 
 2 127.3 138.6 174.2 169.7 
     
 4 1 120.0 140.9 169.7 174.2 
 2 126.1 162.7 173.5 169.7 
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Table 2.15. Analysis of variance for experiment 2 where wheat breeding lines developed from eight 
complex crosses with at least one parent with spring habit and Froid or Siete Cerros and one 
biparental cross between Froid and Siete Cerros were tested for final leaf number under short day and 
long day photoperiod conditions.   

 

   Short Day  Long Day 
   F-value P-value F-value P-value 

 
Overall Experiment  4.21     <0.0001 6.76     <0.0001 
Crosses   9.69     0.002 9.85     0.003 
Froid x Siete Cerros Population  2.88     0.002 4.88     <0.0001 

 
Photoperiod   F-value P-value 
Long day vs. Short day treatment 1621.90   0.02    
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Table 2.16. Spearman rank correlations for winter survival, cold tolerance and photoperiod evaluations of breeding lines developed from eight 
complex crosses having at least one spring parental line and Froid or Siete Cerros and one biparent cross between Froid and Siete Cerros in 
experiment 2.   

 

                  Final Leaf Number 
  Winter Survival Fv/Fm       Visual Assessment     Short Long 
Parameter Treatment 2008 2009 Control -6

 o
C -8

 o
C -10

 o
C -12

 o
C Mean IFSI -6

 o
C -8

 o
C -10

 o
C -12

 o
C Mean LT50 IFSI Day  Day   

 
Winter Survival 2009 0.52*                  
Fv/Fm 0 0.02 0.21                 
 -6 0.01 0.24* 0.17                
 -8 0.27* 0.28* 0.18 0.18               
 -10 0.20 0.32* 0.25* 0.26* 0.55*              
 -12 0.31* 0.49* 0.34* 0.23 0.44* 0.76*             
 Mean 0.26* 0.46* 0.33* 0.31* 0.61* 0.92* 0.92*            
 IFSI 0.41* 0.53* 0.25* 0.32* 0.53* 0.82* 0.82* 0.88*           
Visual -6 0.27* 0.42* -0.06 0.19 0.26* 0.23 0.32* 0.28* 0.42*          
Assessment -8 0.23 0.35* -0.15 0.15 0.29* 0.28* 0.39* 0.38* 0.51* 0.61*         
 -10 0.16 0.42* -0.04 0.13 0.33* 0.48* 0.51* 0.51* 0.47* 0.46* 0.48*        
 -12 0.19 0.43* 0.21 0.21 0.15 0.43* 0.49* 0.49* 0.58* 0.18 0.35* 0.45*       
 Mean 0.30* 0.51* -0.06 0.22 0.33* 0.40* 0.51* 0.49* 0.61* 0.79* 0.89* 0.73* 0.50*      
 LT50 -0.28* -0.53* 0.06 -0.23 -0.31* -0.43* -0.55* -0.52* -0.62* -0.72* -0.85* -0.76* -0.55* -0.97*     
 IFSI 0.33* 0.54* -0.08 0.20 0.27* 0.32* 0.46* 0.41* 0.60* 0.81* 0.88* 0.65* 0.51* 0.98* -0.96*    
Final Leaf Short Day 0.35* 0.40* 0.19 -0.08 0.32* 0.50* 0.55* 0.53* 0.55* 0.28* 0.36* 0.47* 0.26* 0.46* -0.43* 0.43*   
Number Long Day 0.20 0.13 -0.16 0.14 0.32* 0.55* 0.38* 0.49* 0.53* 0.37* 0.36* 0.33* 0.09 0.41* -0.41* 0.37* 0.45*  
 Difference 0.01 0.06 0.30* -0.30* -0.07 -0.18 -0.01 -0.13 -0.16 -0.13 -0.03 0.00 0.03 -0.05 0.07 -0.05 0.33* -0.60* 
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Table 2.17. Means and standard errors for generation means analysis of a Froid x Siete Cerros cross using data from field, Fv/Fm and visual 
assessment methods in experiment 2. 

 

Testing Parameter Siete Cerros Froid  F1  F2  BC1Siete Cerros BC1Froid 
Temperature  Mean se Mean se Mean se Mean se Mean se Mean se 

 
-6 Fv/Fm 0.90 0.00 0.90 0.00 0.90 0.00 0.90 0.00 0.90 0.00 0.90 0.00 
-8 Fv/Fm 0.50 0.12 0.90 0.00 0.90 0.00 0.80 0.00 0.80 0.04 0.90 0.00 
Combined Fv/Fm IFSI 0.40 0.08 0.60 0.00 0.50 0.00 0.50 0.00 0.50 0.00 0.60 0.00 
-6 Visual 1.50 0.25 3.40 0.06 3.30 0.15 3.50 0.00 1.80 0.23 3.40 0.08 
-8 Visual 1.00 0.00 3.30 0.15 1.90 0.20 2.30 0.32 1.30 0.20 2.90 0.11 
Combined Visual IFSI 45.70 217.10 117.00 26.41 90.00309.72 100.00 563.35 56.70 460.97 111.00 70.99 
Combined Winter Survival 6.90 0.62 77.50 3.32 57.30 10.82 40.50 6.24 13.20 15.79 70.70 6.97 

 
             
  



 

 

161 

 

 
Table 2.18. Calculated variances estimates from generation means of a Froid x Siete Cerros cross in experiment 2 using field, Fv/Fm and visual 
assessment testing methods.   

 

Testing Parameter σP σE σG σA σD  

Temperature      

 
-6 Fv/Fm 0.00 0.00 0.00 0.00 0.00  
-8 Fv/Fm 0.00 0.01 -0.01 0.00 -0.01  
Combined Fv/Fm IFSI 0.00 0.01 0.00 0.00 0.00  
-6 Visual 0.00 0.12 -0.12 -0.36 0.24  
-8 Visual 0.62 0.14 0.48 0.93 -0.45 
Combined Visual IFSI 563.35 215.74 347.61 594.74 -247.10  
Combined Winter Survival 77.85 201.10 -123.20 -440.10 316.82          
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Table 2.19. Genetic parameters and standard errors for generation means analysis of a Froid x Siete Cerros cross using field, Fv/Fm and visual 
assessment as testing methods in experiment 2. 

 

Testing Parameter m se a se d se aa se ad se dd se 
Temperature     

 
-6 Fv/Fm 0.89* 0.00 -0.02 0.01 0.02 0.05 0.02 0.03 -0.01 0.02 -0.02 0.08 
-8 Fv/Fm 0.82* 0.03 -0.11 0.04 0.22 0.28 0.08 0.19 0.07 0.11 -0.27 0.45 
Combined Fv/Fm IFSI 0.52* 0.02 -0.06 0.04 0.12 0.20 0.05 0.14 0.03 0.08 -0.14 0.33 
-6 Visual 3.47* 0.03 -1.6* 0.32 -2.59 1.05 -3.42* 0.74 -0.62 0.46 4.35 1.98 
-8 Visual 2.27* 0.32 -1.64* 0.31 -0.90 2.18 -0.61 1.90 -0.49 0.38 0.14 3.08 
Combined Visual IFSI 100.43* 7.67 -53.94* 12.17 -58.22 67.19 -67.13 55.03 -18.52 17.44 74.77 103.68 
Combined Winter Survival 40.47* 4.95 -57.52 20.06 20.94 73.22 5.84 59.94 -22.24 21.93 25.40 126.64  

 
* =Significant at a Type I error rate of 0.05 (α=0.05)
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Table 2.20. Gene-specific molecular markers found to be significantly associated with measured cold 
tolerance, indoors or in the field, or photoperiod response by analysis of variance in experiment 2.   

 

Trait Parameter Marker Parental Mean P-value R2 value 
  Name Allele

 
 
Fv/Fm -10 oC Vrn-A1 Froid 0.79 0.03 0.12 
   Siete Cerros 0.69   
Visual Assessment -6 oC Vrn-A1 Froid 3.07 0.001 0.25 
   Siete Cerros 2.55   
Visual Assessment -8 oC Vrn-A1 Froid 2.36 0.03 0.12 
   Siete Cerros 1.93   
Visual Assessment -10 oC Vrn-A1 Froid 1.36 0.04 0.11 
   Siete Cerros 1.13   
Visual Assessment -12 oC Ppd-D1 Froid 1.03 0.02 0.15 
   Siete Cerros 1.22   
Visual Assessment Mean Vrn-A1 Froid 2.37 0.003 0.22 
   Siete Cerros 2.14   
Visual Assessment LT50 Vrn-A1 Froid -6.68 0.01 0.16 
   Siete Cerros -6.01   
Visual Assessment IFSI Vrn-A1 Froid 84.82 0.01 0.16 
   Siete Cerros 75.96   
Final Leaf Number Long Day Vrn-A1 Froid 10.13 0.003 0.23 
   Siete Cerros 9.00   
Final Leaf Number  Difference Vrn-A1 Froid 5.17 0.006 0.19 
   Siete Cerros 6.16    
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Table 2.21. Epistatic interactions between gene-specific molecular markers found to be significantly 
associated with measured cold tolerance, indoors by analysis of variance in experiment 2.   

 

Trait Parameter MeanZ   P-value R2 value 
  AB BA BB 

 
Cold Tolerance 
Fv/Fm -6 oC 0.880 0.856 0.875 0.03 0.18  
Visual Assessment -6 oC 3.09 2.86 2.49 0.002 0.30 
Visual Assessment Mean 2.38 2.20 2.12 0.007 0.25  
Visual Assessment LT50 -6.72 -6.30 -5.96 0.03 0.19  
Visual Assessment IFSI 85.57 78.69 75.42 0.02 0.20   
 
Photoperiod 
Final Leaf Number Short Day 15.33 14.77 15.24 0.63 0.03  
Final Leaf Number Long Day 10.22 8.58 9.08 0.004 0.28  
Final Leaf Number  Difference 5.11 6.19 6.16 0.02 0.22  

 
ZEpistatic interaction: first letter is Vrn-A1 allele, second letter is Vrn-B1 allele; A=Froid Allele; B=Siete 
Cerros allele 
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Table 2.22. Winter and spring barley germplasm tested indoors with programmable freezers for cold tolerance and evaluated using Fv/Fm 
measurements and visual assessment two weeks after testing, at the University of Guelph. 

 

Cultivar Habit Number of  Quality Type Tested for Winter Survival  
  Rows  

 
Cassata Winter Two Malting United Kingdom 
Flagon Winter Two Malting United Kingdom 
Pearl Winter Two Malting United Kingdom 
Maris Otter Winter Two Malting United Kingdom 
Fredericus Winter Six Feed Germany 
H260-008 Winter Six Feed Canada 
H260-017 Winter Six Feed Canada 
H260-023 Winter Six Feed Canada 
H262-021 Winter Six Feed Canada 
H262-033 Winter Six Feed Canada 
H271-003 Winter Six Feed Canada 
MacGregor Winter Six Feed Canada 
McKellar Winter Six Feed Canada 
OAC Kawartha Spring Six Feed Canada 
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Table 2.23. Means for winter barley and winter and spring cereal checks tested in experiment 3.  

 
 Winter Survival Fv/Fm       Visual Assessment 
Variety 2009(%) Control -6

o
C -8

 o
C -10

 o
C -12

 o
C Mean IFSI Control -6

 o
C -8

 o
C -10

 o
C -12

 o
C Mean LT50 IFSI

 

Cassata 1.25 0.88 0.86 0.75 0.46 0.34 0.66 0.50 4.00 1.29 1.00 1.00 1.00 1.67 -1.16 53.59 
Flagon 0.75 0.88 0.89 0.78 0.44 0.36 0.67 0.49 4.00 1.63 1.58 1.00 1.00 1.84 -2.25 74.73 
Fridericus 14.25 0.88 0.86 0.85 0.42 0.47 0.70 0.53 4.00 2.42 2.03 1.00 1.00 2.09 -2.84 95.38 
H260-008 13.75 0.88 0.86 0.86 0.24 0.63 0.69 0.49 4.00 1.74 1.40 1.00 1.00 1.83 -2.19 69.27 
H260-017 10.25 0.88 0.85 0.80 0.45 0.52 0.70 0.53 4.00 1.83 1.87 1.00 1.00 1.94 -2.66 80.38 
H260-023 8.0 0.88 0.86 0.84 0.48 0.46 0.70 0.55 4.00 1.90 1.39 1.00 1.00 1.86 -2.38 76.47 
H262-021 7.75 0.89 0.86 0.83 0.52 0.51 0.72 0.56 4.00 1.93 1.75 1.00 1.00 1.93 -2.45 86.54 
H262-033 9.0 0.89 0.87 0.84 0.61 0.43 0.73 0.56 4.00 2.26 1.46 1.00 1.00 1.95 -2.66 86.54 
H271-003 17.5 0.88 0.87 0.84 0.58 0.55 0.74 0.56 4.00 1.74 1.73 1.00 1.00 2.06 -2.59 75.94 
Macgregor 17.5 0.88 0.87 0.76 0.33 0.45 0.66 0.50 4.00 1.83 1.73 1.00 1.00 1.91 -2.75 81.37 
Maris Otter 0 0.88 0.84 0.71 0.42 0.30 0.63 0.45 4.00 1.45 1.00 1.00 1.00 1.69 -1.60 66.25 
McKellar 15 0.88 0.87 0.77 0.43 0.55 0.70 0.53 4.00 1.96 1.27 1.00 1.00 1.84 -2.30 84.30 
Pearl 6.5 0.89 0.87 0.84 0.41 0.40 0.68 0.50 4.00 1.25 1.79 1.00 1.00 1.81 -2.24 67.33 
Mean 9.4 0.88 0.86 0.81 0.45 0.46 0.69 0.52 4.00 1.79 1.54 1.00 1.00 1.88 -2.31 76.78 
Tukey(0.05) 20.9 0.03 0.04 0.12 0.43 0.31 0.10 0.17 n.a. 1.56 1.32 n.a. n.a. 0.44 n.a. 44.00 
Check Varieties                 
Hoffman n.a. 0.89 0.55 0.48 0.32 0.30 0.51 0.24 4.00 1.00 1.00 1.00 1.00 1.6 -0.53 59.84 
Quantum n.a. 0.89 0.53 0.30 0.23 0.32 0.45 0.17 4.00 1.00 1.00 1.00 1.00 1.61 -0.53 45.41 
Emmit n.a. 0.90 0.88 0.80 0.39 0.42 0.68 0.56 4.00 2.16 1.97 1.00 1.00 2.03 -2.96 86.72 
OAC Kawartha n.a. 0.88 0.76 0.64 0.30 0.22 0.56 0.33 4.00 1.01 1.00 1.00 1.00 1.61 -0.53 55.60 
Maxine n.a. 0.90 0.88 0.88 0.75 0.64 0.81 0.68 4.00 2.21 2.22 1.00 1.00 2.09 -3.21 89.43 
Rank Correlation  
Winter Survival  -0.24 0.24 0.34 -0.08 0.75* 0.47 0.42 n.a. 0.52 0.33 n.a. n.a. 0.61* -0.66* 0.54 
2009(%) 

* =Significant at a Type I error rate of 0.05 (α=0.05)             
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Table 2.24. Analysis of variance of winter survival and cold tolerance data for winter barley cultivars 
and breeding lines from experiment 3.   

 

 F-Value P-Value 

 
Winter Survival 
Variety 2.12     0.04 

 
 Fv/Fm  Visual Assessment 
 F-Value P-Value F-Value P-Value 

 
Full Experiment 
Temperature 27.64     <.0001 46.15     <.0001 
Variety 2.19     0.02 1.74     0.07 
Temperature x Variety 1.67     0.01 1.11     0.32 
 
Individual Temperatures      
Control 0.63     0.80 - - 
-6 1.39     0.18 1.23     0.32 
-8 3.69     <.0001 1.49     0.20 
-10 1.28     0.29 - - 
-12 2.25     0.04 - - 
 
Indoor Freezing Survival Index-Complete Experimental Dataset (CRD) 
IFSI 0.91     0.54 1.43     0.19 
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Table 2.25. Spring wheat tested indoors with programmable freezers for cold tolerance and evaluated 
using Fv/Fm measurements and visual assessment two weeks after testing, at the University of 
Guelph.  

 

Cultivar  Quality Type Company   

 
Hoffman  feed Dow AgroSceinces 
Quantum  feed C & M Seeds Ltd. 
606  hard red C & M Seeds Ltd. 
HY 017-HRS  hard red Dow AgroSceinces 
Glenn  hard red C & M Seeds Ltd. 
Hobson  hard red Dow AgroSceinces 
HY124-HRS  hard red Dow AgroSceinces 
Norwell  hard red C & M Seeds Ltd. 
Sable  hard red C & M Seeds Ltd. 
Superb  hard red SeCan Assoc. 
HY 162-HRF  feed Dow AgroSceinces 
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Table 2.26. Analysis of variance of visual assessment data for the full experiment and temperature 
specific treatments from seedlings of 11 spring wheat varieties that were subjected to two 
treatments, thiamethoxam, difenoconazole and metalaxyl (Cruiser Maxx cereals) seed treatment and 
no seed treatment.  Two untreated winter wheat cultivars were included in the experiments as 
controls.  All seedlings were visually assessed two weeks after freezing tests.   

 

Parameter  F-value P-value 

 
Full Experiment 
Temperature  50.79     <0.0001    
Treatment  13.02     <0.0001    
 Untreated vs. Treated 24.58 <0.0001 
 Untreated vs. Winter Wheat 2.15 0.14  
 Treated vs. Winter Wheat 17.41 <0.0001 
Temperature x Treatment 3.44 <0.0001 
 
Individual Temperature Treatments       
 
-2oC Treatment  1.45 0.14 
 Untreated vs. Treated 0.61 0.44 
 Untreated vs. Winter Wheat 0.26 0.62 
 Treated vs. Winter Wheat 0.01 0.94 
   
-4 oC Treatment  4.26 <0.0001 
 Untreated vs. Treated 9.71 0.003 
 Untreated vs. Winter Wheat 1.31 0.26 
 Treated vs. Winter Wheat 0.35 0.55 
   
-6 oC Treatment  10.56 <0.0001  
 Untreated vs. Treated 17.10 <0.0001 
 Untreated vs. Winter Wheat 1.58 0.21 
 Treated vs. Winter Wheat 12.13 0.008 
   
-8 oC Treatment  3.20 0.0004  
 Untreated vs. Treated 2.15 0.15 
 Untreated vs. Winter Wheat 11.09 0.002 
 Treated vs. Winter Wheat l 17.11 0.001  
 
Indoor Freezing Survival Index-Complete Experimental Dataset (CRD)      
IFSI    3.64      <0.0001  
Untreated vs. Treated   8.97      0.003  
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Table 2.27. Means for thiamethoxam, difenoconazole and metalaxyl (Cruiser Maxx cereals) treated vs. 
non-treated spring wheat cultivars and winter and spring cereal checks tested in experiment 4.   

 Visual Assessment  
Variety Control -2 oC -4 oC -6 oC -8 oC Mean LT50 Visual-IFSI 

 
Untreated         
Hoffman 4.00 3.68 3.16 2.20 1.00 2.51 -2.97 59.84 
Quantum 4.00 3.43 2.17 1.45 1.00 2.00 -0.08 45.41 
Sable 4.00 3.27 2.25 1.29 1.00 1.93 0.26 45.15 
Norwell 4.00 3.55 2.57 1.32 1.00 2.10 -0.78 56.23 
606 4.00 3.55 2.67 2.07 1.00 2.31 -1.53 61.85 
Hobson 4.00 3.66 2.89 1.73 1.00 2.31 -1.81 64.54 
Superb 4.00 3.50 2.75 1.54 1.00 2.19 -1.18 54.43 
Glenn 4.00 3.48 2.26 1.20 1.00 1.97 -0.15 44.82 
HY 124-HRS 4.00 3.63 3.17 1.94 1.00 2.42 -2.89 66.68 
HY 017-HRS 4.00 3.56 3.14 2.06 1.00 2.43 -2.19 66.77 
HY 162-HRF  4.00 3.66 3.07 1.80 1.00 2.37 -2.22 63.94 
Mean 4.00 3.54 2.74 1.69 1.00 2.23 -1.41 57.24 
Treated         
Hoffman 4.00 3.62 3.29 2.74 1.00 2.66 -4.21 77.06 
Quantum 4.00 3.62 2.46 1.47 1.00 2.12 -1.05 53.03 
Sable 4.00 3.43 2.65 1.39 1.00 2.11 -0.56 51.49 
Norwell 4.00 3.54 2.91 1.53 1.12 2.25 -1.20 58.16 
606 4.00 3.61 2.94 2.40 1.00 2.49 -2.92 68.78 
Hobson 4.00 3.60 3.06 1.99 1.00 2.40 -2.58 65.57 
Superb 4.00 3.61 2.95 1.54 1.00 2.27 -1.32 58.38 
Glenn 4.00 3.61 2.86 1.43 1.00 2.21 -1.64 61.57 
HY 124-HRS 4.00 3.63 3.13 2.02 1.00 2.43 -2.65 67.10 
HY 017-HRS 4.00 3.60 3.00 1.83 1.00 2.35 -2.27 62.81 
HY 162-HRF 4.00 3.64 3.15 1.92 1.00 2.42 -2.62 70.51 
Mean 4.00 3.59 2.95 1.84 1.01 2.34 -2.09 63.13 
Tukey(0.05)

z n.a. 0.41 0.86 0.81 0.14 0.35 n.a. 21.68 
 
Percent Difference between Treated and Untreated 
 0.00 1.4 7.3 8.9 1.0 4.9   48.2 10.3 
 
Winter Wheat Checks 
Emmit 4.00 3.62 3.45 3.16 1.94 3.02 -7.28 86.72 
Maxine 4.00 3.50 3.30 3.27 1.91 2.98 -5.05 89.43 

 
z value from Tukey HSD test for multiple means comparisons using α=0.05.  
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Table 2.28. Data for cold tolerance evaluations of doubled haploid breeding lines developed from 
Norstar x Bergen cross.   

 

  Fv/Fm      Visual Assessment    Guelph 
Line  Control -6 -8 -12 Mean  IFSI Control -6 -8 -12 Mean  IFSI LT50   

 
Set 1  
 1 0.92 0.83 0.59 0.23 0.64 0.33 4.00 1.53 1.00 1.00 1.88 57.84 -5.26 
 2 0.92 0.89 0.76 0.29 0.71 0.43 4.00 1.67 1.00 1.00 1.92 59.38 -4.77 
 3 0.90 0.92 0.90 0.32 0.76 0.50 4.00 3.38 2.47 1.17 2.75 96.58 -7.22 
 4 0.91 0.91 0.89 0.36 0.77 0.50 4.00 2.97 2.11 1.00 2.52 86.24 -6.61 
 5 0.91 0.87 0.71 0.31 0.70 0.41 4.00 1.71 1.00 1.00 1.93 59.85 -5.29 
 6 0.91 0.77 0.61 0.33 0.66 0.35 4.00 1.00 1.22 1.00 1.81 54.45 -4.32 
 7 0.88 0.87 0.88 0.29 0.73 0.46 4.00 2.71 1.17 1.00 2.22 72.81 -6.13 
 8 0.91 0.81 0.84 0.44 0.75 0.48 4.00 1.13 1.00 1.00 1.78 53.37 -4.31 
 9 0.90 0.91 0.88 0.39 0.77 0.51 4.00 3.07 1.96 1.00 2.51 85.62 -6.68 
 10 0.92 0.91 0.90 0.40 0.78 0.52 4.00 3.22 2.72 1.00 2.74 95.80 -6.77 
 11 0.93 0.90 0.86 0.33 0.76 0.48 4.00 1.29 1.00 1.00 1.82 55.22 -4.84 
 12 0.91 0.85 0.50 0.26 0.63 0.32 4.00 1.97 1.28 1.00 2.06 65.87 -5.50 
 13 0.90 0.91 0.89 0.33 0.76 0.49 4.00 3.28 1.00 1.00 2.32 77.29 -6.53 
 14 0.92 0.91 0.88 0.26 0.74 0.46 4.00 2.31 1.75 1.00 2.26 74.82 -6.20 
 15 0.91 0.89 0.88 0.35 0.76 0.49 4.00 2.40 1.67 1.00 2.27 74.97 -5.93 
 16 0.92 0.89 0.86 0.37 0.76 0.49 4.00 2.86 1.22 1.00 2.27 75.13 -6.25 
 17 0.90 0.90 0.90 0.36 0.77 0.50 4.00 3.06 2.08 1.00 2.53 86.85 -6.49 
 18 0.93 0.82 0.75 0.27 0.69 0.39 4.00 1.22 1.00 1.00 1.81 54.45 -4.42 
 Tukey

Z
 0.05 0.18 0.22 0.24 0.13 0.17 n.a. 1.78 1.91 0.21 0.62 33.29 n.a. 

               
Set 2               
 19 0.90 0.77 0.55 0.34 0.64 0.33 4.00 1.33 1.00 1.00 1.83 48.42 -4.71 
 20 0.90 0.89 0.85 0.48 0.78 0.52 4.00 2.15 1.17 1.00 2.08 59.38 -5.61 
 21 0.91 0.76 0.52 0.35 0.64 0.31 4.00 2.78 1.00 1.00 2.19 64.47 -5.88 
 22 0.90 0.90 0.78 0.43 0.75 0.48 4.00 3.33 2.17 1.00 2.63 83.61 -7.05 
 23 0.89 0.87 0.59 0.34 0.67 0.37 4.00 1.29 1.61 1.00 1.98 54.75 -5.78 
 24 0.89 0.90 0.85 0.50 0.79 0.53 4.00 3.50 2.92 1.00 2.85 93.80 -8.11 
 25 0.90 0.84 0.87 0.37 0.74 0.46 4.00 2.92 2.33 1.00 2.56 80.83 -6.95 
 26 0.90 0.90 0.88 0.47 0.79 0.52 4.00 3.50 2.58 1.00 2.77 90.09 -7.82 
 27 0.91 0.88 0.54 0.33 0.66 0.35 4.00 1.78 1.00 1.00 1.94 53.36 -5.20 
 28 0.90 0.89 0.64 0.38 0.70 0.41 4.00 2.42 1.71 1.00 2.28 68.33 -6.28 
 29 0.92 0.90 0.88 0.39 0.77 0.50 4.00 2.64 2.13 1.00 2.44 75.43 -6.74 
 30 0.89 0.80 0.54 0.24 0.62 0.29 4.00 1.46 1.17 1.00 1.91 51.67 -5.53 
 31 0.89 0.90 0.89 0.51 0.80 0.54 4.00 3.44 2.58 1.00 2.76 89.47 -7.27 
 32 0.88 0.90 0.87 0.34 0.75 0.48 4.00 2.71 1.46 1.00 2.29 68.80 -6.26 
 33 0.91 0.74 0.55 0.31 0.63 0.31 4.00 2.15 1.00 1.00 2.04 57.53 -5.58 
 34 0.88 0.89 0.58 0.22 0.65 0.34 4.00 1.22 1.21 1.00 1.86 49.51 -4.92 
 35 0.89 0.91 0.88 0.63 0.83 0.58 4.00 3.35 2.63 1.17 2.78 90.71 -7.92 
 36 0.88 0.77 0.54 0.30 0.62 0.31 4.00 2.32 1.75 1.00 2.27 67.71 -6.21 
 Tukey

Z
 0.06 0.20 0.27 0.33 0.16 0.20 n.a. 1.74 1.79 0.21 0.59 34.55 n.a. 

               
Set3               
 37 0.89 0.88 0.74 0.27 0.70 0.36 4.00 2.76 1.00 1.00 2.19 67.42 -6.09 
 38 0.91 0.88 0.87 0.39 0.76 0.46 4.00 3.50 2.64 1.00 2.78 95.24 -7.53 
 39 0.90 0.87 0.75 0.33 0.71 0.40 4.00 2.54 1.08 1.00 2.16 67.31 -5.97 
 40 0.90 0.84 0.70 0.28 0.68 0.35 4.00 2.92 1.33 1.00 2.31 74.25 -6.40 
 41 0.91 0.81 0.50 0.33 0.64 0.29 4.00 2.53 1.00 1.00 2.13 66.23 -5.88 
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 42 0.92 0.84 0.60 0.28 0.66 0.32 4.00 2.19 1.00 1.00 2.05 62.52 -5.58 
 43 0.90 0.88 0.65 0.33 0.69 0.37 4.00 1.88 1.00 1.00 1.97 58.97 -5.13 
 44 0.92 0.87 0.60 0.30 0.67 0.33 4.00 2.39 1.67 1.00 2.26 72.09 -6.29 
 45 0.92 0.91 0.84 0.35 0.75 0.44 4.00 3.50 2.63 1.00 2.78 95.09 -7.82 
 46 0.92 0.87 0.87 0.28 0.74 0.42 4.00 3.28 2.15 1.00 2.61 87.37 -7.70 
 47 0.92 0.90 0.88 0.40 0.78 0.47 4.00 3.44 2.79 1.00 2.81 96.32 -8.04 
 48 0.91 0.87 0.83 0.33 0.73 0.42 4.00 2.81 1.00 1.00 2.20 69.31 -6.06 
 49 0.89 0.87 0.66 0.27 0.67 0.35 4.00 3.42 1.88 1.00 2.57 85.83 -7.29 
 50 0.88 0.84 0.49 0.31 0.63 0.29 4.00 3.14 1.54 1.00 2.42 79.04 -6.71 
 51 0.92 0.89 0.70 0.33 0.71 0.38 4.00 2.38 1.00 1.00 2.09 64.53 -5.86 
 52 0.91 0.82 0.51 0.28 0.63 0.28 4.00 2.61 1.00 1.00 2.15 67.15 -5.99 
 53 0.93 0.86 0.46 0.29 0.63 0.28 4.00 2.92 1.00 1.00 2.23 70.55 -6.03 
 54 0.92 0.91 0.57 0.32 0.68 0.34 4.00 3.24 1.21 1.00 2.36 76.41 -6.55 
 Tukey

Z
 0.08 0.17 0.32 0.26 0.15 0.23 n.a. 1.64 1.04 n.a. 0.45 30.82 n.a. 

               
Set 4               
 55 0.91 0.87 0.90 0.72 0.85 0.60 4.00 3.33 2.28 1.00 2.65 89.73 -7.70 
 56 0.91 0.88 0.55 0.33 0.67 0.36 4.00 2.17 1.11 1.00 2.07 63.81 -5.91 
 57 0.93 0.88 0.66 0.30 0.69 0.38 4.00 2.22 1.17 1.00 2.10 65.04 -6.08 
 58 0.92 0.90 0.90 0.41 0.78 0.50 4.00 3.50 2.97 1.00 2.87 99.30 -7.40 
 59 0.92 0.90 0.64 0.36 0.70 0.40 4.00 1.71 1.11 1.00 1.95 58.71 -5.55 
 60 0.93 0.88 0.80 0.43 0.76 0.43 4.00 3.46 1.88 1.00 2.58 86.65 -7.49 
 61 0.90 0.85 0.50 0.38 0.66 0.35 4.00 2.42 1.17 1.00 2.15 67.20 -6.00 
 62 0.92 0.91 0.89 0.59 0.83 0.57 4.00 3.31 2.38 1.00 2.67 90.51 -7.70 
 63 0.91 0.91 0.50 0.32 0.66 0.34 4.00 2.32 1.00 1.00 2.08 64.27 -5.80 
 64 0.93 0.89 0.86 0.27 0.74 0.44 4.00 3.22 2.42 1.00 2.66 90.04 -7.08 
 65 0.90 0.91 0.89 0.37 0.77 0.49 4.00 3.36 3.28 1.00 2.91 101.15 -8.62 
 66 0.92 0.89 0.89 0.37 0.77 0.49 4.00 2.83 2.36 1.00 2.55 85.10 -7.18 
 67 0.90 0.89 0.90 0.48 0.79 0.53 4.00 2.75 2.86 1.00 2.65 89.73 -7.42 
 68 0.91 0.90 0.92 0.60 0.83 0.57 4.00 3.00 2.46 1.00 2.61 88.04 -7.18 
 69 0.91 0.91 0.83 0.39 0.76 0.48 4.00 3.33 2.29 1.00 2.66 89.89 -7.33 
 70 0.92 0.91 0.83 0.31 0.74 0.45 4.00 3.24 2.56 1.00 2.70 91.74 -7.49 
 71 0.90 0.89 0.66 0.32 0.69 0.39 4.00 2.25 1.43 1.00 2.17 68.28 -6.31 
 72 0.93 0.91 0.78 0.36 0.74 0.45 4.00 3.17 1.88 1.00 2.51 83.41 -7.01 
 Tukey

Z
 0.07 0.06 0.26 0.31 0.13 0.21 n.a. 1.46 1.67 n.a. 0.52 37.25  

               
Set 5               
 73 0.91 0.90 0.77 0.34 0.73 0.46 4.00 3.13 1.86 1.00 2.50 82.85 -7.01 
 74 0.88 0.77 0.38 0.33 0.59 0.24 4.00 1.00 1.00 1.00 1.75 49.67 -3.45 
 75 0.90 0.91 0.62 0.32 0.69 0.40 4.00 3.13 1.22 1.00 2.34 75.75 -6.40 
 76 0.92 0.90 0.56 0.39 0.69 0.39 4.00 1.81 1.75 1.00 2.14 66.95 -6.15 
 77 0.91 0.89 0.86 0.17 0.71 0.43 4.00 3.50 2.51 1.00 2.75 94.27 -7.56 
 78 0.88 0.89 0.50 0.26 0.63 0.34 4.00 2.42 1.00 1.00 2.10 65.41 -5.94 
 79 0.91 0.89 0.43 0.31 0.63 0.33 4.00 2.92 1.17 1.00 2.27 72.82 -6.26 
 80 0.90 0.88 0.55 0.33 0.66 0.37 4.00 2.13 1.00 1.00 2.03 62.17 -5.58 
 81 0.90 0.90 0.69 0.36 0.71 0.44 4.00 3.04 1.32 1.00 2.34 76.75 -6.35 
 82 0.89 0.88 0.55 0.38 0.68 0.37 4.00 3.39 2.82 1.00 2.80 96.43 -7.95 
 83 0.90 0.79 0.58 0.30 0.65 0.35 4.00 2.82 1.83 1.00 2.41 79.15 -6.26 
 84 0.89 0.85 0.53 0.41 0.67 0.38 4.00 2.88 1.21 1.00 2.27 72.82 -6.17 
 85 0.89 0.88 0.64 0.26 0.67 0.38 4.00 2.72 1.61 1.00 2.33 75.60 -6.64 
 86 0.90 0.89 0.67 0.28 0.69 0.40 4.00 2.86 1.33 1.00 2.30 74.05 -6.37 
 87 0.89 0.90 0.75 0.36 0.72 0.45 4.00 2.96 2.00 1.00 2.49 82.54 -6.70 
 88 0.90 0.89 0.52 0.29 0.65 0.36 4.00 2.78 1.17 1.00 2.24 71.28 -6.24 
 89 0.90 0.89 0.51 0.35 0.66 0.37 4.00 2.38 1.25 1.00 2.16 67.73 -6.10 
 90 0.90 0.89 0.36 0.23 0.60 0.28 4.00 3.10 1.63 1.00 2.43 79.92 -6.71 
 Tukey

Z
 0.05 0.17 0.38 0.22 0.15 0.20  1.60 1.94  0.59 30.38  
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Set 6               
 91 0.91 0.89 0.66 0.55 0.76 0.47 4.00 3.31 2.08 1.00 2.60 86.26 -7.16 
 92 0.89 0.89 0.59 0.42 0.70 0.40 4.00 2.78 1.17 1.00 2.24 66.87 -6.30 
 Bergen 0.91 0.81 0.58 0.45 0.69 0.38 4.00 1.39 1.00 1.00 1.85 52.93 -4.71 
 Norstar Seed did not germinate 
 Tukey

Z
 0.06 0.12 0.47 0.16 0.12 0.15 n.a. 1.35 2.21 n.a. 0.49 27.37 n.a.

 
z value from Tukey HSD test for multiple means comparisons using α=0.05.  
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Table 2.29. Analysis of variance for cold tolerance tested doubled haploid breeding lines developed 
from Norstar x Bergen cross tested in experiment 5.     

 

 Fv/Fm  Visual Assessment   
Parameter F-value P-value F-value P-value 

 
Set 1     
Temperature           282.28     <.0001 59.51      0.001 
Line          6.97     <.0001 11.05      <.0001 
Temperature x Line  3.44    <.0001 5.08      <.0001 
Individual Temperatures     
Control  1.07 0.42 n.a.  
-6 1.67     0.10 7.94      <.0001 
-8 10.66     <.0001 3.03      <.0001 
-12 1.44     0.18 0.85      0.63 
Set 2     
Temperature           115.71     <.0001 33.41      0.0007 
Line         9.96     <.0001 9.31      <.0001 
Temperature x Line  1.95     0.005 2.90      <.0001 
Individual Temperatures     
Control  0.75 0.76 n.a.  
-6 2.75     0.006 5.87      <.0001 
-8 9.28     <.0001 3.86      0.0005 
-12 2.71     0.006 0.92      0.56 
Set 3     
Temperature           122.68     0.0002 60.39      0.0010 
Line           4.26     <.0001 9.61      <.0001 
Temperature x Line  2.32     0.0006 3.70      <.0001 
Individual Temperatures     
Control  0.78 0.74 n.a.  
-6 0.73     0.75 2.84      0.006 
-8 5.58     <.0001 9.65      <.0001 
-12 0.44     0.97 n.a.  
Set 4     
Temperature           588.06     <.0001 53.56      0.0001 
Line          8.99     <.0001 8.16      <.0001 
Temperature x Line  4.51     <.0001 2.89      <.0001 
Individual Temperatures     
Control  0.67 0.85 n.a.  
-6 1.72     0.04 3.70      0.0005 
-8 8.83     <.0001 5.42      <.0001 
-12 4.50     0.0001 n.a.  
Set 5     
Temperature           292.60     <.0001 54.89      0.0012 
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Line          3.09     0.0003 4.97      <.0001 
Temperature x Line  2.65     0.0001 2.30      0.0008 
Individual Temperatures     
Control  0.61 0.9 n.a.  
-6 1.34     0.23 3.74      0.0005 
-8 3.61     0.001 2.74      0.008 
-12 1.33     0.18 n.a.  
Set 6     
Temperature           40.67     <.0001 20.82     <.0001 
Line           1.80     0.19 6.57     0.003 
Temperature x Line  0.55     0.70 3.39     0.04 
Individual Temperatures     
Control  0.32 0.95 n.a.  
-6 4.92     0.007 10.67     0.01 
-8 0.29     0.76 1.73     0.26 
-12 2.50     0.10 n.a. 
Indoor Freezing Survival Index Complete Experimental Dataset (CRD) 
IFSI 3.89 <.0001 3.29 <.0001 

 
  



 

 

176 

 

 
Table 2.30. Rank correlation between LT50 testing carried out at Lethbridge and Fv/Fm, visual 
assessment, indoor freezing survival index and LT50 analysis at Guelph from experiment 5.  

 
 Fv/Fm      Visual Assessment    Guelph 
 Control -6

o
C -8

o
C -12

o
C Mean  IFSI Control -6

o
C -8

o
C -12

o
C Mean  IFSI LT50 

Lethbridge  -0.06  -0.52* -0.67* 0.08  -0.44   -0.45    n.a.  -0.44   -0.32   -0.46   -0.42  -0.52* 0.36 
LT50 

* Significant at a Type I error rate of 0.05 (α=0.05) 
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Table 2.31. Analysis of variance for cold tolerance evaluations of all germplasm (experiments 1, 2, 3, 4, 
5) tested via Fv/Fm and visual assessment and analysed via indoor freezing survival index (IFSI).   

Parameter F-value P-Value       

 
Fv/Fm 8.03 <.0001 
Visual 7.16 <.0001  
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Table 2.32. Data for cold tolerance evaluations of all germplasm tested (experiments 1, 2, 3, 4, 5) via 
Fv/Fm and analysed using the indoor freezing survival index (Fv/Fm-IFSI).   

 

 Breeding Line/    Breeding Line/    Breeding Line/ 
Rank Cultivar IFSI   Rank Cultivar IFSI  Rank Cultivar  IFSI

 
1 Maxine 0.68 38 Ashley 0.55 75 Cassata 0.50 
2 25W41 0.66 39 45-F x 7C 0.55 76 1-F x 7C 0.50 
3 Harvard 0.64 40 32-F x 7C 0.55 77 15-F x 7C 0.50 
4 Carlisle 0.63 41 52-F x 7C 0.54 78 41-F x 7C 0.50 
5 Froid 0.63 42 12-F x 7C 0.54 79 29-N x B 0.50 
6 19-F x 7C 0.63 43 31-N x B 0.54 80 3-N x B 0.50 
7 63-F x 7C 0.62 44 26-F x 7C 0.54 81 34-F x 7C 0.50 
8 57-F x 7C 0.61 45 McKellar 0.53 82 65-N x B 0.49 
9 59-F x 7C 0.61 46 Fridericus 0.53 83 Flagon 0.49 
10 65-F x 7C 0.61 47 8-F x 7C 0.53 84 13-N x B 0.49 
11 44-F x 7C 0.61 48 H260-017 0.53 85 15-N x B 0.49 
12 58-F x 7C 0.61 49 47-F x 7C 0.53 86 H260-008 0.49 
13 43-F x 7C 0.60 50 24-N x B 0.53 87 16-N x B 0.49 
14 55-N x B 0.60 51 67-N x B 0.53 88 66-N x B 0.49 
15 FT Wonder 0.59 52 38-F x 7C 0.52 89 11-F x 7C 0.49 
16 48-F x 7C 0.59 53 25R47 0.52 90 9-F x 7C 0.48 
17 68-F x 7C 0.58 54 26-N x B 0.52 91 53-F x 7C 0.48 
18 35-N x B 0.58 55 25-F x 7C 0.52 92 11-N x B 0.48 
19 61-F x 7C 0.58 56 5-F x 7C 0.52 93 69-N x B 0.48 
20 60-F x 7C 0.58 57 54-F x 7C 0.52 94 7-F x 7C 0.48 
21 62-F x 7C 0.58 58 20-N x B 0.52 95 8-N x B 0.48 
22 66-F x 7C 0.57 59 10-N x B 0.52 96 22-N x B 0.48 
23 68-N x B 0.57 60 18-F x 7C 0.52 97 32-N x B 0.48 
24 67-F x 7C 0.57 61 16-F x 7C 0.51 98 33-F x 7C 0.47 
25 Superior 0.57 62 AC Morley 0.51 99 35-F x 7C 0.47 
26 62-N x B 0.57 63 13-F x 7C 0.51 100 47-N x B 0.47 
27 H271-003 0.56 64 39-F x 7C 0.51 101 25-N x B 0.46 
28 Emmit 0.56 65 28-F x 7C 0.51 102 30-F x 7C 0.46 
29 H262-033 0.56 66 37-F x 7C 0.51 103 14-N x B 0.46 
30 H262-021 0.56 67 9-N x B 0.51 104 21-F x 7C 0.46 
31 Warthog 0.56 68 40-F x 7C 0.51 105 7-N x B 0.46 
32 56-F x 7C 0.56 69 Pearl 0.50 106 73-N x B 0.46 
33 10-F x 7C 0.56 70 20-F x 7C 0.50 107 91-N x B 0.46 
34 14-F x 7C 0.55 71 58-N x B 0.50 108 38-N x B 0.46 
35 2-F x 7C 0.55 72 17-N x B 0.50 109 87-N x B 0.45 
36 29-F x 7C 0.55 73 MacGregor 0.50 110 17-F x 7C 0.45 
37 H260-023 0.55 74 4-N x B 0.50 111 Maris Otter 0.45 
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112 42-F x 7C 0.45 141 39-N x B 0.40 170 78-N x B 0.34 
113 72-N x B 0.45 142 18-N x B 0.39 171 1-N x B 0.33 
114 70-N x B 0.45 143 71-N x B 0.39 172 44-N x B 0.33 
115 45-N x B 0.44 144 76-N x B 0.39 173 79-N x B 0.33 
116 64-N x B 0.44 145 51-N x B 0.38 174 19-N x B 0.33 
117 81-N x B 0.44 146 57-N x B 0.38 175 OAC Kawartha 0.33 
118 3-F x 7C 0.44 147 85-N x B 0.38 176 12-N x B 0.32 
119 22-F x 7C 0.44 148 84-N x B 0.38 177 42-N x B 0.32 
120 60-N x B 0.43 149 Bergen 0.38 178 21-N x B 0.31 
121 50-F x 7C 0.43 150 82-N x B 0.37 179 36-N x B 0.31 
122 77-N x B 0.43 151 23-N x B 0.37 180 33-N x B 0.31 
123 23-F x 7C 0.43 152 80-N x B 0.37 181 50-N x B 0.29 
124 2-N x B 0.43 153 89-N x B 0.37 182 30-N x B 0.29 
125 36-F x 7C 0.43 154 55-F x 7C 0.37 183 41-N x B 0.29 
126 Siete Cerros 0.43 155 43-N x B 0.37 184 Sable 0.29 
127 27-F x 7C 0.43 156 37-N x B 0.36 185 51-F x 7C 0.29 
128 31-F x 7C 0.42 157 56-N x B 0.36 186 90-N x B 0.28 
129 6-F x 7C 0.42 158 88-N x B 0.36 187 53-N x B 0.28 
130 46-N x B 0.42 159 27-N x B 0.35 188 52-N x B 0.28 
131 48-N x B 0.42 160 6-N x B 0.35 189 606 0.26 
132 4-F x 7C 0.42 161 40-N x B 0.35 190 74-N x B 0.24 
133 5-N x B 0.41 162 SW 126-047 0.35 191 Hoffman 0.24 
134 46-F x 7C 0.41 163 83-N x B 0.35 192 Winfield 0.24 
135 28-N x B 0.41 164 61-N x B 0.35 193 Hobson 0.17 
136 59-N x B 0.40 165 49-F x 7C 0.35 194 Norwell 0.17 
137 75-N x B 0.40 166 49-N x B 0.35 195 Quantum 0.17 
138 86-N x B 0.40 167 54-N x B 0.34 196 HY 124 HRS 0.15 
139 92-N x B 0.40 168 63-N x B 0.34 197 Isidore 0.13 
140 24-F x 7C 0.40 169 34-N x B 0.34 198 Superb 0.05 
       Tukey (0.05) 0.26 

 
z F x 7C denotes lines from Froid x Siete Cerros F3:4 population 
y N x B denotes lines from Norstar x Bergen doubled haploid population  
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Table 2.33. Data for cold tolerance evaluations of all germplasm tested (experiments 1, 2, 3, 4, 5) via 
visual assessment and analysed using the indoor freezing survival index (visual-IFSI).   

 
 Breeding Line/    Breeding Line/   Breeding Line/ 
Rank Cultivar IFSI (%) Rank Cultivar IFSI (%) Rank Cultivar  IFSI (%) 

 
1 Froid <120.04 38 26-N x B 90.09 75 58-F x 7C 81.87 
2 59-F x 7C <111.38 39 64-N x B 90.04 76 25-N x B 80.83 
3 66-F x 7C <110.68 40 30-F x 7C 90.04 77 Fridericus 80.42 
4 65-F x 7C <106.86 41 69-N x B 89.89 78 90-N x B 79.92 
5 68-F x 7C <102.18 42 67-N x B 89.73 79 Superior 79.88 
6 60-F x 7C <101.31 43 55-N x B 89.73 80 11-F x 7C 79.82 
7 65-N x B 101.15 44 FT Wonder 89.57 81 44-F x 7C 79.76 
8 Carlisle 99.41 45 31-N x B 89.47 82 18-F x 7C 79.30 
9 58-N x B 99.30 46 52-F x 7C 89.14 83 83-N x B 79.15 
10 38-F x 7C <97.64 47 67-F x 7C 88.29 84 61-F x 7C 79.09 
11 3-N x B <96.58 48 68-N x B 88.04 85 50-N x B 79.04 
12 82-N x B 96.43 49 AC Morley 87.87 86 62-F x 7C 78.91 
13 47-N x B <96.32 50 Maxine 87.84 87 15-F x 7C 78.61 
14 25-F x 7C 96.12 51 4-F x 7C 87.64 88 5-F x 7C 78.43 
15 10-N x B 95.80 52 2-F x 7C 87.64 89 MacGregor 78.21 
16 Warthog 95.70 53 45-F x 7C 87.57 90 31-F x 7C 77.71 
17 25R47 95.35 54 46-N x B <87.37 91 21-F x 7C 77.71 
18 38-N x B <95.24 55 17-N x B 86.85 92 13-N x B 77.29 
19 45-N x B <95.09 56 60-N x B 86.65 93 Ashley 76.82 
20 26-F x 7C 94.38 57 53-F x 7C <86.36 94 81-N x B 76.75 
21 77-N x B 94.27 58 91-N x B 86.26 95 54-N x B 76.41 
22 10-F x 7C 94.23 59 4-N x B 86.24 96 75-N x B 75.75 
23 24-N x B 93.80 60 Emmit 86.00 97 85-N x B 75.60 
24 29-F x 7C 93.68 61 39-F x 7C 85.84 98 29-N x B 75.43 
25 63-F x 7C 93.50 62 49-N x B <85.83 99 41-F x 7C 75.42 
26 47-F x 7C <92.78 63 9-N x B 85.62 100 16-N x B 75.13 
27 20-F x 7C <92.64 64 25W41 85.49 101 49-F x 7C 75.07 
28 19-F x 7C 92.30 65 66-N x B 85.10 102 42-F x 7C 75.07 
29 57-F x 7C <92.11 66 8-F x 7C 85.03 103 15-N x B 74.97 
30 Harvard 91.99 67 22-N x B 83.61 104 40-F x 7C 74.90 
31 70-N x B 91.74 68 72-N x B 83.41 105 14-N x B 74.82 
32 28-F x 7C 91.25 69 33-F x 7C 83.09 106 48-F x 7C 74.38 
33 35-N x B <90.71 70 73-N x B 82.85 107 37-F x 7C 74.38 
34 22-F x 7C 90.56 71 14-F x 7C 82.77 108 H262-033 74.28 
35 62-N x B 90.51 72 87-N x B 82.54 109 H262-021 74.28 
36 43-F x 7C 90.18 73 35-F x 7C 82.40 110 40-N x B 74.25 
37 54-F x 7C <90.18 74 1-F x 7C 81.91 111 23-F x 7C 74.24 
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112 H260-017 74.17 147 52-N x B 67.15 182 59-N x B 58.71 
113 86-N x B 74.05 148 76-N x B 66.95 183 Hoffman 58.61 
114 56-F x 7C 73.88 149 92-N x B 66.87 184 6-F x 7C 58.12 
115 55-F x 7C 73.88 150 16-F x 7C 66.80 185 1-N x B 57.84 
116 34-F x 7C 73.55 151 41-N x B 66.23 186 Superb-treated 57.76 
117 7-F x 7C 73.40 152 12-N x B 65.87 187 33-N x B 57.53 
118 12-F x 7C 72.88 153 36-F x 7C 65.73 188 Hobson 57.10 
119 79-N x B 72.82 154 51-F x 7C 65.70 189 Norwell-treated 56.98 
120 84-N x B 72.82 155 Maris Otter 65.60 190 Glenn-treated 55.89 
121 7-N x B 72.81 156 606-treated 65.57 191 11-N x B 55.22 
122 H271-003 72.32 157 78-N x B 65.41 192 23-N x B 54.75 
123 50-F x 7C 72.12 158 57-N x B 65.04 193 Superb 54.66 
124 44-N x B 72.09 159 51-N x B 64.53 194 6-N x B 54.45 
125 Hoffman-treated 71.46 160 21-N x B 64.47 195 18-N x B 54.45 
126 88-N x B 71.28 161 63-N x B 64.27 196 OAC Kawartha 53.74 
127 H260-023 70.93 162 HY 124 HRS-treated 64.15 197 8-N x B 53.37 
128 53-N x B 70.55 163 HY 017 HRS 63.91 198 27-N x B 53.36 
129 13-F x 7C 70.45 164 HY 124 HRS 63.85 199 Bergen 52.93 
130 32-F x 7C 70.42 165 56-N x B 63.81 200 Quantum-treated 52.76 
131 Flagon 70.35 166 HY 162 HRF-treated 63.48 201 Isidore 52.75 
132 McKellar 70.12 167 Hobson-treated 63.03 202 Norwell 52.75 
133 27-F x 7C 69.73 168 Cassata 62.82 203 Sable-treated 51.73 
134 H260-008 69.54 169 42-N x B 62.52 204 30-N x B 51.67 
135 48-N x B 69.31 170 80-N x B 62.17 205 Winfield 50.84 
136 32-N x B 68.80 171 HY 162 HRF 61.83 206 SW 126-047 49.90 
137 Pearl 68.73 172 Siete Cerros 61.64 207 74-N x B 49.67 
138 28-N x B 68.33 173 HY 017 HRS-treated 61.01 208 34-N x B 49.51 
139 71-N x B 68.28 174 17-F x 7C 60.03 209 Quantum 49.20 
140 46-F x 7C 67.78 175 24-F x 7C 60.00 210 19-N x B 48.42 
141 89-N x B 67.73 176 3-F x 7C 59.86 211 HY 124 HRS 47.89 
142 36-N x B 67.71 177 5-N x B 59.85 212 Sable 45.94 
143 9-F x 7C 67.50 178 2-N x B 59.38 213 Glenn 45.83 
144 37-N x B 67.42 179 20-N x B 59.38  Tukey (0.05) 37.90 
145 39-N x B 67.31 180 43-N x B 58.97    
146 61-N x B 67.20 181 606 58.86     

 
z F x 7C denotes lines from Froid x Siete Cerros F3:4 population 
y N x B denotes lines from Norstar x Bergen doubled haploid population   
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A. Shand Dam, Fergus, Ontario in 2007-08    

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

B. Elora Research Station, Elora, Ontario in 2008-09 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.1. Weather data for air temperature (dotted line) and snow depth (solid line) taken at the 

closest location to Mimosa, Ontario; Shand Dam, Fergus, Ontario in 2007-08 (A) and at the Elora 

Research Station, Elora, Ontario in 2008-09 (B). 
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CHAPTER 3. USING CANOPY REFLECTANCE INDICES TO ASSESS WINTER SURVIVAL 

3.1 Introduction 

Winter survival is an extremely complex trait and in winter wheat it requires a plant to be tolerant to 

freezing, icing, flooding, desiccation, disease and frost heaving (Brown and Blackburn 1987; McKersie 

and Hunt 1987; Pearce 1999).  For plant breeders, producing wheat varieties that fit all of these criteria 

is a challenge.   

In Ontario, winter wheat varieties that often produce exceptional yields in one part of the growing area 

do not thrive in another, making breeding for adaptation across all regions difficult.  In more southern 

areas of the growing region, it is common to have heavy snow, freeze thaw cycles and flooding with 

limited exposure to extreme cold.  In the northern areas of Ontario and regions of higher elevation with 

lower snow fall amounts, cold tolerance is the most important concern.  Examination of the Ontario 

winter wheat performance trials from 2006 to 2010 shows the differences among growing regions.  The 

average winter survival of Ontario adapted varieties in the southern region of the growing area was 98% 

with a range of 97% to 99%, compared to the northern growing region which averaged 81% survival and 

had a range of 76% to 87% (Ontario Cereal Crop Committee 2011).   

In Ontario, a majority of the winter survival and cold tolerance screening is completed outdoors with 

evaluation based on simple percent survival of yield plots (Ontario Cereal Crop Committee 2010).  This 

method has been widely used in cereal winter hardiness research along with a similar method of rating 

plots on a pre-determined scale (Fowler and Gusta 1979; Rapacz and Wozniczka 2009; Rizza et al. 2001).   

In winter wheat yield trials, the recommended methodology to ensure test uniformity is to determine 

thousand kernel weight (TKW) and percent germination of a sample seed lot to be used as the source of 

seed for the trial.  However, often only thousand kernel weight is used to determine the number of 

seeds per plot to plant and the assumption is made that the germination of the seeds is almost perfect 
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(approximately 95%).   This assumption leads to differences in fall stands which could affect winter 

survival evaluation, as well as grain yield at harvest. 

Visual assessment of yield plot winter survival in the spring involves evaluating how "full" a plot looks 

based on visible biomass.  One issue with visual assessment of plots is the accuracy of observations and 

the problem of observation and confirmation bias.  More important, issues estimating winter survival 

arise if no baseline (visual assessment or quantification of yield plot plant stands) has been established 

in the fall.  Adjustments made for variation in fall plant stands could lead to a more accurate assessment 

of winter survival.  

An alternative method to visual estimation of biomass is the measurement of canopy reflectance.  A 

number of studies have used canopy reflectance to evaluate wheat germplasm for biomass production 

(Babar et al. 2006; Elliot and Regan 1993; Hansen and Schjoerring 2003; Prasad et al. 2009).   Most of the 

studies evaluating biomass production in wheat have been geared towards increasing yield potential 

through increased biomass (Babar et al. 2006; Elliot and Regan 1993; Prasad et al. 2009).  Only a few 

studies have evaluated wheat biomass in early stages of development (Bellairs et al. 1996; Elliot and 

Regan 1993).  Elliot and Regan (1993) found a good correlation between light reflected in the visible 

range and biomass.  Another study used normalized difference vegetation index (NDVI) and transformed 

soil adjusted vegetation index (TSAVI) reflectance indices on wheat plants with a leaf area index (LAI) of 

approximately 1.5.  Results from this analysis found good correlations with biomass across several soil 

types (Bellairs et al. 1996).  

One advantage to early detection of biomass is that reflectance saturation has not been reached as is 

the case in the studies analysing biomass at full canopy (Alvaro et al. 2007; Elliot and Regan 1993; Smith 

et al. 2008).  This means that informative differences between cultivars with regards to biomass are 

possible.  An Issue that arises with evaluating early biomass is the effect of soil reflectance (Bellairs et al. 
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1996; Huete 1988).  However, in a comparison between NDVI and MTVI2 at low LAI, it appears that both 

NDVI (sensitive to soil reflectance) and MTVI2 (insensitive to soil reflectance) can be sufficient for 

biomass determination (Smith et al. 2008).   

  The purpose of this study was to use spectral reflectance as a tool to detect differences in winter 

survival of winter wheat.  Canopy reflectance measurements taken in the fall, before the onset of 

winter,  and in spring at 'green up' could facilitate a direct comparison between fall and spring plant 

density providing a method to correct for variation in fall plant stand, and therefore improving winter 

survival assessment.  Canopy reflectance measurements have the potential to be more rapid and have 

less bias compared to visual assessment methods.   

3.2 Materials and Methods 

3.2.1 Plant Material 

For this experiment, winter wheat varieties entered in the 'Area II' 2009 Ontario Cereal Crop Committee 

(OCCC) performance trials were evaluated (www.gocereals.ca).  The 2009 performance trial test was 

composed of 42 Ontario adapted hard red, soft red and soft white winter wheat varieties.  To be 

entered in this trial, all varieties must have been deemed acceptable by the OCCC for agronomic and 

disease criteria and be registered varieties.  

3.2.2 Locations and Experimental Design 

Spectral reflectance measurements were taken at Elora and Harriston, two of the ten experiment 

locations for the Ontario Performance trial.  Elora (43°39′00″N 80°25′00″W) has a London loam (grey-

brown podzolic with imperfect drainage) soil type and accumulates approximately 2828 crop heat units.  

Harriston (43°54′43″N 80°52′13″W) has a Harriston silt loam (grey-brown podzolic) soil type and 

accumulates approximately 2750 crop heat units.  Both locations are within Area II Ontario performance 

http://toolserver.org/~geohack/geohack.php?pagename=Elora,_Ontario&params=43_41_6_N_80_25_38_W_type:city_region:CA-ON
http://toolserver.org/~geohack/geohack.php?pagename=Harriston,_Ontario&params=43_54_43_N_80_52_13_W_type:city_region:CA-ON
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trial mega-environment and have similar recommended planting dates (OMAFRA, 2011).  Elora is 

approximately 45 km southeast of Harriston.  The trial was set up in a 6 x 7 alpha lattice design with four 

replications at each location.   

At Elora, the trial was planted on October 20, 2008 with a six row Wintersteiger Plotmaster seeder at a 

seeding rate of 400 seeds/m2.   Spacing between rows was 17.8 cm for a total plot width of 106.8 cm.  

Plot length was approximately four meters making the total plot area 4.3 m2.  At Harriston, the trial was 

planted on October 11, 2008 with an eight row Hege plot drill at a seeding rate of 400 seeds/m2.  

Spacing between rows was 15 cm for a total plot width of 120 cm.  Plot length was approximately four 

meters making the total plot area 4.8 m2.   

Elora Research Station weather data for mean temperature and snow cover was recovered from the 

research station weather records.  The closest weather station with a similar climate to Harriston that 

measured snow cover and temperature was at Markdale, Ontario (44°16'08"N, 80°42'43"W).  Weather 

data was downloaded from the Environment Canada’s National Climate Data and Information Archive 

Webpage (www.climate.weatheroffice.gc.ca) 

3.2.3 Spectral Reflectance Measurements 

A UniSpec DC dual channel hyperspectral radiometer (PP Systems; Hammerhill, MA) with a spectral 

measuring range of 310 nm to 1100 nm was used to take canopy reflectance measurements.  The 

average separation between measured wavelengths (bin) was 3.3 nm with the spectral resolution 

(ability to differentiate between wavelengths) less than 10 nm and the accuracy was 0.3 nm.  The dual 

channel system uses 2.1 mm diameter glass foreoptics. Channel 1 had a cosine receptor attached to 

measure incident radiation.  Channel 2 had a 100-mm stainless steel ferrule covering a polished fibre tip 

with a 25o field of view.  A Spectralon panel (PP Systems; Hammerhill, MA) was used as a white 

reference for spectrometer calibration.   Both channels were attached to a 1.5 metre tall portable 't' 
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frame wooden structure with the cosine receptor fixed at zenith.  Channel 2 receptor was fixed 

approximately 1.5 m above the canopy to the wood frame at a 45o angle from nadir.  Length of scan 

time (integration time) was 10 ms, and 10 10-ms scans were averaged together for each measurement.  

Two measurements were taken per plot.  Measurements were taken between 10:00 and 14:00.  The 

approximate size of the area evaluated in each plot was 0.25 m2.  At Elora, reflectance measurements 

were taken November 12, 2008, February 16, 2009, March 20, 2009, and April 30, 2009.  At Harriston, 

measurements were taken November 12, 2008 and April 30, 2009.  Snow cover at Harriston did not 

allow for reflectance measurements to be taken in February or March. 

3.2.4 Visual Assessment of Field Plots 

Immediately after spectral reflectance measurements were taken on November 12, plots were 

evaluated visually for plant stand.  Assessment was based on uniform canopy coverage of the plots.  

Plots were also visually evaluated for growth habit (erect, semi-erect and prostrate) at this time.  Winter 

survival was visually assessed on April 30, 2009 at both locations.  The plots were assessed visually as 

the percentage of the plot remaining, compared to an expected full plot. 

Statistical Analysis 

Two reflectance measurements were taken per plot at each measuring date and an average value was 

calculated.  PROC CORR (SAS version 9.2; SAS Institute, Cary, NC) was used to examine linear 

relationships with specific wavelengths and percent winter survival measured at each location on April 

30.   

58 indices developed to measure a number of plant canopy parameters were obtained from spectral 

reflectance literature (Table 1).  The indices were calculated for each plot and PROC CORR spearman 

rank correlations between each index and winter survival data were calculated.  Indices were selected 

for further analysis based on highest total correlation coefficient value summed across locations and 
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highest correlation rank (stability) across locations.  Analysis of variance for all measurements at a 

location was carried out to examine measurement time, entry and measurement time x entry 

interactions using PROC MIXED (SAS version 9.2; SAS Institute, Cary, NC) and the repeated statement 

‘repeated / sub=rep*entry’.  Heterogeneity of variance analysis indicated that fall reflectance data for 

Elora and Harriston could be combined for analysis of variance using PROC MIXED (SAS version 9.2; SAS 

Institute, Cary, NC) to examine differences between locations, entries and location x entry interactions.   

Linear correlations between reflectance measurements taken at each location on November 12 were 

calculated using PROC CORR (SAS version 9.2; SAS Institute, Cary, NC).  Further correlations were 

generated for reflectance measurements taken at each measurement interval and winter survival within 

each location.  The Type I error rate for all statistical tests was 5% (α=0.05). 

To develop a model for calculating winter survival from reflectance measurements, the PROC REG 

procedure in SAS was used.  Non-transformed and transformed data was analysed and the best model 

was selected based on lowest root mean square error (RMSE) and highest coefficient of determination 

(R2) values.  To determine the most precise model based on estimates of winter survival derived from 

spectral reflectance measurements, root mean square error was calculated (Zhao et al. 2007).   

RMSE=√ ∑   ̂  
   -        

Where  ̂  is the predicted value from the model,    is the actual winter survival value and   is the 

number of samples. 
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3.2.5 Calculation of a Corrected Winter Survival Value Based on Spectral Reflectance Values 

3.2.5.1 METHOD 1:  RATIO AND RANK  

To calculate the ratio of plot remaining after exposure to winter conditions, April 30 values were divided 

by November 12 values to create a ratio value for each plot.  The ratio values were ranked and plotted 

against rankings of percent winter survival to examine rank change among varieties. 

3.2.5.2 METHOD 2:  CALCULATION OF LINEAR ADJUSTED PERCENT WINTER SURVIVAL USING DEVIATION FROM FALL 

MEAN REFLECTANCE VALUES 

From November 12 canopy reflectance measurements, the deviation for each plot was calculated by 

subtracting the plot mean value for the calculated index (MSR1, GNDVI or MNDVI2) from the overall 

mean of all plot index values.  The deviation was divided by the overall mean index value.  A value of 1 

was added to this value to aid in calculating the corrected winter survival percentage.  This value was 

multiplied by the April 30 visually assessed winter survival percentage of the plot to produce the 

adjusted winter survival percentage.  This is summarized by the equation: 

Adjusted Winter Survivallinear-visual={[( -Xij)/  ]+1} * WSij, 

Where   is the overall mean of the November 12 index values across plots (i) and replications (j) at a 

location, Xij is the  November 12 individual plot index value and WSij is the percent winter survival of the 

plot based on April 30 visual assessment. 

3.2.5.3 METHOD 3:  DEVIATION FROM FALL REFLECTANCE METHOD-MODEL-BASED ANALYSIS 

Using the location-specific model generated from the April 30 reflectance and winter survival data, 

percent plot stand in the fall was estimated for each plot from November 12 reflectance index values.  

Using the same equation for Method 2, deviation from the mean estimated plot stand across 

replications for each location was calculated by subtracting the estimated percent plot stand from the 
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overall estimated mean of the fall stand.  The deviation from the estimated overall mean was divided by 

the overall estimated mean and a value of one was added to this value.  This value was then multiplied 

by an estimated winter survival value derived from the model as calculated from the April 30 canopy 

reflectance index for each plot. 

Adjusted Winter Survival model={[( -Xij)/  ]+1} * WSij, 

Where   is the overall mean of the November 12 index values  across plots (i) and replications (j)at a 

location as estimated by the location specific model, Xij is the model derived estimated value of the 

November 12 individual plot stand and WSij is the model estimated percent winter survival of the plot 

based on April 30 reflectance values. 

3.2.5.4 METHOD 4:  DEVIATION FROM FALL REFLECTANCE METHOD-MODEL-BASED ADJUSTMENT OF VISUALLY ASSESSED 

DATA 

This method calculated deviation in the same manner as method 3.   Instead of multiplying the model 

derived percent winter survival by the deviation, the deviation was multiplied to the visually assessed 

winter survival value. 

Adjusted Winter Survivalmodel-visual={[( -Xij)/  ]+1} * WSij, 

Where   is the estimated overall mean of the November 12 index values across plots (i) and replications 

(j) at a location as determined by the location specific model, Xij is the model estimated value of the 

November 12 individual plot index value and WSij is the visually assessed percent winter survival. 

3.3 Results 

Environmental conditions were a major factor in this experiment.  As illustrated in Figure 3.1, snow 

cover at Elora (Figure 3.1A) melted away much earlier than Harriston which is reflected in Markdale 

(Figure 3.1B), weather data.  As a result of warm weather in February, the snow cover at Elora was 
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reduced to 0 cm by February 12, 2009.  No further snow was accumulated for the rest of the winter.  A 

period of extreme cold from February 28 to March 4 left plants exposed to mean temperatures that 

ranged between -10.1 and -14.3 oC.  Temperatures at Markdale were similar to Elora with the major 

difference being that Markdale had 30 cm of snow cover over the same time period.  At Markdale, the 

snow cover was finally reduced to 0 cm with no further accumulation on April 11, 2009.  

Reflectance measurements taken over the course of the experiment exhibited a low level of reflectance 

(Figure 3.2A).  At Elora, reflectance increased over the growing period, however; the increase was not 

sequential.  November 12 reflectance measurements had the lowest reflectance values, followed by 

April 30, February 12 and March 20 reflectance values.  At Harriston, November 12 reflectance values 

were lower than the April 30 reflectance values (Figure 3.2B).   

Average winter survival of yield plots at Elora was 52.2% with a range of 11.3% to 75% (Table 3.2).  At 

Harriston winter survival was significantly higher (F=140.87; P=0.0013; Table 3.3) with a mean winter 

survival of 79.8% and a range of 32.5% to 93.5% (Table 3.2).  There was a significant difference among 

cultivars (F=24.05; <.0001; Table 3.3).  There was also a significant location x cultivar interaction 

indicating that cultivars did not have the same reaction to winter conditions at each location (Table 3.3).   

Correlation analysis was carried out on individual reflectance wavelengths bins measured on April 30 

with winter survival data at both locations (Figure 3.3).  Both locations displayed a similar pattern with 

significant negative correlations between 340nm and 710 nm.  A significant positive correlation was 

found between 734 nm to 1023 nm at both locations.   

58 separate indices (Table 3.1) were calculated and correlated to winter survival (Table 3.4).  Three 

indices were chosen for further analysis based on absolute sum total of correlation coefficient values 

across locations; green normalized difference vegetation index (GNDVI) and modified normalized 
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difference vegetation index 2 (MNDVI2) and highest overall correlation rank (most stable) at both 

locations, Modified simple ratio 1 (MSR1).   

At Elora, mild February temperatures allowed for canopy spectral reflectance measurements to be taken 

and analysis of the effects of cold temperatures on plant above-ground biomass.  MSR1, GNDVI, and 

MNDVI2 data shows a gradual decrease in index values occurred over the winter with an increase in 

values corresponding to spring ‘green up’ on April 30 (Figure 3.4 a, c & e; Table 3.5).  At the time of 

measurement, all indices indicated that the plots had not recovered to a level similar to November 12 or 

February 14 (Table 3.5).  Tests of heterogeneity indicated that the April 30 data could not be combined.  

Therefore each location was analysed separately.  Analysis of variance of data from the three selected 

indices determined that there was a significant difference among sampling dates, cultivars, as well as, a 

significant sampling date X cultivar interaction (Table 3.6).  At Harriston, it was not possible to measure 

canopy reflectance in February and March due to snow cover on plots.  Due to greater winter survival, 

most likely associated with snow cover, index values increased from November 12 measurements to 

April 30 measurements (Figure 3.4B, D and F; Table 3.5).  Analysis of variance was consistent across all 

indices.  A significant difference was found for sampling dates, cultivars, and a significant sampling date 

X cultivar interaction (Table 3.6).    

In general, linear correlations between indices values from various sampling dates and winter survival 

showed a progression of increasing correlation as the winter season progressed (Table 3.4 and 3.7).  One 

exception was for GNDVI which showed a decrease in correlation from the February 16 measurement to 

the March 20 measurement.  This was the general trend among indices using the 500-550 nm 

wavelength range (Table 3.4).  At Elora, a significant positive correlation existed across all four sampling 

times.  However, at Harriston only the April 30 sampling was significantly correlated to winter survival.  

To determine if cultivar ADV Dyno and FT Action had an influence on the data set, they were removed 
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and the analysis was repeated.  November 12 correlations remained similar at Elora meaning that a 

significant positive correlation still remained for MSR1, GNDVI and MNDVI2 (Table 3.7).  At Harriston the 

November 12 vs, winter survival correlation remained not significant and the r-value decreased across 

indices (Table 3.7).  Removal of ADV Dyno and FT Action from February 16, March 20 and April 30 data 

sets did not have a large effect on correlation values and they essentially remained the same (Table 3.7). 

It is important to note that across locations, ADV Dyno had low reflectance index values for November 

12 measurements and Carlisle had low reflectance index values at Harriston (Figure 3.4).  This 

corresponded with visual assessment of plots in the fall.  Heterogeneity of variance tests indicated that 

it was possible to combine November 12 indices from Elora and Harriston for analysis.  The analysis 

determined that there was a significant difference between locations, among cultivars and a significant 

location x cultivar interaction (Table 3.8).  Correlation analysis between locations of November 12 

indices data indicated that there was a significant positive correlation (Figure 3.5A-C).  From this analysis 

it was determined that two specific lines were consistently below (ADV Dyno) and above (FT Action) 

average.  These lines were removed and the analysis was carried out again.  A significant positive 

correlation was again found between lines indicating that ADV Dyno and FT Action were not solely 

responsible for the significant correlation (Figure 3.5A-C).   

Regression analysis was used to develop a model that explains winter survival using canopy reflectance 

indices.  It was determined that consistently across the three selected indices, inverse transformed data 

values gave the highest coefficient of determination value (R2)(Figure 3.6A-F).  Comparison of actual 

winter survival with model estimated winter survival showed a significant correlation across all indices 

and locations (Figure 3.7 A-F).  Root mean square error (RMSE) was calculated to determine which 

model was most precise in estimating winter survival (Figure 3.7 A-F).  Overall, MNDVI was the most 



 

 

194 

 

precise across locations and was the most precise in estimating winter survival at Harriston (Figure 3.7 C 

and D). 

A simple ratio was calculated based on November 12 and April 30 indices values.  Ranking of this ratio 

plotted against winter survival ranking showed a moderate change in order among lines at both 

locations although a significant correlation was maintained (Figure 3.8A-F; Table 3.9-3.14).   

At Elora, based on linear adjustment (method 2), the winter survival values changed between 4.5 to -6.9 

% for MSR1 (Table 3.9), 1.5 to -1.8% for GNDVI (Table 3.11) and 5.3 to -7.2% for MNDVI2 (Table 3.13; 

Figure 3.9 A, 3.10A, 3.11A).  At Harriston, the linear winter survival correction ranged between 10.8 to -

18.8% for MSR1, 3.8 to -4.8% for GNDVI and for 11.4 to -19.0% for MNDVI2 (Table 3.10, 3.12, 3.14; 

Figures 3.9B, 3.10B, 3.11B).   Using the location-specific, non-linear regression model developed from 

April 30 indices values and winter survival data, fall plot stand was estimated and used to calculate 

adjustments to the model-generated winter survival value.  At Elora, the adjustment for model 

estimated winter survival ranged between 3.2 to -3.0% for MSR1, 17.9 to -11.0% for GNDVI and 14.3 to -

10.9% for MNDVI2 (Table 3.9, 3.11, 3.13; Figure 3.9C, 3.10C, 3.11C).  At Harriston, the adjustment to 

estimated winter survival ranged from 13.2 to -17.5% for MSR1, 17.8 to -7.5% for GNDVI and 16.9 to -

15.0% for MNDVI2 (Table 3.10, 3.12, 3.14; Figures 3.9D, 3.10D, 3.11D).  The fourth method for adjusting 

winter survival used model estimated adjustment and applied it to actual winter survival.  At Elora, this 

led to adjustments to winter survival ratings that ranged between 2.1 to -2.8% for MSR1, 1.5 to -1.8% 

for MNDVI2 and 2.2 to -2.6% for GNDVI (Table 3.9, 3.11, 3.13; Figure 3.9E, 3.10E, 3.11E).  At Harriston, 

adjustments ranged between 11.7 to -15.7% for MSR1, 5.2 to -6.2% for MNDVI2, and 13.7 to -17.6% for 

GNDVI (Table 3.10, 3.12, 3.14; Figures 3.9F, 3.10F, 3.11F). 
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3.4 Discussion 

Spectral reflectance measurements of crop canopies have proven to be effective in estimating wheat 

biomass and LAI (Aase and Siddoway 1980; Hansen and Schjoerring 2003; Prasad et al. 2009; Scotford 

and Miller 2004; Smith et al. 2008).  The relationship between spectral reflectance and biomass 

estimation is especially strong early in the growing period of the crop before reflectance saturation is 

reached at the heading stage (Elliot and Regan 1993; Scotford and Miller 2004; Smith et al. 2008).  This 

information gives credence to what is observed in this study.  Spectral reflectance measurements of the 

wheat canopy over the course of the winter growing period give insight into the effects of cold on the 

above ground biomass and plants in the plots.  At Elora, melting of the snow cover in February (Figure 

3.1A) and consequent exposure to extremely cold temperatures for the region led to a significant 

reduction in MSR1, GNDVI and MNDVI2 values.  Significant correlations of canopy reflectance indices 

measured on February 16, just after the melting of snow cover, and March 20 with winter survival 

measured at ‘green up’ (April 30) in the spring indicate that although snow cover protects the crop, 

varieties sensitive to winter conditions begin to display the effects of cool temperatures and snow 

coverage on above ground biomass.  Furthermore, the period of extreme cold from February 28 to 

March 4 led to a further decrease in index values, and in general, an increase in correlation with winter 

survival.  This demonstrates the usefulness in spectral reflectance measuring crop growth.  It may be 

possible to make better replanting decisions on the wheat crop.  In a situation where the snow cover 

melts early and winter kill is an issue in areas of a field, frost seeding may be possible.  Frost seeding into 

areas of thin stand would provide an economical option to producers not wishing to completely rework 

fields to replant lower yielding spring wheat.  Frost seeded wheat is generally higher yielding and has a 

heading and maturity date more similar to winter wheat making overall agronomic management and 

harvest easier (Johnson 2006). 
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There was a decrease in correlation between March 20 measurements and winter survival for GNDVI 

and indices using the 500 nm to 550 nm (green region) wavebands after the period of extreme cold 

(Table 3.4).  Plots measured on March 20 were noted to have decreased green leaf tissue and indices 

using the green spectral range were affected by this.  A significant correlation returned at ‘green up’ for 

indices using the green waveband.  Conversely, indices utilizing the red region of the spectrum tended 

to maintain linear correlation relationships.  This indicates that although GNDVI was effective in 

measuring crop canopy for winter survival in the fall and spring, it may be overly sensitive to senesced 

leaf tissue before green up and not an effective measure for winter survival over the winter months.  

Another more plausible explanation is the relative sensitivities of the green and red wavebands in 

detecting differences in chlorophyll concentrations.  It has been demonstrated that at lower chlorophyll 

concentrations the red wave band is more sensitive to slight differences and as the chlorophyll 

concentrations increase, the red waveband becomes staturated (Gitelson et al. 1996).  It was further 

demonstrated that at higher chlorophyll concentrations the green waveband was more sensitive.  In this 

experiment, due to the low level of green leaf material, the GNDVI and other incidies using the green 

waveband may not be sensitive enough to sufficiently detect differences in winter survival. 

One concern with reflectance measurements is the effect of soil reflectance influencing measurements.  

The influence of soil reflectance can be noted with the Elora data (Figure 3.2).  Specifically, as the green 

biomass decreased, it coincided with an increase in overall reflectance.  The reflectance pattern 

observed for February 16, March 20 and April 30 measurements is similar to high soil reflectance 

patterns observed in other research (Smith et al. 1993).  The pattern of green biomass reduction over 

the winter and subsequent re-growth in the spring was noted (Figure 3.4).  This pattern indicates that 

MSR1, GNDVI and MNDVI2 were still effective in monitoring the reduction of green biomass.  

Furthermore, correlations to winter survival increased throughout the season indicating the differential 
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in winter survival of wheat varieties in this test.  There were concerns that the lower levels of biomass 

reflectance and high soil reflectance for the April 30 measurements at Elora were could affect the 

overall results.  Through examination of correlation patterns across wavelength bands (Figure 3.3), a 

very similar pattern was noted at both locations indicating that measurements taken at Elora were 

similar to the more ‘typical’ reflectance patterns noted at Harriston.  Correlation analysis between 

individual reflectance wavelength bins and winter survival displayed limited deviations (Figure 3.3).  The 

pattern displayed is similar to the pattern found for wheat biomass evaluation in other studies (Elliot 

and Regan 1993; Hansen and Schjoerring 2003).  Limited fluctuation possibly explains why a number of 

indices, developed for a number of crops and purposes, were highly correlated with winter survival in 

this experiment.   

No index tested in this experiment had the highest overall correlation at both locations.  Three indices 

were selected for further evaluation based on highest correlation value and highest overall correlation 

ranking at each location.  In general, the indices displayed a similar trend of significant correlation to 

winter survival ratings across measurement dates (Figure 3.4 A-F), illustrating the usefulness of these 

indices to track crop canopy and biomass changes over the course of the winter season.   

It was expected that there would be no correlation between sites for spectral reflectance evaluation of 

yield plots at both locations in the fall.  The reason is that if seed germination and seed size were used to 

establish the seeding rate, all lines should cluster in a random pattern with no correlation between 

locations.  Fall reflectance measurements between locations displayed a significant correlation.  To 

examine if the correlation was driven by ADV Dyno, which had poor germination, and FT Action, which 

had higher than expected reflectance measurements, these two lines were removed.  The correlation 

was lower; however, it was still significant (Table 3.5).  This indicates that differences existed between 

lines in the fall.  Furthermore, a small but significant positive correlation existed between fall reflectance 
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measurements and winter survival at Elora, even with ADV Dyno and FT Action removed.  This indicates 

that fall planting density, early vigour and establishment differences can influence winter survival ratings 

in the spring.  A rapid method of sensing crop canopy density and making adjustments for variety and 

plot variation in planting density would provide a more accurate method to evaluate winter survival, and 

potentially, yield evaluation of winter wheat plots. 

To develop a method to adjust winter survival values for variation in fall plant stand, first, a ratio and 

rank method was developed to examine the magnitude of differences created from using fall reflectance 

measurements as a baseline to adjust spring reflectance measurements.   When compared to winter 

survival rankings, rank changes were noted among varieties, however; the overall pattern was 

maintained with a significant correlation for all indices used at both locations (Figures 3.7A and B; 3.8A 

and B; 3.9A and B).  This was expected as only two lines ADV Dyno and Carlisle had noticeable visual 

differences in plant density in the fall.  The magnitude of the changes was not expected to be large.   

Ranking changes indicated that further analysis to adjust for fall planting reflectance differences could 

lead to improved assessment of winter survival.  Linear, modeled and model-adjusted (non-linear) visual 

assessment were developed to adjust winter survival ratings.  Linear adjustment and model-adjusted 

visual assessment were highly correlated indicating that, although the model describing winter survival 

using spectral reflectance indices was not linear, linear adjustment of winter survival using deviation 

from the mean was sufficient.  The model developed to predict spring and fall plant stands produced a 

larger range in adjustment values, mainly at the edge of the predictive range.  This indicates that further 

data gathering across a range of canopy densities and environments is necessary.   

Relationships between spectral reflectance and biomass were not found to be linear.  This is common 

across many experiments using reflectance to analyse biomass (Hansen and Schjoerring 2003).  

Therefore, a non-linear model was developed to make appropriate adjustments to winter survival 
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measurements.  The model-derived adjustment which predicts fall and spring plant stands in a plot 

would be the ideal method to use, provided that enough data had been acquired over many seasons 

and locations.  As shown in this study, Elora and Harriston showed large differences with regards to 

winter survival and spectral reflectance in the spring.  Due to the fact that the data from Harriston 

would not produce a model that is predictive for Elora, further data is required to establish a robust 

model.  Once established, monitoring winter survival using spectral reflectance would be rapid, non-

biased and relatively simple to adjust for variation in plant density.  In the meantime, location specific 

models to adjust visual winter survival would be effective. 

Beyond being used for making re-plant decisions, corrected winter survival will help breeding programs 

to select for the most winter-hardy breeding lines.  Furthermore, not all breeding material goes through 

germination and thousand kernel weight testing before planting, and even less material is analysed 

through stand counts taken in the fall.  This methodology would allow for breeders to plant plots and 

rapidly assess them in the fall and spring allowing for adjustments to be made for winter survival. 

3.5 Conclusion 

Multiple indicies calculated from spectral reflectance measurements were significantly correlated to 

winter survival ratings at Elora and Harriston indicating the potential for using spectral reflectance 

measurements to rapidly assess winter survival.  Fall reflectance measurements at Elora and Harriston 

indicate a non-random plant density effect in the trial.  This may lead to incorrect winter survival 

assessment.  To adjust for variance in fall planting densities and to rapidly assess winter survival in the 

spring, three methods were developed to adjust or predict winter survival ratings.  Linear and non-linear 

methods to adjust winter survival ratings were found to be similar, however the non-linear model was 

found to be statistically superior.  Large differences between locations illustrated that for complete 

modelling of winter survival, more data from locations of differing soil types, plant density and plant 
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growth stage is required.  Finally, due to the melting of snow cover early in the winter season at Elora, 

measurements were taken at two points during the winter season.  From these measurements, spectral 

reflectance indicies were significantly correlated to winter survival earlier in the winter seaon than 

expected.  This suggests that winter survival could be measured earlier in the winter season.  This could 

allow farmers the possibility of assessing the winter wheat crop and give them the ability to make re-

plant decisions.  Spectral reflectance indicies using the green waveband had good correlation with 

winter survival, but appear to not be as sensitive when very low levels of green leaf material are being 

assessed compared to indicies using red reflectance wavelengths.  
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Table 3.1. Equations for commonly used vegetation indices used for remote sensing of field crops (adapted from Hatfield et al. 2008; Stagakis 
et al. 2010; Ustin et al. 2009; Zarco-Tejada et al. 2005). 

 

Index  Wavebands  Application  Reference 

 
 R800–R680 biomass (Jordan 1969) 
 R800–R550 biomass  (Buschmann and Nagel 1993) 
 R550 chlorophyll  (Carter 1994) 
 1/R700  chlorophyll (Gitelson et al. 1999) 
 log(1/R737)  chlorophyll  (Yoder and Pettigrew-Crosby 1995) 
SR1 (Simple Ratio)  SR = R750/R670  biomass, LAI, cover  (Birth and McVey 1968; Jordan 1969) 
SR2, SR3, SR4  R750/R700, R752/R690 chlorophyll (Gitelson and Merzlyak 1997) 
SR5  R672/R550  chlorophyll b (Datt 1998) 
SR6, SR7  R690/R655, R685/R655  fluorescence (stress) (Zarco-Tejada et al. 2003) 
GI (Greenness Index) GI=R554/R667 chlorophyll (Zarco-Tejada et al. 2005) 
MSR1 (Modified Simple Ratio 1) MSR1={(R800/R670)-1}/[(R800/R670)

 +1] 1/2 LAI (Chen 1996) 
MSR2 MSR2=(R750-R445)/(R705-R445) chlorophyll (Sims and Gamon 2002) 
PRI1 (Photochemical Reflectance Index)  PRI=(R550– R531)/(R550+R531) light capture efficiency  (Gamon et al. 1992) 
PRI2 PRI2=(R531−R570)/(R531+R570)  xanthophyll ,estimation LUE (Gamon et al. 1997) 
NDVI (Normalized Difference Vegetation Index ) NDVI=(R800 – R670)/(R800 + R670)  intercepted PAR, (Rouse et al. 1974) 
  vegetation cover 
Green NDVI  NDVIgreen=(R750 – R550)/(R750 + R550)  intercepted PAR, (Buschmann and Nagel 1993)  
  vegetation cover (Gitelson and Merzlyak 1994);   
   (Gitelson et al. 1996) 
Red Edge NDVI NDVIred edge=(R750– R 705)/(R750 + R705) intercepted PAR, (Gitelson and Merzlyak 1994) 
  vegetation cover 
MNDVI (Modified NDVI) mNDVI1=(R800−R680)/(R800+R680−2R445)  chlorophyll (Sims and Gamon 2002) 
MNDVI2 mNDVI2=(R750−R705)/(R750+R705−2R445)  chlorophyll (Sims and Gamon 2002) 
RDVI (Renormalized Difference Vegetation Index)  RDVI=(R800−R670) /(R800 + R670)1/2 intercepted PAR (Roujean and Breon 1995) 
OSAVI (Optimized Soil Adjusted Vegetative Index) OSAVI=1.16(R800-R670)/(R800+R670+0.16) green cover (Rondeaux et al. 1996) 
MSAVI (Improved Soil Adjusted Vegetation Index)  MSAVI=0.5(2R800 + 1−{(2R800 + 1)2−8(R800−R670)}1/2 green cover (Qi et al. 1994) 
MCARI MCARI={(R700-670)-0.2(R700-R550)}(R700/R670) chlorophyll (Daughtry et al. 2000) 
(Modified Chlorophyll Absorption in Reflectance index) 
Transformed CARI TCARI=3[(R700-R670)-0.2(R700-R550)(R700/R670)] chlorophyll (Haboudane et al. 2002) 
Triangular Vegetation Index (TVI) TVI=0.5[120(R750-R550)-200(R670-R550)] LAI, chlorophyll (Broge and Leblanc 2001) 
Modified TVI-1 MTVI1=1.2[1.2(R800-R550)-2.5(R670-R550)] LAI, Chlorophyll (Haboudane et al. 2004) 
MTVI-2 MTVI2=1.5{1.2(R800-R550)-2.5(R670-R550)} LAI, chlorophyll (Haboudane et al. 2004) 
                          {(2R800+1)2-(6R800-5(R670)

1/2)-0.5}1/2   
SPVI (Spectral polygon vegetation index)  SPVI=0.4[3.7(R800−R670)−1.2|R530−R670|]  LAI, chlorophyll (Vincini et al. 2006) 
GVI  GVI=(R682−R553)/(R682+R553)  chlorophyll (Gandia et al. 2004) 
MTCI (MERIS Terrestrial Chlorophyll index)  MTCI=(R754−R709)/(R709−R681)  chlorophyll (Dash and Curran 2004) 
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REP (Red-Edge Position)  REP=700 + 40* {(R670 + R780)/ 2}−R700 chlorophyll (Guyot et al. 1988)                             
                             R740−R700 
SIPI1 (Structure Insensitive Pigment Index)  SIPI1=(R800−R450)/(R800−R650)  carotenoid (Penuelas et al. 1995a) 
SIPI2  SIPI2=(R800−R440)/(R800−R680)  carotenoid (Penuelas et al. 1995a) 
VOG1 (Vogelmann Indices)  VOG1=R740/R720  total chlorophyll (Vogelmann et al. 1993) 
VOG2  VOG2=(R734−R747)/(R715+R726)  total chlorophyll (Zarco-Tejada et al. 2001) 
ARI (Anthocyanin Reflectance Index)  ARI=(1/R550)−(1/R700)  anthocyanin (Gitelson et al. 2001) 
BGI (Blue Green Pigment Index)  BGI=R450/R550  chlorophyll (Zarco-Tejada et al. 2005) 
BRI (Blue Red Pigment Index)  BRI=R450/R690  chlorophyll (Zarco-Tejada et al. 2005) 
CRI1 (Carotenoid Reflectance Index)  CRI1=(1/R510)−(1/R550)  carotenoid (Gitelson et al. 2002b) 
CRI2  CRI2=(1/R510)−(1/R700)  carotenoid (Gitelson et al. 2002b) 
RGI (Red/Green)  RGI=R690/R550  chlorophyll (Zarco-Tejada et al. 2005) 
CI (Curvature Index)  CI=R675*R690/R6832  chlorophyll (Zarco-Tejada et al. 2003) 
LIC  LIC=R440/R690  fluorescence (Lichtenthaler et al. 1996) 
NPQI (Normalized Phaeophytinization Index)  NPQI=(R415−R435)/(R415+R435)  chlorophyll, stress (Barnes et al. 1992) 
PSRI (Plant Senescence Reflectance Index)  PSRI=(R680−R500)/R750  leaf senescence (Merzlyak et al. 1999) 
SRPI (Simple Ratio Pigment Index)  SRPI=R430/R680  carotenoid:chl a (Penuelas et al. 1995c) 
PSSR (Pigment Specific Simple Ratio) PSSRa=R800/R675  chlorophyll a (Blackburn 1998; Blackburn 1999)
 PSSRb=R800/R650 chlorophyll b (Sims and Gamon 2002) 
 PSSRc=R800/R500  carotenoid (Blackburn 1998) 
RARS (Ratio Analysis of Reflectance Spectra) RARSa =R675/R700  chlorophyll a (Blackburn 1999; Chappelle et al. 1992)
 RARSb =R675/(R650 × R700) chlorophyll b  
 RARSc =R760/R500 carotenoid 
mCRI (Modified Carotenoid Reflectance Index) mCRIG= [(R510–R520)-1- (R560–R570)-1]*R750 carotenoids (Gitelson et al. 2006) 
 mCRIRE= [(R510–R520)-1- (R690–R710)-1]*R750 carotenoids 
mARI (Modified AnthocyaninReflectance Index) mARI= [(R530–R570)-1−(R690–R710)-1] *R750 anthocyanins (Gitelson et al. 2006) 
Water Index               WI=R900/R970         water status      (Penuelas et al. 1993)  
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Table 3.2. Percent Winter Survival Means and Standard Errors for Winter Wheat Varieties Tested in 
the 2008-2009 Ontario Performance Trials Located at Elora and Harriston, Ontario. 

 

Line Elora  Harriston   

 
25R39 46.25  70.00   
25R47 60.00  92.00   
25R51 55.00  87.50   
25R56 72.50  84.50   
25W36 52.50  83.75   
25W43 51.25  85.50   
AC Mackinnon 61.25  87.00   
AC Morley 57.50  86.75   
AC Mountain 75.00  88.00   
Stanford 15.00  70.00   
Princeton 52.50  80.00   
Keldin 28.75  48.75   
AC Sampson 56.25  74.50   
ADV Dyno 18.75  32.50   
Ava 71.25  86.25   
Becher 43.75  80.75   
Branson 47.50  77.50   
Carlisle 65.00  91.75   
Brooklyn 25.00  80.00   
Laurel 40.00  81.25   
Palmer 13.75  37.50   
D8006W 67.50  91.75   
E0028W 66.25  89.25   
E1007R 57.50  79.50   
E1009W 47.50  90.00   
Emmit 63.75  89.50   
FT Wonder 56.25  83.75   
Harvard 67.50  89.25   
Huntley 51.25  75.00   
Maxine 70.00  87.75   
FT Action 31.25  81.50   
R045 55.00  87.00   
R055 63.75  83.75   
Surge 47.50  83.75   
Wave 73.75  89.00   
Superior 60.00  82.00   
VA03W-409 11.25  47.50   
Vienna 56.25  86.50   
Warthog 63.75  77.50   
Wentworth 68.75  93.50   
HY 116-SRW 53.75  77.50   
Mean 52.23  79.78    
SE 4.91  4.06 
Tukey 25.33  22.65  

 
 

  



 

 

204 

 

 

Table 3.3. Analysis of Variance for Winter Survival Data from 2008-2009 Ontario Winter Wheat 
Performance Trials Located at Elora and Harriston, Ontario. 

 

Effect F-value P-value 

 
Location 140.87  0.0013 
Cultivar 24.05     <.0001 
Location x Cultivar 3.09     <.0001 
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Table 3.4. Correlation coefficients (r) for the relationship between 58 separate spectral reflectance 
indices calculated for several measurement dates and winter survival.  Selection of indices was based 
on ranking across locations and the highest overall r-value rank. 

 

  Elora    Harriston  Ranking Absolute total 
Index  November February March April November April Across  r Value 
  12 16 20 30 12 30 Location Rank 

 
R800-R680 0.16 0.42 0.51 0.84 0.17 0.64 29 28 
R800-R550 0.18 0.33 0.25 0.78 0.15* 0.65 38 37 
R550  -0.01* -0.03* -0.03* -0.59 0.10* -0.66 35 43 
1/R700  0.02* 0.03* 0.03* 0.65 -0.05* 0.67 31 42 
log(1/R737) -0.11* -0.14* -0.02* -0.32 -0.13* -0.48 53 51 
R750/R670 0.14* 0.45 0.54 0.86 0.11* 0.69 8 12 
R750/R700 0.21 0.49 0.62 0.86 0.16 0.69 7 6 
R752/R690 0.19 0.46 0.61 0.86 0.17 0.69 12 14 
R672/R550 -0.05* -0.20 -0.15* -0.82 -0.13* -0.64 37 31 
R690/R655 0.02* 0.28 0.08* 0.74 -0.06* 0.67 29 39 
R685/R655 0.01* 0.03* -0.08* -0.26 -0.09* -0.30 55 56 
GI  0.06* 0.21 0.16 0.82 0.12* 0.64 33 30 
MSR1  0.16 0.44 0.48 0.86 0.14* 0.69 1 7 
MSR2  0.22 0.47 0.66 0.86 0.18 0.69 16 15 
PRI1  0.03* 0.27 -0.06* 0.79 -0.01* 0.66 28 32 
PRI2  0.07* -0.08* 0.08* 0.28 0.14* 0.51 51 52 
NDVI  0.17 0.45 0.52 0.86 0.15* 0.69 6 11 
GNDVI  0.25 0.49 0.18 0.86 0.11* 0.70 3 1 
REDNDVI  0.22 0.49 0.61 0.86 0.16 0.69 11 9 
MNDVI1  0.18 0.45 0.44 0.86 0.14* 0.69 4 4 
MNDVI2  0.21 0.49 0.51 0.86 0.14* 0.69 2 2 
RDVI  0.16 0.45 0.58 0.86 0.17 0.67 22 21 
OSAVI  0.16 0.46 0.56 0.86 0.16 0.67 19 19 
MSAVI  0.15* 0.44 0.56 0.85 0.16 0.66 25 24 
MCARI  0.04* 0.35 0.52 0.84 0.08* 0.60 38 35 
TCARI  0.04* 0.34 0.52 0.84 0.09* 0.55 44 40 
TVI  0.12* 0.43 0.63 0.85 0.15* 0.64 31 27 
MTVI1  0.13* 0.43 0.62 0.85 0.16 0.64 27 26 
MTVI2  0.13* 0.43 0.62 0.86 0.16 0.66 24 22 
SPVI  0.19 0.14* -0.01* 0.15* 0.10* 0.58 51 53 
GVI  -0.06* -0.20 -0.14* -0.81 -0.12* -0.64 42 33 
MTCI  0.20 0.11* -0.47 0.41 0.17 0.67 38 45 
REP  0.14* 0.02* -0.46 -0.41 0.10* 0.66 42 46 
SIPI1  -0.18 -0.43 -0.67 -0.86 -0.17 -0.68 17 17 
SIPI2  -0.16 -0.43 -0.70 -0.86 -0.18 -0.68 15 16 
VOG1  0.19 0.50 0.53 0.86 0.12* 0.70 9 3 
VOG2  -0.15* -0.50 -0.33 -0.86 -0.06* -0.70 12 8 
ARI  0.00* 0.05* 0.04* 0.43 -0.19 0.38 50 50 
BGI  -0.07* -0.25 0.08* -0.78 0.00* -0.66 35 34 
BRI  0.04* -0.10* 0.08* -0.15* 0.26 0.11* 58 58 
CRI1  0.11* 0.19 0.02* 0.83 0.01* 0.70 18 20 
CRI2  0.09* 0.13* 0.04* 0.76 -0.09* 0.71 21 29 
RGI  -0.08* -0.14* -0.07* -0.79 -0.18 -0.63 45 38 
CI  -0.11* 0.30 0.46 0.80 0.12* 0.62 45 36 
LIC  0.03* -0.10* 0.08* -0.19 0.26 0.08* 57 57 
NPQI  -0.02* -0.32 0.10* -0.69 0.05* -0.66 38 41 
PSRI  -0.13* -0.35 -0.24 -0.84 -0.18 -0.66 25 25 
SRPI  0.05* -0.06* 0.10* 0.12* 0.20 0.48 56 55 
PSSRa  0.17 0.45 0.49 0.86 0.15* 0.69 4 10 
PSSRb  0.19 0.45 0.40 0.86 0.14* 0.69 9 13 
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PSSRc  0.20 0.44 0.10* 0.86 0.07* 0.70 12 5 
RARSa  -0.07* -0.35 -0.46 -0.86 -0.05* -0.65 23 23 
RARSb  0.02* 0.02* 0.02* 0.59 -0.05* 0.64 48 44 
RARSc  -0.05* 0.02* -0.09* -0.37 -0.23 -0.56 49 49 
MCRIg  0.15* 0.35 0.00* 0.85 0.04* -0.19 47 47 
MCRIred  0.13* 0.04* -0.18 0.54 0.01* -0.06* 53 54 
MARI  -0.17 -0.40 -0.64 -0.86 -0.14* -0.67 19 18 
WI  -0.13* 0.07* 0.08* 0.34 N/A 0.68 33 48

 
*Indicates correlation is NOT significant (α=0.05)  
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Table 3.5. Means and Standard Error of Spectral Reflectance Indices MSR1, MNDVI2 and GNDVI for 
sampling dates at each location. 

Elora  Harriston 

Sampling Date Mean SE Sampling Date Mean SE 

 
MSR1 
November 12 0.643 0.008 November 12 0.591 0.159 
February 16 0.365 0.008  
March 20 0.164 0.008 
April 30 0.344 0.008 April 30 1.101 0.159 
Tukey (0.05) 0.006   0.361 
 
MNDVI2 
November 12 0.142     0.002 November 12 0.135    0.004 
February 16 0.082     0.002   
March 20 0.033     0.002 
April 30 0.078     0.002 April 30 0.259    0.004 
Tukey (0.05) 0.002   0.007 
 
GNDVI 
November 12 0.414     0.004 November 12 0.384    0.004 
February 16 0.301     0.004   
March 20 0.191     0.004 
April 30 0.279     0.004 April 30 0.463    0.004 
Tukey (0.05) 0.003   0.007 
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Table 3.6. Repeated Measures Analysis of Variance for Spectral Reflectance indices MSR1, GNDVI and 
MNDVI2 for both locations. 

 

 MSR1  MNDVI2  GNDVI 
Effect F-value P-value F-value P-value F-value P-value 

 
Elora 
Sampling Date 6618.70   <.0001 4591.34 <.0001 8349.51 <.0001 
Cultivar 8.11    <.0001 8.00 <.0001 7.12 <.0001  
Sampling Date* Cultivar 4.59    <.0001 4.84 <.0001 2.85 <.0001  
Harriston  
Sampling Date  788.69     <.0001 1158.84     <.0001 501.85     <.0001  
Cultivar 5.39     <.0001 6.15     <.0001 6.48     <.0001  
Sampling Date *Cultivar 4.32     <.0001 4.90     <.0001 5.24     <.0001 
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Table 3.7. Correlation coefficients (r) and P-values for relationships between spectral reflectance 
indices MSR1, MNDVI and GNDVI and Winter Survival for individual sampling dates at each location.   

 

Complete Data Set  With ADV Dyno and FT Action Removed 
Comparison r P-value r P-value   

 
MSR1 
Elora 
November 12 0.16 0.04 0.16 0.038 
February 16 0.44 <0.0001 0.46 <0.0001 
March 20 0.48 <0.0001 0.47 <0.0001 
April 30 0.86 <0.0001 0.85 <0.0001 
Harriston 
November 12 0.14 0.07 0.10 0.23 
April 30 0.69 <0.0001 0.70 <0.0001 
 
MNDVI 
Elora 
November 12  0.21 0.006 0.22 0.005 
February 16 0.49 <0.0001 0.51 <0.0001 
March 20 0.51 <0.0001 0.50 <0.0001 
April 30 0.86 <0.0001 0.85 <0.0001 
Harriston 
November 12 0.14 0.07 0.09 0.23 
April 30 0.69 <0.0001 0.71 <0.0001 
 
GNDVI 
Elora 
November 12   0.25 0.001 0.26 0.0009 
February 16 0.49 <0.0001 0.51 <0.0001 
March 20 0.18 0.019 0.17 0.026 
April 30 0.86 <0.0001 0.85 <0.0001 
Harriston 
November 12 0.11 0.16 0.06 0.46 
April 30 0.70 <0.0001 0.71 <0.0001 
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Table 3.8. Analysis of variance of Spectral Reflectance Indices MSR1, GNDVI and MNDVI2 calculated 
from November 12 measurements across locations. 

 

 MSR1  MNDVI2  GNDVI   
Effect          F-value P-value F-value     P-value F-value    P-value 

 
Location        10.36     0.0486 2.54     0.2093 68.09     0.0037  
Cultivar          14.11     <.0001 14.79 <.0001 11.76     <.0001  
Location*Cultivar   2.16     0.0002 2.32  <.0001 1.98     0.0010 
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Table 3.9. Mean Winter Survival and Adjusted Winter Survival Rankings and Ratings based MSR1 
calculated values from Spectral Reflectance Measurements taken at Elora.  

 

 Observed   Linear Adjusted Model Generated  Model Adjusted  
Variety Winter Winter Ratio Adjusted Difference Winter Adjusted Difference Winter Difference 
 Survival Survival Rank Survival  Survival Survival  Survival 
  Rank 

25R39 46.3 32 31 48.2 2.0 42.9 43.6 0.7 47.1 0.9 
25R47 60.0 15 13 64.1 4.1 57.7 59.3 1.7 61.8 1.8 
25R51 55.0 22 22 57.8 2.8 50.2 51.1 0.9 56.2 1.2 
25R56 72.5 3 2 72.7 0.2 70.7 70.6 -0.1 72.6 0.1 
25W36 52.5 26 23 56.6 4.1 47.4 48.9 1.5 54.3 1.8 
25W43 51.3 28 18 55.0 3.7 49.4 51.0 1.6 52.8 1.6 
AC Mackinnon 61.3 14 11 63.1 1.9 58.3 58.8 0.5 62.0 0.7 
AC Morley 57.5 18 20 56.7 -0.8 58.1 57.6 -0.5 57.0 -0.5 
AC Mountain 75.0 1 1 72.7 -2.3 78.5 77.4 -1.1 73.9 -1.1 
Stanford 15.0 39 39 14.9 -0.1 27.5 27.4 -0.1 14.9 -0.1 
Princeton 52.5 25 35 48.8 -3.7 48.4 47.0 -1.4 51.1 -1.4 
Keldin 28.8 36 38 27.4 -1.3 31.8 31.1 -0.7 28.1 -0.6 
AC Sampson 56.3 20 19 53.0 -3.2 59.5 58.2 -1.3 54.9 -1.3 
ADV Dyno 18.8 38 28 22.6 3.9 29.0 32.2 3.2 20.8 2.1 
Ava 71.3 4 5 71.1 -0.1 67.3 67.1 -0.2 71.2 -0.1 
Becher 43.8 33 25 46.7 3.0 44.2 45.5 1.3 45.0 1.3 
Branson 47.5 31 34 46.9 -0.6 40.5 40.2 -0.2 47.2 -0.3 
Carlisle 65.0 10 8 69.5 4.5 58.0 59.7 1.7 67.0 2.0 
Brooklyn 25.0 37 36 25.8 0.8 28.7 28.9 0.2 25.3 0.3 
Laurel 40.0 34 33 39.6 -0.4 45.6 45.3 -0.3 39.7 -0.3 
Palmer 13.8 40 37 14.0 0.3 28.6 28.8 0.2 13.8 0.1 
D8006W 67.5 7 7 62.5 -5.0 69.6 67.3 -2.3 65.3 -2.2 
E0028W 66.3 9 16 62.0 -4.2 64.1 62.4 -1.7 64.4 -1.8 
E1007R 57.5 17 9 53.5 -4.0 67.2 65.0 -2.2 55.7 -1.8 
E1009W 47.5 29 32 47.2 -0.3 46.3 46.1 -0.2 47.3 -0.2 
Emmit 63.8 11 17 66.2 2.5 54.2 55.1 0.9 64.7 1.0 
FTWonder 56.3 19 15 57.6 1.4 57.8 58.4 0.6 56.7 0.5 
Harvard 67.5 8 3 66.8 -0.7 69.6 69.3 -0.4 67.1 -0.4 
Huntley 51.3 27 29 50.7 -0.5 49.5 49.2 -0.3 50.9 -0.4 
Maxine 70.0 5 10 72.6 2.6 59.5 60.5 0.9 71.0 1.0 
OTF013081 31.3 35 40 26.9 -4.3 37.5 35.5 -2.0 29.6 -1.7 
R045 55.0 23 27 54.5 -0.5 50.0 49.7 -0.3 54.6 -0.4 
R055 63.8 12 24 61.3 -2.5 54.1 53.1 -0.9 62.6 -1.1 
Surge 47.5 30 30 47.7 0.2 47.2 47.2 0.0 47.4 -0.1 
Wave 73.8 2 4 72.6 -1.2 68.9 68.3 -0.7 73.0 -0.7 
Superior 60.0 16 14 61.7 1.7 56.3 57.0 0.6 60.7 0.7 
VA03W-409 11.3 41 41 10.8 -0.4 24.1 23.8 -0.3 11.1 -0.2 
Vienna 56.3 21 26 58.3 2.0 47.7 48.3 0.6 57.0 0.8 
Warthog 63.8 13 12 56.8 -6.9 67.7 64.6 -3.0 60.9 -2.8 
Wentworth 68.8 6 6 62.9 -5.9 71.9 69.3 -2.6 66.2 -2.5 
HY 116-SRW 53.8 24 21 52.8 -1.0 56.0 55.4 -0.5 53.2 -0.6 
Mean 52.2   52.0  52.2 52.1  52.1   
Tukey (0.05) 25.3   25.6  27.0 26.7  25.1  
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Table 3.10. Mean Winter Survival and Adjusted Winter Survival Rankings and Ratings based MSR1 
calculated values from Spectral Reflectance Measurements taken at Harriston. 

 

 Observed   Linear Adjusted Model Generated  Model Adjusted  
Variety Winter Winter Ratio Adjusted Difference Winter Adjusted Difference Winter Difference 
 Survival Survival Rank Survival  Survival Survival  Survival 
  Rank 

 25R39 70.0 36 35 75.1 5.1 70.0 75.0 5.0 75.3 5.3 
25R47 92.0 2 16 95.3 3.3 82.9 85.5 2.5 94.8 2.8 
25R51 87.5 12 6 92.0 4.5 86.5 90.4 3.9 91.5 4.0 
25R56 84.5 19 31 88.7 4.2 77.4 81.0 3.5 88.4 3.9 
25W36 83.8 23 27 91.7 8.0 77.2 84.7 7.5 91.9 8.1 
25W43 85.5 18 25 86.3 0.8 80.4 81.0 0.7 86.0 0.5 
AC Mackinnon 87.0 14 26 83.9 -3.1 82.5 79.0 -3.4 83.4 -3.6 
AC Morley 86.8 15 8 86.1 -0.7 86.0 84.7 -1.2 85.5 -1.2 
AC Mountain 88.0 10 9 84.3 -3.7 87.5 83.4 -4.1 84.0 -4.0 
Stanford 70.0 37 37 67.6 -2.4 68.2 65.5 -2.8 67.3 -2.7 
Princeton 80.0 28 36 74.2 -5.8 76.4 71.1 -5.3 74.2 -5.8 
Keldin 48.8 38 39 48.3 -0.5 58.8 57.4 -1.3 48.0 -0.8 
AC Sampson 74.5 35 19 72.3 -2.2 84.2 81.4 -2.8 71.9 -2.6 
ADV Dyno 32.5 41 40 41.0 8.5 38.0 51.2 13.2 43.9 11.4 
Ava 86.3 17 10 85.0 -1.3 85.2 83.5 -1.7 84.7 -1.6 
Becher 80.8 27 22 80.0 -0.8 82.7 81.3 -1.4 79.4 -1.3 
Branson 77.5 31 33 77.3 -0.2 76.5 75.2 -1.3 77.1 -0.4 
Carlisle 91.8 3 7 102.5 10.8 83.2 93.8 10.6 103.4 11.7 
Brooklyn 80.0 29 23 86.0 6.0 79.8 85.4 5.7 85.8 5.8 
Laurel 81.3 26 30 82.2 1.0 77.9 78.5 0.6 82.2 0.9 
Palmer 37.5 40 41 38.3 0.8 52.4 53.2 0.8 38.0 0.5 
D8006W 91.8 4 1 87.3 -4.5 92.0 87.0 -5.0 86.8 -4.9 
E0028W 89.3 7 3 89.6 0.3 91.2 90.9 -0.3 89.0 -0.3 
E1007R 79.5 30 20 78.9 -0.6 83.7 82.6 -1.2 78.5 -1.0 
E1009W 90.0 5 11 86.8 -3.2 86.9 83.6 -3.4 86.4 -3.6 
Emmit 89.5 6 2 90.1 0.6 91.2 91.3 0.0 89.6 0.1 
FT Wonder 83.8 20 28 81.3 -2.5 82.5 79.5 -3.0 80.7 -3.0 
Harvard 89.3 8 14 76.6 -12.7 88.7 77.2 -11.4 77.8 -11.5 
Huntley 75.0 34 32 75.4 0.4 77.6 77.8 0.2 75.1 0.1 
Maxine 87.8 11 12 89.7 2.0 85.9 87.1 1.3 89.1 1.3 
FT Action 81.5 25 15 62.7 -18.8 89.9 72.4 -17.5 65.8 -15.7 
R045 87.0 13 24 89.7 2.7 81.3 83.4 2.1 89.2 2.2 
R055 83.8 21 4 81.2 -2.6 88.5 84.7 -3.8 80.9 -2.9 
Surge 83.8 22 17 85.7 1.9 83.7 85.0 1.3 85.0 1.3 
Wave 89.0 9 13 88.6 -0.4 86.0 85.2 -0.8 88.3 -0.7 
Superior 82.0 24 29 77.0 -5.0 81.1 76.1 -5.1 76.7 -5.3 
VA03W-409 47.5 39 38 48.1 0.6 57.8 58.0 0.2 47.7 0.2 
Vienna 86.5 16 21 87.0 0.5 83.2 83.0 -0.2 86.4 -0.1 
Warthog 77.5 32 18 78.2 0.7 79.9 80.0 0.1 77.7 0.2 
Wentworth 93.5 1 5 83.3 -10.2 91.2 81.8 -9.4 83.8 -9.7 
HY 116-SRW 77.5 33 34 79.6 2.1 74.9 77.1 2.2 79.3 1.8 
Mean 79.8   79.4  79.8 79.2  79.3   
Tukey (0.05) 2522.6   25.7  22.7 23.8  25.4  
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Table 3.11. Mean Winter Survival and Adjusted Winter Survival Rankings and Ratings based MNDVI2 
calculated values from Spectral Reflectance Measurements taken at Elora. 

 

 Observed   Linear Adjusted Model Generated  Model Adjusted  
Variety Winter Winter Ratio Adjusted Difference Winter Adjusted Difference Winter Difference 
 Survival Survival Rank Survival  Survival Survival  Survival 
  Rank 

 25R39 46.3 32 30 48.8 2.5 42.8 43.7 -2.6 47.2 1.0 
25R47 60.0 15 14 64.4 4.4 58.5 60.1 0.1 61.7 1.7 
25R51 55.0 22 22 58.5 3.5 50.3 51.5 -3.6 56.3 1.3 
25R56 72.5 3 2 71.5 -1.0 70.0 69.5 -3.0 72.1 -0.4 
25W36 52.5 25 23 57.3 4.8 48.2 49.9 -2.6 54.4 1.9 
25W43 51.3 27 19 55.0 3.8 50.5 51.9 0.7 52.6 1.4 
AC Mackinnon 61.3 14 12 63.2 2.0 58.7 59.2 -2.1 61.9 0.7 
AC Morley 57.5 17 20 55.8 -1.7 58.7 58.0 0.5 56.8 -0.7 
AC Mountain 75.0 1 1 72.2 -2.8 76.8 75.6 0.6 73.8 -1.2 
Stanford 15.0 39 39 15.1 0.1 26.6 26.6 11.6 15.0 0.0 
Princeton 52.5 25 34 48.7 -3.8 49.2 47.9 -4.6 51.2 -1.3 
Keldin 28.8 36 40 26.5 -2.3 31.2 30.3 1.5 27.9 -0.8 
AC Sampson 56.3 19 18 52.3 -4.0 60.0 58.6 2.3 54.8 -1.5 
ADV Dyno 18.8 38 28 23.4 4.6 28.8 32.3 13.6 21.0 2.2 
Ava 71.3 4 4 71.2 -0.1 67.3 67.2 -4.1 71.2 -0.1 
Becher 43.8 33 26 46.7 2.9 44.9 46.0 2.3 44.8 1.1 
Branson 47.5 29 35 46.9 -0.6 39.7 39.6 -7.9 47.2 -0.3 
Carlisle 65.0 10 8 70.3 5.3 58.1 59.9 -5.1 67.1 2.1 
Brooklyn 25.0 37 36 25.7 0.7 27.2 27.4 2.4 25.2 0.2 
Laurel 40.0 34 33 40.2 0.2 46.1 46.1 6.1 40.0 0.0 
Palmer 13.8 40 36 14.3 0.5 27.7 28.1 14.3 13.9 0.2 
D8006W 67.5 7 7 61.7 -5.8 69.2 67.0 -0.5 65.3 -2.2 
E0028W 66.3 9 15 61.6 -4.7 64.3 62.6 -3.7 64.5 -1.8 
E1007R 57.5 17 9 52.5 -5.0 67.3 65.0 7.5 55.6 -1.9 
E1009W 47.5 29 32 46.7 -0.8 47.3 46.9 -0.6 47.1 -0.4 
Emmit 63.8 11 17 66.2 2.5 55.4 56.2 -7.5 64.6 0.9 
FT Wonder 56.3 19 16 57.7 1.5 58.1 58.6 2.4 56.7 0.4 
Harvard 67.5 7 3 66.6 -0.9 69.4 69.0 1.5 67.1 -0.4 
Huntley 51.3 27 29 50.6 -0.6 49.8 49.5 -1.7 50.9 -0.4 
Maxine 70.0 5 11 71.7 1.7 60.2 60.7 -9.3 70.5 0.5 
FT Action 31.3 35 38 26.5 -4.7 37.1 35.3 4.0 29.7 -1.6 
R045 55.0 22 27 54.2 -0.8 51.1 50.7 -4.3 54.6 -0.4 
R055 63.8 11 24 60.7 -3.0 53.9 52.9 -10.9 62.6 -1.2 
Surge 47.5 29 31 47.4 -0.1 48.2 48.0 0.5 47.3 -0.2 
Palmer 73.8 2 5 72.5 -1.2 68.3 67.7 -6.0 73.1 -0.7 
Superior 60.0 15 13 61.3 1.3 56.7 57.1 -2.9 60.5 0.5 
VA03W-409 11.3 41 41 11.1 -0.2 21.5 21.5 10.2 11.2 -0.1 
Vienna 56.3 19 25 59.1 2.9 48.0 48.8 -7.5 57.2 1.0 
Warthog 63.8 11 10 56.9 -6.8 67.2 64.6 0.9 61.3 -2.5 
Wentworth 68.8 6 6 61.5 -7.2 70.8 68.2 -0.6 66.1 -2.6 
HY 116-SRW 53.8 24 21 53.0 -0.7 56.3 55.8 2.1 53.3 -0.4 
Mean 52.2   51.9  52.2 52.1  52.1   
Tukey (0.05) 25.3   25.7  27.1 26.6  25.0  
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Table 3.12. Mean Winter Survival and Adjusted Winter Survival Rankings and Ratings based MNDVI2 
calculated values from Spectral Reflectance Measurements taken at Harriston. 

 

 Observed   Linear Adjusted Model Generated  Model Adjusted  
Variety Winter Winter Ratio Adjusted Difference Winter Adjusted Difference Winter Difference 
 Survival Survival Rank Survival  Survival Survival  Survival 
  Rank 

25R39 70.0 36 35 75.3 5.3 71.0 76.6 6.6 76.1 6.1 
25R47 92.0 2 14 96.7 4.7 83.0 87.2 -4.8 96.7 4.7 
25R51 87.5 12 6 93.1 5.6 85.9 91.4 3.9 93.1 5.6 
25R56 84.5 19 30 88.5 4.0 78.1 81.8 -2.7 88.5 4.0 
25W36 83.8 20 27 92.0 8.2 77.8 86.4 2.6 93.0 9.2 
25W43 85.5 18 26 84.9 -0.6 80.8 79.8 -5.7 84.2 -1.3 
AC Mackinnon 87.0 13 25 83.8 -3.2 83.3 79.2 -7.8 82.7 -4.3 
AC Morley 86.8 15 12 84.3 -2.5 85.9 82.5 -4.2 83.5 -3.3 
AC Mountain 88.0 10 8 84.9 -3.1 87.8 83.7 -4.3 84.1 -3.9 
Stanford 70.0 36 37 67.5 -2.5 68.2 64.7 -5.3 66.8 -3.2 
Princeton 80.0 28 36 72.7 -7.3 76.9 69.4 -10.6 71.9 -8.1 
Keldin 48.8 38 39 47.2 -1.5 59.5 56.5 7.8 46.7 -2.0 
AC Sampson 74.5 35 20 72.4 -2.1 84.0 81.0 6.5 71.6 -2.9 
ADV Dyno 32.5 41 40 41.4 8.9 34.9 48.8 16.3 45.8 13.3 
Ava 86.3 17 13 84.5 -1.8 85.1 82.7 -3.6 83.9 -2.3 
Becher 80.8 27 24 78.2 -2.6 83.3 79.8 -1.0 77.4 -3.4 
Branson 77.5 31 32 78.7 1.2 77.5 77.4 -0.1 78.6 1.1 
Carlisle 91.8 3 5 103.1 11.4 84.1 96.7 4.9 105.5 13.7 
Brooklyn 80.0 28 18 86.6 6.6 80.5 87.5 7.5 87.2 7.2 
Laurel 81.3 26 33 82.4 1.1 78.0 78.8 -2.4 82.5 1.2 
Palmer 37.5 40 41 38.6 1.1 53.1 54.4 16.9 38.4 0.9 
D8006W 91.8 3 2 87.8 -3.9 90.5 85.4 -6.3 86.7 -5.0 
E0028W 89.3 7 3 90.1 0.9 89.8 90.0 0.7 89.4 0.2 
E1007R 79.5 30 23 78.1 -1.4 83.3 81.1 1.6 77.4 -2.1 
E1009W 90.0 5 9 87.5 -2.5 87.0 84.1 -5.9 86.8 -3.2 
Emmit 89.5 6 1 89.3 -0.2 90.5 89.7 0.2 88.8 -0.7 
FT Wonder 83.8 20 28 81.0 -2.7 82.7 79.0 -4.8 79.9 -3.8 
Harvard 89.3 7 16 74.7 -14.5 88.6 74.3 -15.0 74.9 -14.3 
Huntley 75.0 34 31 75.3 0.3 78.2 78.2 3.2 75.0 0.0 
Maxine 87.8 11 10 88.6 0.9 86.1 86.1 -1.6 87.8 0.1 
FT Action 81.5 25 19 62.5 -19.0 89.0 69.5 -12.0 63.9 -17.6 
R045 87.0 13 22 90.1 3.1 81.9 84.5 -2.5 89.8 2.8 
R055 83.8 20 7 79.5 -4.3 88.1 82.0 -1.8 78.7 -5.0 
Surge 83.8 20 15 86.3 2.5 83.8 85.9 2.1 85.7 2.0 
Wave 89.0 9 11 88.3 -0.7 86.3 85.2 -3.8 88.1 -0.9 
Superior 82.0 24 29 76.8 -5.2 81.4 75.8 -6.2 76.0 -6.0 
VA03W-409 47.5 39 38 49.1 1.6 56.1 57.4 9.9 48.9 1.4 
Vienna 86.5 16 17 87.9 1.4 83.4 83.9 -2.6 87.2 0.7 
Warthog 77.5 31 21 79.8 2.3 79.2 81.1 3.6 79.5 2.0 
Wentworth 93.5 1 4 82.5 -11.0 90.7 79.2 -14.3 81.6 -11.9 
HY 116-SRW 77.5 31 34 80.6 3.1 75.0 78.5 1.0 80.5 3.0 
Mean 79.8   79.3  79.8 79.0  79.1   
Tukey (0.05) 22.6   25.7  22.7 24.5  25.7  
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Table 3.13. Mean Winter Survival and Adjusted Winter Survival Rankings and Ratings based GNDVI 
calculated values from Spectral Reflectance Measurements taken at Elora. 

 
 Observed   Linear Adjusted Model Generated  Model Adjusted  
Variety Winter Winter Ratio Adjusted Difference Winter Adjusted Difference Winter Difference 
 Survival Survival Rank Survival  Survival Survival  Survival 
  Rank 

 25R39 46.3 32 30 46.9 0.6 43.6 44.1 -2.1 46.9 0.6 
25R47 60.0 15 12 61.5 1.5 55.6 56.9 -3.1 61.5 1.5 
25R51 55.0 22 22 56.2 1.2 48.1 49.0 -6.0 56.3 1.3 
25R56 72.5 3 2 72.3 -0.2 71.0 70.8 -1.7 72.3 -0.2 
25W36 52.5 25 24 53.7 1.2 46.4 47.4 -5.1 53.7 1.2 
25W43 51.3 27 20 52.2 0.9 51.0 52.0 0.7 52.2 0.9 
AC Mackinnon 61.3 14 13 61.4 0.2 57.7 57.7 -3.5 61.4 0.2 
AC Morley 57.5 17 19 56.8 -0.7 57.3 56.6 -0.9 56.8 -0.7 
AC Mountain 75.0 1 1 74.2 -0.8 80.8 80.0 5.0 74.2 -0.8 
Stanford 15.0 39 40 15.0 0.0 29.9 29.8 14.8 15.0 0.0 
Princeton 52.5 25 34 51.5 -1.0 46.9 45.9 -6.6 51.5 -1.0 
Keldin 28.8 36 41 28.2 -0.5 32.2 31.5 2.7 28.2 -0.5 
AC Sampson 56.3 19 17 54.8 -1.4 59.2 57.8 1.6 54.8 -1.4 
ADV Dyno 18.8 38 33 20.0 1.3 31.6 34.0 15.2 20.1 1.4 
Ava 71.3 4 7 70.9 -0.4 66.0 65.6 -5.6 70.9 -0.4 
Becher 43.8 33 26 44.3 0.6 45.3 45.9 2.2 44.3 0.5 
Branson 47.5 29 35 47.0 -0.5 40.9 40.5 -7.0 47.0 -0.5 
Carlisle 65.0 10 10 66.3 1.3 57.9 58.9 -6.1 66.4 1.4 
Brooklyn 25.0 37 38 25.3 0.3 31.0 31.2 6.2 25.3 0.3 
Laurel 40.0 34 32 40.2 0.2 44.5 44.8 4.8 40.2 0.2 
Palmer 13.8 40 36 14.0 0.2 31.1 31.7 17.9 14.0 0.2 
D8006W 67.5 7 6 66.0 -1.5 69.5 67.9 0.4 66.0 -1.5 
E0028W 66.3 9 14 64.9 -1.4 62.4 61.1 -5.2 64.9 -1.4 
E1007R 57.5 17 8 56.2 -1.3 66.8 65.2 7.7 56.2 -1.3 
E1009W 47.5 29 31 47.1 -0.4 46.9 46.6 -0.9 47.1 -0.4 
Emmit 63.8 11 18 64.4 0.6 53.9 54.4 -9.3 64.3 0.6 
FT Wonder 56.3 19 16 56.7 0.4 57.0 57.6 1.3 56.7 0.4 
Harvard 67.5 7 3 67.3 -0.2 69.8 69.5 2.0 67.3 -0.2 
Huntley 51.3 27 29 51.0 -0.3 48.1 47.8 -3.4 50.9 -0.3 
Maxine 70.0 5 11 70.0 0.0 59.4 59.5 -10.5 70.0 0.0 
FT Action 31.3 35 37 30.0 -1.2 39.5 38.1 6.8 30.0 -1.2 
R045 55.0 22 25 55.0 0.0 49.0 49.1 -5.9 55.0 0.0 
R055 63.8 11 23 63.0 -0.7 53.4 52.7 -11.0 63.0 -0.7 
Surge 47.5 29 28 47.5 0.0 47.4 47.4 -0.1 47.5 0.0 
Wave 73.8 2 5 73.4 -0.3 67.6 67.2 -6.6 73.4 -0.4 
Superior 60.0 15 15 60.2 0.2 56.2 56.4 -3.6 60.2 0.2 
VA03W-409 11.3 41 39 11.3 0.0 28.0 28.3 17.0 11.3 0.0 
Vienna 56.3 19 27 56.9 0.7 46.0 46.5 -9.7 56.9 0.7 
Warthog 63.8 11 9 62.2 -1.6 66.2 64.5 0.8 62.2 -1.6 
Wentworth 68.8 6 4 66.9 -1.8 71.9 70.0 1.3 66.9 -1.8 
HY 116-SRW 53.8 24 21 53.6 -0.1 54.3 54.1 0.4 53.6 -0.2 
Mean 52.2   52.1  52.2 52.1  52.1   
Tukey (0.05) 25.3   24.9  27.3 26.9  24.9  
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Table 3.14. Mean Winter Survival and Adjusted Winter Survival Rankings and Ratings based GNDVI 
calculated values from Spectral Reflectance Measurements taken at Harriston. 

 
 Observed   Linear Adjusted Model Generated  Model Adjusted  
Variety Winter Winter Ratio Adjusted Difference Winter Adjusted Difference Winter Difference 
 Survival Survival Rank Survival  Survival Survival  Survival 
  Rank 

 25R39 70.0 36 36 71.2 1.2 70.1 71.6 1.6 71.6 1.6 
25R47 92.0 2 16 93.7 1.7 82.9 85.0 -7.0 94.3 2.3 
25R51 87.5 12 10 88.8 1.3 85.7 87.3 -0.2 89.2 1.7 
25R56 84.5 19 32 85.1 0.6 76.9 77.6 -6.9 85.3 0.8 
25W36 83.8 20 29 85.8 2.1 76.2 78.8 -5.0 86.5 2.8 
25W43 85.5 18 26 84.9 -0.6 80.5 79.8 -5.7 84.6 -0.9 
AC Mackinnon 87.0 13 21 86.0 -1.0 82.9 81.6 -5.4 85.7 -1.3 
AC Morley 86.8 15 11 86.2 -0.5 86.3 85.5 -1.2 86.0 -0.8 
AC Mountain 88.0 10 6 86.9 -1.1 88.5 86.9 -1.1 86.5 -1.5 
Stanford 70.0 36 37 68.7 -1.3 68.4 66.6 -3.4 68.3 -1.7 
Princeton 80.0 28 35 77.6 -2.4 75.3 72.5 -7.5 76.9 -3.1 
Keldin 48.8 38 39 48.1 -0.6 59.0 57.6 8.9 47.9 -0.8 
AC Sampson 74.5 35 19 73.7 -0.8 83.3 82.0 7.5 73.3 -1.2 
ADV Dyno 32.5 41 41 34.9 2.4 41.6 46.2 13.7 36.0 3.5 
Ava 86.3 17 15 85.4 -0.8 85.2 84.0 -2.2 85.2 -1.1 
Becher 80.8 27 22 79.8 -0.9 82.7 81.4 0.6 79.5 -1.3 
Branson 77.5 31 31 77.7 0.2 76.9 76.6 -0.9 77.7 0.2 
Carlisle 91.8 3 9 95.5 3.8 84.3 89.0 -2.7 97.0 5.2 
Brooklyn 80.0 28 25 82.0 2.0 79.0 81.7 1.7 82.7 2.7 
Laurel 81.3 26 30 81.9 0.6 76.9 77.6 -3.7 82.1 0.9 
Palmer 37.5 40 40 38.2 0.7 54.0 55.3 17.8 38.4 0.9 
D8006W 91.8 3 2 91.6 -0.1 91.7 91.4 -0.3 91.5 -0.2 
E0028W 89.3 7 3 89.8 0.5 91.2 91.8 2.5 89.9 0.6 
E1007R 79.5 30 20 79.8 0.3 82.1 82.4 2.9 79.8 0.3 
E1009W 90.0 5 7 89.3 -0.7 87.9 87.0 -3.0 89.0 -1.0 
Emmit 89.5 6 1 88.9 -0.6 92.4 91.4 1.9 88.6 -0.9 
FT Wonder 83.8 20 27 82.9 -0.9 81.3 80.1 -3.7 82.5 -1.3 
Harvard 89.3 7 8 86.0 -3.2 89.8 85.6 -3.7 85.0 -4.2 
Huntley 75.0 34 33 74.4 -0.6 77.4 76.5 1.5 74.2 -0.8 
Maxine 87.8 11 13 87.4 -0.3 86.5 85.9 -1.8 87.2 -0.5 
FT Action 81.5 25 14 76.7 -4.8 89.8 82.9 1.4 75.3 -6.2 
R045 87.0 13 24 88.0 1.0 80.4 81.6 -5.4 88.3 1.3 
R055 83.8 20 5 83.4 -0.4 89.6 88.6 4.9 83.2 -0.6 
Surge 83.8 20 17 84.5 0.7 83.0 83.9 0.2 84.7 0.9 
Wave 89.0 9 12 88.6 -0.4 86.4 85.8 -3.2 88.5 -0.5 
Superior 82.0 24 28 79.7 -2.3 80.6 77.7 -4.3 78.9 -3.1 
VA03W-409 47.5 39 38 48.4 0.9 56.4 57.7 10.2 48.7 1.2 
Vienna 86.5 16 18 86.9 0.4 82.8 83.3 -3.2 87.0 0.5 
Warthog 77.5 31 23 78.4 0.9 78.5 79.6 2.1 78.7 1.2 
Wentworth 93.5 1 4 91.2 -2.3 92.7 89.8 -3.7 90.5 -3.0 
HY 116-SRW 77.5 31 34 78.0 0.5 73.5 74.2 -3.3 78.1 0.6 
Mean 79.8   79.7  79.8 79.6  79.6   
Tukey (0.05) 22.6   23.3  23.1 22.9  23.6  
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Figure 3.1. 2008-2009 Mean daily temperature (dotted lines) and snow depth (solid line) data for the 

Elora (A) and Markdale (B), Ontario.  Markdale weather data was used as a substitute for Harriston 

weather data due to snow fall being recorded at that location.  Solid line represents snow depth (cm) 

and dotted line represents temperature (oC). 

 
 
 

Timeline (days)

Oct  Nov  Dec  Jan  Feb  Mar  Apr  

T
e
m

p
e
ra

tu
re

 (
o
C

)

-30

-20

-10

0

10

20

30
S

n
o
w

 D
e
p
th

 (
c
m

)

0

10

20

30

40

50

60

70

Timeline (d)

Oct  Nov  Dec  Jan  Feb  Mar  Apr  

T
e
m

p
e
ra

tu
re

 (
o
C

)

-30

-20

-10

0

10

20

30

S
n
o
w

 D
e
p
th

 (
c
m

)

0

10

20

30

40

50

60

70



 

 

218 

 

 
 
A. 

 
 

 

 

 

 

 

 

 

 

B. 
 
 

 

 

 

 

 

 

 

 

Figure 3.2. Average spectral reflectance profile of 41 winter wheat varieties grown in the Ontario 

winter wheat performance over a series of measurement dates at Elora (A) and Harriston (B), Ontario.  

Measurements taken on November 12, February 16, March 20 and April 30 are represented by solid, 

dotted, hashed and hashed-dotted lines, respectively. 
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Figure 3.3. Correlations of winter wheat visually assessed for winter survival with spectral reflectance 
measured between wavelengths 354 nm and 1023 nm at Elora (solid line) and Harriston (dotted line). 
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Figure 3.4. Time course visual analysis of selected indices; MSR1, GNDVI and MNDVI2 average values 

for 41 winter wheat varieties calculated from spectral reflectance measurements taken November 12, 

February 16, March 20 and April 30 at Elora and November 12 and April 30 at Harriston. 
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Figure 3.5. Relationship between Elora and Harriston mean November 12 MSR1 (A), MNDVI2  (B) and 

GNDVI (C) values for 41 winter wheat varieties. 
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Figure 3.6. Comparison between estimated winter survival using spectral reflectance indices MSR1 

(A&B, MNDVI2 (C&D) and GNDVI (E&F) and visually assessed winter survival at Elora and Harriston.  
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Figure 3.7. Comparison between estimated winter survival using spectral reflectance indices MSR1 

(A&B), MNDVI2 (C&D) and GNDVI (E&F) and visually assessed winter survival at Elora and Harriston.  
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Figure 3.8. Comparison between Ranked Ratios and Winter Survival Rank for MSR1 (A&B), MNDVI2 

(C&D) and GNDVI (E&F) Spectral Reflectance indices at Elora and Harriston. 
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Figure 3.9. Comparison between Linear Adjusted (A& B), Model Estimated and Adjusted (C&D), and 

Model Adjusted-Visually Assessed Winter Survival (E&F) and Visually Assessed Winter Survival for 

Spectral Reflectance Index MSR1 at Elora and Harriston. 
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Figure 3.10. Comparison between Linear Adjusted (A&B), Model Estimated and Adjusted (C&D), and 
Model Adjusted-Visually Assessed Winter Survival (E&F) and Visually Assessed Winter Survival for 
Spectral Reflectance Index MNDVI2 at Elora and Harriston. 
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Figure 3.11. Comparison between Linear Adjusted (A&B), Model Estimated and Adjusted (C&D), and 

Model Adjusted-Visually Assessed Winter Survival (E&F) and Visually Assessed Winter Survival for 

Spectral Reflectance Index GNDVIat Elora and Harriston. 
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Figure 3.12. Comparison between Linear Adjusted and Model Adjusted-Visually Assessed Winter 

Survival for Spectral Reflectance Indices MSR1 (A&B), MNDVI2 (C&D) and, GNDVI (E&F) at Elora and 

Harriston.  
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CHAPTER 4. EVALUATION OF ONTARIO ADAPTED SPRING WHEAT AGRONOMIC, DISEASE AND 

MYCOTOXIN TRAITS IN SPRING AND WINTER ENVIRONMENTS 

 

4.1 Introduction 

Common wheat (Triticum aestivum L.) is one of the most adaptable crops in the world largely due to the 

major genes controlling growth habit and photoperiod response (Distelfeld et al. 2009a). Vernalization is 

the requirement of a plant to be exposed to a cold temperature period in order to promote flowering 

(Sung and Amasino 2005).  The requirement of a cold period to initiate flowering is the difference 

between winter and spring wheat.  This difference is extreme in that it leads to breeding programs 

splitting winter and spring wheat into essentially separate germplasm pools.  Studies using molecular 

markers have shown that splitting winter and spring wheat into separate breeding pools has led to 

differentiation into distinct gene pools (Chao et al. 2007).  Further possible explanations for the 

separation of the wheat pools include the environment where the specific type of wheat was grown and 

the reluctance of breeders to make crosses between hard and soft wheat pools (Chao et al., 2007).  The 

separation of germplasm pools allow breeders to effectively select within a pool of adapted same class 

germplasm without having to worry about cold tolerance, delayed maturity or quality.   

From a disease perspective, comparisons between winter and spring wheat are difficult due to growing 

environment differences. Generally, spring wheat does not survive cold winter conditions from fall 

planting and winter wheat will not produce grain if planted in the spring due to vernalization 

requirements.  Furthermore, heading differences due to planting date mean that growing times do not 

match and the plants face different disease pressures.  In Ontario, both winter and spring wheat are 

commonly grown based on geographic location, yet heading dates are only separated by approximately 

three weeks.  The growing conditions are different enough that each type of wheat escapes higher levels 

specific disease pressures making the environments different.  This is due to several factors.  The ability 
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of the pathogen to overwinter on early planted or volunteer wheat, which is affected by snow cover and 

winter temperatures, windblown spores following the 'greenwave' from southern locations , moisture 

and optimal temperatures for the spores to grow (Kolmer et al. 2009).  

Agronomic aspects of seasonal differences have been explored using facultative wheat that requires 

very little vernalization and yet has some cold tolerance has provided a bridge between winter and 

spring environment comparisons.  Ozturk et al. (2006) found that in comparisons between winter and 

spring environments with one facultative wheat variety, plants grown during the winter environment 

had longer grain fill, taller plants, increased leaf area index, leaf area duration and increased number of 

spikes per square meter, as well as increased thousand kernel weight, grain yield and a decrease in grain 

protein concentration.  Yield differences between winter and spring plantings were attributed to 

increased number of spikes per square meter, kernels per spike and kernel weight.  The decrease in 

grain protein concentration was observed and was attributed to high temperatures and drought which 

decreased grain size and limited the carbohydrate synthesis and storage in the grain increasing the 

protein percentage in later spring types as a result (Ozturk et al. 2006). 

 

4.2 Materials and Methods 

 4.2.1 Germplasm 

Spring wheat lines tested were all Ontario-adapted spring wheat cultivars that have been registered in 

Ontario and were either hard red milling or feed quality grade wheat cultivars (Table A.2.1).  Soft red 

winter wheat variety ‘Emmit’ and hard red winter wheat variety ‘Maxine’ were also included as checks 

in the test.  These two varieties are recognized by the Ontario Cereal Crop Committee (OCCC) as disease 

and agronomic checks for soft red winter wheat and hard red winter wheat, respectively (Ontario Cereal 

Crop Committee 2010).   
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4.2.2 Agronomics 

The experimental design was a randomized complete block with four replications.  The plots were 

planted at four meters in length and cut back to three meters in the spring.  Each plot consisted of six 

rows with 17.8 cm between rows.  The seeding rate for each plot was 400 seeds/m2. Winter survival was 

assessed in the spring after the snow had melted and the plants had started to produce new leaves 

(approximately Zadocks stage 30-31).  The survival was scored as an estimated percentage of a full 

stand.  Vigour of the plants was assessed three weeks after winter survival assessment to determine plot 

coverage by tillering of the surviving plants.  Heading date was determined by assessing when 75 

percent of the heads of the plants in the plot had emerged completely from the boot of the plant.   

Lodging was assessed before maturity on a scale of 0-9 where 0 = no lodging and 9 = plot is completely 

lodged.  Plant heights were taken at maturity with a meter stick placed at the center of the plot.  Heights 

were measured from the ground to the top of the spike.  At maturity, ten randomly selected spikes were 

taken from the main stem or primary tillers in each plot.  The number of spikelets per spike was counted 

for the entire spike.  The individual spikes from each plot were bulk threshed on a per plot basis. The 

bulked seed was counted using the ESC-1 electronic seed counter (Agriculex, Guelph, ON) to determine 

the number of fertile florets per spike.  The plots were harvested with a Winterstieger plot combine.  

Each plot was individually bagged and placed in a tobacco kiln dryer until dry (approximately 14% 

moisture).  After drying, grain from each plot was individually weighed.  Thousand kernel weights (TKW) 

in grams (g) and test weights were determined in (kg/hL).  For the spring trial, all of the plots were 

planted and data was collected in the same manner except for winter survival and plant vigour which 

were not applicable due to spring planting. 

4.2.3 Evaluating Plant Disease and Mycotoxin 

 Powdery mildew (Erysiphe graminis f. sp. tritici) was evaluated on the entire wheat plot after heading 

while the whole plant was still green.  The visual rating is based on a 0-9 scale with 0= no mildew, 6= 
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slight mildew on flag leaf consistently across plot and 9= complete coverage of plants in a plot (including 

leaves, stems and head with chlorotic patches appearing on leaves).  Leaf rust (Puccinia recondita sp. 

tritici) was evaluated on the entire plot after heading and before maturity.  Visual ratings based on a 

scale of 0-9 were taken with 0 = no leaf rust, 5= only a few rust pustules on the flag leaf and 9= all leaves 

completely dead.  Fusarium head blight caused by Fusarium sp. was rated approximately three weeks 

after heading.  The rating was based on the estimated percentage number of heads per plot that were 

infected by the disease.  Severity or spread of the disease symptoms in the head were not taken into 

account.  After harvest, a bulk sample was generated from the spring and winter trials by bulking each 

variety over experiment replications.  From that bulk sample, a 1 kg sample was sent to the Food Safety 

Science Unit at the Ministry of Agriculture, Food and Rural Affairs, Guelph, ON for mycotoxin analysis.  

14 mycotoxins were tested by either enzyme linked immunoabsorbant assay (ELISA) or gas 

chromatography (GC).  Quantities of mycotoxins were measured in parts per billion.  Only the 

mycotoxins with detectable levels were listed (Table A.2.3).  Significant levels of mycotoxins were 

determined by a specific method detection limit (MDL).  MDL for this test is defined as the lowest 

detectable limit for which there is 95% confidence that the measure is greater than the background 

noise, different than 0 parts per billion from the sample tests.  

4.2.4 Flour quality parameters 

Flour yield was measured as a percentage of the flour yield from whole wheat kernels.  Grain for the 

experiment was milled at Agriculture and Agri-food Canada (ECORC; Ottawa, Canada) using a 

Quadrumat Junior precision laboratory mill (Brabender® GmbH & Co. KG, Duisberg, DE).  Flour was 

stored at 4 - 6°C until required for testing. Samples were put in room temperature at least 24 hours prior 

to quality and functionality tests. The flour was analysed for ash content % and protein content % (both 

adjusted to 14% moisture) using the NIT / FOSS Infratec 1241 (Foss Analytical, Hilleroed, DK). Damaged 
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starch percentage in samples was determined based on AACC method 76-31.01 using an enzyme kit 

from Megazyme Company (Megazyme K-SDAM 2008).  

4.2.5 Statistical analysis 

SAS version 9.1 (SAS Institute, Cary, NC) was used to analyse the data.  Proc Mixed was used with 

contrasts, Proc CORR procedure was used to examine correlations between specific traits, and Proc GLM 

was used to test the differences between means for the FPSWs and the WWCS.  The type I error rate 

was α=0.05.  Principle component analysis was used to look at associations among all traits using the 

program GGE Biplot (Yan and Kang 2002).  

4.3 Results  

4.3.1 Agronomics 

A sample of Ontario adapted spring wheat varieties were tested for winter survival in the winter of 

2007-2008 (Table A.2.2).  A range of survival was noted with a range of 2.5% to 37.5% with an average 

survival rate of 17.25% (Table A.2.2).   In comparison, the winter wheat checks (WWCs) had a winter 

survival rate of 91.6% which was significantly higher than the winter survival mean for spring wheat 

(Table A.2.2).  Vigour or the percent recovery of the plot after the initial winter survival assessment 

showed that biomass almost doubled in the fall-planted spring wheat (FPSW) plots.  Vigour of the 

varieties in the plot ranged from 5.3% to 27.5% (Table A.2.2).  The plots did not fill in completely 

especially in comparison to the WWC’s which averaged 7.2%.  Statistically there was no significant 

difference between the winter and FPSW’s for vigour.  However, the WWC’s had a higher overall winter 

survival and therefore, filled more of the overall plot (Table A.2.2). 

Heading date for the fall planted spring and winter wheat ranged two days early to 3.5 days later than 

the average for the trial (Table A.2.2).  The WWC’s were significantly earlier than the average of the 

FPSW’s (Table A.2.2).  The spring-planted spring wheat (SPSW’s) heading dates trended similarly for 
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each variety compared to the heading dates for the FPSW’s.  Heading dates ranged from 2.5 days early 

to 2.5 days later than the average (TableA.2.2).   

Comparisons between fall and spring plantings for lodging showed no significant differences mainly due 

to the lack of lodging in both seasons.  Lodging was related to height of the plants (Table A.2.2).  Height 

of the varieties ranged between 93.8 cm and 118.8 cm for FPSW’s and 94 cm to 121 cm for SPSW’s 

(Table A.2.2).  The average for FPSW’s was 2.3 cm taller than the SPSW’s. 

Yield of the FPSW’s was largely influenced by winter survival (P=<0.0001).  The range of average yield for 

FPSW’s was 1.53 t/ha to 4.88 t/ha with an average yield across varieties of 3.06 compared to the 

average for the WWC’s of 5.65 which is significantly greater than the FPSW’s average (Table A.2.2).  The 

SPSW’s yielded significantly more than the fall-planted spring wheat and ranged from 3.85 t/ha to 5.0 

t/ha with an average of 4.43 t/ha (Table A.2.2).  Interestingly, two lines, Winfield and Hoffman showed 

higher yield in the fall planting compared to the spring planting (Table A.2.2). 

The number of fertile florets or the number of kernels per spikelet indicated that there was a significant 

difference between fall and spring plantings (Table A.2.2).  FPSW’s ranged between 1.8 to 2.3 kernels 

per spikelet where as the SPSW’s ranged from 1.6 to 1.9 kernels per spikelet (Table A.2.2).  The WWC’s 

averaged 2.3 fertile florets compared to 2.1 for the fall planted and 1.8 kernels per spikelet for the 

spring planted (Table A.2.2). There was no significant difference between the WWC’s and the FPSW’s.  

The number of spikelets per spike was also significantly different between fall and SPSW’s (Table A.2.2).  

FPSW’s range was 16.3 spikelets to 20.0 spikelets and the SPSW’s range was 12.7 spikelets to 17.2 

spikelets (Table A.2.2).  The WWC’s average was 18.9 spikelets compared to 18.6 spikelets for FPSW’s 

and 15.0 spikelets for SPSW’s. There was no significant difference between the WWC’s and the FPSW’s 

(Table A.2.2). 
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Thousand kernel weights for FPSWs ranged from 32.6 g to 50.0 g seeds and averaged 39.2 g (Table 

A.2.2).  This was not significantly different than the spring planted trial which averaged 40.1g with a 

range from 33.4g to 44.6g (Table A.2.2).  The WWCs averaged 42.1 g which was significantly greater 

than the FPSWs (Table A.2.2).   

Test weights for the fall planted trial ranged between 81.7kg/hL to 86.1 kg/hL and averaged 83.2 kg/hL 

(Table A.2.2).  This was significantly different than the spring planted mean of 85.7 kg/hL that ranged 

from 84.1 kg/hL to 88 kg/hL (Table A.2.2).  The test weights for both fall and spring plantings were 

higher than the WWC’s average of 80.0 kg/hL and there was a significant difference between the WWCs 

and the FPSWs (Table A.2.2). 

4.3.2 Plant diseases and mycotoxins 

Plant disease ratings and mycotoxin analysis showed differences between planting environments.  

Powdery mildew caused by Erysiphe graminis f. sp. tritici was higher in the fall planted environment 

then the spring planted environment (Table A.2.3).  Although no significant difference was found 

between winter and spring environments, in each case where a variety was susceptible to powdery 

mildew, the FPSWs environment rating was higher (Table A.2.3).  The WWCs were significantly more 

susceptible to powdery mildew (6.4) than the FPSWs lines (2.3) (Table A.2.3).  For leaf rust, caused by 

the fungal pathogen Puccinia recondita sp. tritici the spring environment was significantly more severe 

than the winter environment; the spring environmental average for the varieties was 3.2 versus 0.9 for 

the fall environment (Table A.2.3).  Again, the WWCs were significantly more susceptible to leaf rust 

than the FPSW or SPSW (Table A.2.3).  Fusarium head blight caused by the fungal pathogen Fusarium sp. 

incidence ratings showed that the fall planted environment was significantly higher than the spring 

environment as the fall average for plot infection was 10.9 % versus 5.9% for the spring planted 

environment (Table A.2.3). The FPSWs did not significantly differ from the WWCs (Table A.2.3).  
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Mycotoxin analysis for Zearalenone produced by Giberella sp. was found above the method detectable 

limit in all instances except one.  Numerically, the fall planted environment (200.8 ppb) was higher than 

the spring planted environment (134.1 ppb), however there was no significant difference between 

environments (Table A.2.3).  There was no significant difference between winter and spring wheats in 

the fall planted trial (Table A.2.3).  The vomitoxin deoxynivalenol produced by the fungal pathogens 

Fusarium sp. was measured using ELISA and through gas chromatography.  Both methods arrived at the 

same result, indicating that significantly more DON was produced in the spring environment (Table 

A.2.3).  For the ELISA test, the spring environment averaged 5280 ppb versus 1637.5 ppb for the fall 

environment (Table A.2.3).  In the fall planted trial, there was no significant difference between 

FPSWand winter wheat (Table A.2.3).  For gas chromatography, the values were lower with several 

varieties showing no DON in either environment.  The spring planting average was 4040 ppb and the fall 

planted average was 737.5 (Table A.2.3).  WWCs showed lower than average DON accumulation in the 

fall planted environment however the difference was not significant (Table A.2.3).  15-

Acetyldeoxynivalenol also caused by Fusarium sp. was found present at low levels in some varieties.   

The mycotoxin was only detectable by this assay in spring planted environment, however the few 

number of positive results led to a non-significant difference between fall and spring planted 

environments and between the WWCs and the FPSWs (Table A.2.3). 

4.3.3 Flour quality parameters 

Flour yield was measured as a percentage of the flour yield from whole wheat kernels.  Flour yield for 

the FPSWs ranged from 58% to 66% with an average of 61.3% compared to 64% for the WWCs.  The 

difference between WWCs and FPSWs was not significant.  SPSWs ranged from 58%-65% with an 

average of 62%.  There was no significant difference between the fall and SPSWs for flour yield (Table 

A.2.4).  
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Ash content for the FPSWs ranged between 0.42% and 0.55% with an average of 0.49.  The WWCs 

averaged 0.41 which was significantly lower than the SPSWs.  SPSWs ranged between 0.39% to 0.48% 

with an average ash content of 0.43% which was significantly lower than 0.49% for the FPSWs (Table 

A.2.4).   

Flour protein percentage in the FPSWs had a range of 12.1% to 15.2% with an average of 13.6%.  The 

WWCs averaged 10.1% which is significantly lower than the FPSWs.  The SPSWs had a range of 10.6% to 

13.7% with an average of 12.9% which is not significantly different than the FPSWs (Table A.2.4). 

The average damaged starch percentage in FPSWs was 4.18, which was less than spring planted grains 

(average 4.75%) but more than winter checks (average 3.31%). In all eight FPSW varieties the 

percentage of damaged starch was more than corresponding spring planted grains but the differences 

were only significant in Norwell, Quantum and Sable samples (p≤0.05) (Table A.2.4).  

4.4 Discussion 

The initial goal of the experiment was to examine spring wheat winter survival.  The winter of 2007-2008 

proved to be severe enough to differentiate among spring wheat varieties for winter survival (Table 

A.2.1).  Many research programs are examining the cold tolerance mechanisms, uses and possibilities of 

winter-hardy spring wheat (Koemel et al. 2004; Brule-Babel and Fowler 1988; Dubcovsky et al. 2006; 

Limin and Fowler 2006; Sofalian et al. 2006; Toth et al. 2003; Zohary 1969). These data provide useful 

information and germplasm for breeding programs which would like to introgress spring wheat traits 

into winter wheat germplasm without complete dilution of cold tolerance attributes.  Furthermore, 

novel cold tolerance traits may exist in spring wheat and may enhance overall winter wheat cold 

tolerance. 

The winter survival of the fall planted spring wheat allowed for further examination of spring wheat 

varieties grown in a winter wheat environment.  Adaptation to an environment has several components 
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including winter survival (abiotic stress), heading date, yield, disease tolerance (biotic stress).  The fall 

planted spring wheats showed less adaptation to cold tolerance than the winter wheat checks, however 

for heading date, although significantly different by one day compared to the Ontario Cereal Crop 

Committee data for registered varieties in Ontario, the fall planted spring wheats were within an 

acceptable range for heading date.  The heading date for winter wheat Emmit is equal to the average 

heading date for the province.  The ranges in heading dates for winter wheats in Ontario are between 

three days earlier to four days later than Emmit (Ontario Cereal Crop Committee 2011).  The similarities 

in heading date between the winter wheat and fall planted spring wheat is somewhat surprising as it is 

common for spring wheat to be photoperiod insensitive leading to an earlier heading date (Beales et al. 

2007; Welsh et al. 1973).  Often, photoperiod sensitivity, delaying heading by up to 14 days (Worland 

and Law 1986), is paired with vernalization to hold winter wheat in a juvenile stage and maintain cold 

tolerance over the winter (Mahfoozi et al. 2000).  In this case, for this set of spring wheat lines, the 

heading date was similar to the winter wheat checks, and therefore similar photoperiod genotypes are 

expected.  This is significant as minimal segregation in heading date would be expected for crosses 

between these spring lines and Ontario-adapted winter wheats.   

Yield and yield components differed between fall and spring planting environments.  Fall-planted spring 

wheat yield was significantly lower that spring planted spring wheat mainly due to winter kill leading to 

decreased number of plants per plot (Table A.2.2).  Two spring wheat varieties, Winfield and Hoffman, 

which averaged only 60% and 57.5% plot fill, respectively, out yielded their spring-planted equivalent 

(Table A.2.2).  This can be explained through comparison of the fall planted and spring planted number 

of florets per spikelet and number of spikelets per spike which showed that there was a significant 

increase in both of these traits (Table A.2.2).  Ozturk et al. (2006) observed this trend, as well as 

significant differences for the number of kernels per spike between winter, freezing and spring 
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plantings.  Increases in the number of florets per spikelet and number of spikelets per spike of the fall 

planted spring wheat increased to the level of the winter wheat checks illustrating that the main 

difference in yield between winter and spring wheat is due to environment and not the genetic potential 

of the spring wheat.  This result was confirmed through analysis of spring and winter wheat varieties 

grown in the same unique California environment where no significant difference in yield was found 

between the growth habits groups (Chung et al. 2003). 

The fall planted environment is characterized as being cooler and moister leading to increased powdery 

mildew disease pressure (Wiese 1977).  Although not significant, fall planted spring wheat showed a 

consistent increase in powdery mildew levels over the spring planted equivalent, indicating that the 

differences were environmental (Table A.2.3).  From this it could be suggested that fall planting 

facilitates effective selection for powdery mildew tolerance in wheat lines.  Conversely, it would be 

expected that generally, spring wheat avoids powdery mildew due to warmer, drier conditions that are 

not favourable for disease proliferation.  

Zearalenone was also higher in the FPSWs (Table A.2.3).  This may be a product of the cooler fall planted 

spring environment as well as, longer storage of the grain in cool conditions (Committee 2009).  Visual 

symptoms for Fusarium head blight were significantly higher in the fall planted spring wheat versus the 

spring planted spring wheat.  This was typical for the 2007-2008 winter wheat and 2008 spring wheat 

data in the OCCC Ontario wheat trials (Committee 2011) indicating that Fusarium head blight symptoms 

and DON production are not always directly related (Figure A.2.1).  This has been found previously in 

wheat and has been associated with different types of resistance in the plant (Mesterhazy et al. 1999).  

Vomitoxin, or DON values from ELISA and GC testing showed that the spring environment is more 

suitable for vomitoxin production.  This is also consistent across the OCCC wheat trials (Committee 

2011).  Vomitoxin is the true concern for millers due to toxic effects.  Therefore, to lower DON values it 
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would be beneficial for Ontario wheat breeders to select in a spring environment to improve overall 

Fusarium tolerance and lower DON accumulation.   

Spring planted spring wheat showed significantly higher levels of leaf rust and compared to the same fall 

planted varieties.  This illustrates disease avoidance of winter wheat to leaf rust (Table A.2.3).  Leaf rust 

is most prevalent where wheat matures late, especially in spring wheat (Wiese 1977).  Therefore, 

selection of wheat breeding lines in a spring environment should lead to improved development of leaf 

rust resistance. 

One interesting aspect in comparing the differences between fall and spring planting environments is 

the potential overlap or change in disease spectrum due to climate change.  As global warming effects 

change the environment, it is possible that the fall planted environment (cool and wet) may be more 

similar to a spring environment (warm and drier).  It has been proposed that an increase in temperature 

may make it more suitable for leaf rust to proliferate earlier, furthermore increased evolution is possible 

as well (Garrett et al. 2006).  It has also been indicated that similar results were expected for Fusarium 

with a possible shift in mycotoxin producing fungi making different toxins more prevalent (Paterson and 

Lima 2010).  Theoretical models examining climate change and the fungal disease blackleg 

(Leptosphaeria maculans) in oilseed rape (Brassica napus) found that not only will the disease spread to 

areas where it is not currently present, the severity of the disease is also predicted to increase (Evans et 

al. 2008).  In the case of insect pressure, it was noted that aphids responsible for barley yellow dwarf 

virus are arriving two weeks earlier per 1oC increase in temperature (Harrington et al. 2007).   By using 

these examples, climate change may have a dramatic effect on winter wheat growing environment in 

Ontario, and the possibility of using a spring-planted environment to predict the future fall-planted 

environment is useful. 
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Differences between fall-planted and spring-planted spring wheat test weights showed significant 

environmental effects (Table A.2.4).  In studies comparing fall-and spring-planted environments, test 

weight and thousand kernel weights were higher in the fall planted environment while protein 

percentage and ash content was higher in the spring environment (Monsalve-Gonzalez and Pomeranz 

1993; Ozturk et al. 2006).  In this study, the opposite was true as test weights were higher in the spring 

environment and the ash content and protein content were higher in the winter environment.  

Explanation for this is not clear however; some of this may be explained by low plant density in the fall 

planted plots due to winterkill.  It has been found through examination of winter and spring wheat 

planting density trials that test weights tend to be lower at low seeding rates (Gooding et al. 2002).  

Furthermore, low plot density is also thought to increase protein content and has unclear effects on 

thousand kernel weights.  Although a decrease in test weight at lower densities was found, this was not 

consistent, and it was reasoned that more nitrogen availability per plant was one of the main factors in 

increasing grain protein content.  It is possible that this effect is being observed in this experiment, as 

the fall planted spring wheat had higher levels of protein compared to the spring planted spring wheat. 

Generally, this trend is opposite.  It should be noted that in this study, Winfield and Hoffman, the two 

varieties that had the highest winter survival rate, highest overall plot coverage, and out yielded their 

spring planted equivalent, still maintained the trend of higher protein and lower test weight.  Futher 

testing is required, but it may be possible that fall planted spring wheat in higher plant densities may not 

show a drastic reversal in this trend meaning that spring wheat’s may have a genetic component that 

would be favourable to move into Ontario-adapted hard red winters which would be beneficial to 

producers seeking a protein premium and millers trying to source higher quality locally based grain. 
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4.5 Conclusion 

This study was designed to evaluate the winter survival as well as, agronomics and disease tolerance 

differences among Ontario spring wheats grown in winter and spring environments.  Results indicate 

that there are varying levels of tolerance to winter conditions in Ontario-adapted spring wheat.  Other 

than grain yield, which was affected by winter survival, agronomic parameters were not drastically 

different than winter wheat checks.  This indicates that progeny from crosses between winter and spring 

wheat would not require multiple trait selection strategies to develop new wheat cultivars.  

Development of winter-hardy spring (facultative) wheat varieties could also make use of differences 

between fall and spring planting environments to significantly improve powdery mildew, Fusarium and 

leaf rust tolerance in wheat.
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Table 4.1. List of Ontario-adapted wheat cultivars evaluated for winter survival, agronomics, disease 
resistance and mycotoxins. 

 
Variety Growth Habit Quality Type 

 
606 spring hard red 
Norwell spring hard red 
Sable spring hard red 
Hobson spring hard red 
Hoffman spring feed 
Winfield spring hard red 
Superb spring hard red 
Quantum spring feed 
Emmit winter soft red 
Maxine winter hard red
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Table 4.2. 2007-2008 agronomic means from the Elora research station of fall and spring planted Ontario adapted spring wheat varieties and 
winter wheat checks.  Differentiation of environmental and spring and winter wheat means were tested through t-test or contrast.  

Variety Quality Planting Winter Vigour Heading Lodging Height Yield # of Fertile # of Spikelets TKW TSTWT 
 Group Season Survival (%) (%) (+/- ave.) (0-9) (cm) (T/ha) Florets per per Spike (g) (kg/hL) 
                   Spikelet

606 HRS Spring n/a n/a +2.5 0 94.0 4.52 1.9 16.5 33.4 86.7  
  Fall 12.5 15 +3 0 96.3 3.54 2.2 19.5 32.6 86.1  
Norwell HRS Spring n/a n/a -1.5 1 105.0 4.93 1.9 15.4 37.5 88.0  
  Fall 15.5 19.5 -1 1 110.0 2.41 2.3 18.3 37.8 83.5  
Sable HRS Spring n/a n/a -0.5 0 95.0 5.00 1.9 16.4 38.6 86.7  
  Fall 11.5 26.0 +1 1 93.8 1.53 2.1 19.4 35.6 82.3  
Hobson HRS Spring n/a n/a -1.5 1 104.0 4.13 1.6 15.0 43.2 84.1  
  Fall 12.5 8.8 -2 1 100.0 2.80 2.0 18.6 40.5 81.7  
Hoffman EFS Spring n/a n/a +2.5 2 121.0 4.83 1.8 14.8 41.8 86.7  
  Fall 30 27.5 0 4 118.8 4.88 2.2 17.1 50.0 84.8  
Winfield HRS Spring n/a n/a +1.5 0 110.0 4.18 1.7 16.8 34.0 88.0  
  Fall 37.5 22.5 0 1 114.5 4.23 1.8 20.0 35.6 82.3  
Superb HRS Spring n/a n/a -0.5 1 99.0 3.85 1.8 12.7 42.6 84.1  
  Fall 16 9.5 0 1 101.3 2.71 2.2 16.3 40.1 81.7  
Quantum EFS Spring n/a n/a -2.5 2 98.0 3.98 1.6 17.2 44.6 84.1  
  Fall 2.5 5.3 -1 0 102.5 2.37 2.0 19.8 41.0 83.5  
Winter Wheat 
Maxine HRW Fall 88.8 9.0 -1 1 97.5 5.53 2.3 17.4 43.4 81.1  
Emmit SRW Fall 94.5 5.3 -1 2 101.3 5.76 2.0 20.3 40.7 78.9  
Average   17.3 14.5 n/a 1 103.9 3.74 1.9 17.1 39.3 84.6  
Spring Planted Mean  n/a n/a 63.5 0.9 102.4 4.43 1.8 15.0 40.1 85.7 
Fall Planted Mean   17.3 16.8 239 1.1 104.7 3.06 2.1 18.6 39.2 83.2 
Winter Wheat Mean  91.6 7.3 238 1.5 99.4 5.65 2.2 18.9 42.1 80.0 
Fall vs. Spring Env p-value  n/a  n/a n/a n.s. n.s. * * * n.s. * 
Winter (chk) vs. FPSW  * n.s. * n.s .* * n.s. n.s. * *  

HRS=hard red spring, EFS=eastern red spring, HRW=hard red winter, SRW=soft red winter 
n/a=not applicable 
*=Significant at α=0.05, n.s.=not significant 
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Table 4.3. 2007-2008 disease and mycotoxin data from the Elora research station of fall and spring planted Ontario adapted spring wheat 
varieties and winter wheat checks.  Differentiation of environmental and spring and winter wheat means were tested through t-test or 
contrast. 

Variety Planting Powdery Leaf Fusarium Zearalenone Vomitoxin-DON Vomitoxin-DON 15-Acetyldeoxynivalenol 
 Season Mildew Rust Head Blight (ELISA) (ELISA) (GC)  (ELISA) 
  (0-9) (0-9) Field (%) (ppb) (ppb) (ppb)  (ppb) 

606 Spring 0.0 7.0 3.0 61 3800 1900  0  
606 Fall 0.0 0.6 10.5 350 1900 1800  0  
Norwell Spring 0.3 4.0 1.5 64 2200 0  0  
Norwell Fall 1.3 0.9 5.5 31 800 0  0 
Sable Spring 0.0 5.0 3.0 48 5700 3600  82 
Sable Fall 0.0 1.1 15.0 150 2700 2300  0 
Hobson Spring 2.5 2.0 6.0 270 6100 0  0 
Hobson Fall 4.9 1.1 11.3 210 1700 0  0  
Hoffman Spring 0.0 2.0 2.0 58 4100 2400  67 
Hoffman Fall 0.0 0.6 8.8 15+ 700 0  30+ 
Winfield Spring 1.3 1.0 3.0 100 4500 3300  0 
Winfield Fall 3.5 0.5 11.3 180 1500 0  0  
Superb Spring 3.0 2.0 6.5 210 8300 9200  79 
Superb Fall 5.0 0.6 13.8 420 2200 1800  0  
Quantum Spring 0.0 5.3 20.0 110 1500 1600  0 
Quantum Fall 3.3 1.5 11.3 250 1600 0  0 
Winter Wheat 
Maxine Fall 7.0 4.3 8.8 200 1200 0  0 
Emmit Fall 5.8 4.5 2.0 200 500 0  0   
Average  1.6 2.2 8.3 157.9 3081.3 1743.8  14.25   
Spring Planted Mean  1.3 3.2 5.8 134.1 5280 4040  38.6 
Fall Planted Mean  2.3 0.9 10.9 200.8 1637.5 737.5  0 
Winter Wheat Mean  6.4 4.4 5.4 200 850 0  0 
Fall/Spring p-value  n.s. * * n.s. * n.s.  n.s. 
Winter (chk) vs. FPSW * * * n.s. n.s. n.s.  n.s. 
MDL  n/a n/a n/a 25 250 60  50 

+=Value below Method detectable limit (MDL)  
n/a= not applicable 
*=Significant at α=0.05, n.s.=not significant 
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 Table 4.4. 2007-2008 quality data from the Elora research station of fall and spring planted Ontario adapted spring wheat varieties and 
winter wheat checks.  

 
Variety  Protein Moisture Ash Content Damaged Starch Flour Yield  
 Fall (% )Z (%) (%)Z (%) (%) 

 
Norwell Fall 12.6 15.2 0.55 4.60 58.0 
Norwell Spring 13.7 14.4 0.48 5.41 62.0 
Winfield Fall 13.8 15.2 0.47 4.06 63.0 
Winfield Spring 13.3 13.9 0.43 4.13 64.0 
606 Fall 15.2 15.1 0.47 3.20 58.0 
606 Spring 13.4 14.8 0.42 3.70 63.0 
Hobson Fall 13.9 14.2 0.46 4.32 64.0 
Hobson Spring 13.5 14.2 0.45 4.70 64.0 
Quantum Fall 13.4 14.9 0.48 4.08 62.0 
Quantum Spring 12.4 15.5 0.39 4.70 61.0 
Superb Fall 13.4 14.6 0.55 4.35 66.0 
Superb Spring 13.3 14.2 0.44 4.73 61.0 
Hoffman Fall 12.1 15.1 0.42 5.23 58.0 
Hoffman Spring 10.6 15.5 0.39 6.13 58.0 
Sable Fall 14.3 14.7 0.48 3.76 61.0 
Sable Spring 12.5 14.7 0.42 4.49 65.0 
Winter Wheat       
Emmit Fall 9.0 11.9 0.39 2.74 64.0 
Maxine Fall 11.1 14.6 0.42 3.89 64.0 
Spring Wheat Average Fall 13.6 14.9 0.49 4.20 61.3 
 Spring 12.8 14.7 0.43 4.70 62.3 
Winter Wheat Average  10.1 13.3 0.41 3.30 64.0 
Fall/Spring p-value  n.s. n.s. n.s. n.s. n.s. 
Winter (chk) vs. FPSW  n.s. * * * *  

 
Z Adjusted to 14% moisture  
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Figure 4.1. Trait biplot of 2007-2008 fall and spring planted spring wheat varieties grown at the Elora research station (Elora, ON).  GGE Biplot 

function 'which one where' was used to examine relationships between traits. The 'Fpsp' prefix to entry names indicates the fall planted 

spring wheat lines.
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APPENDIX 1.  DEVELOPMENT AND BREEDING FOR SPRING BARLEY MIXTURES IN ONTARIO 

 

A.1.1 Introduction  

Spring barley (Hordeum vulgare L.) is an important crop in Ontario.  Ontario produces some of the 

highest average barley yields in Canada, and in 2008 spring barley was grown on approximately 155,000 

acres with an average yield of 60.7 bushels per acre (3.27 tonnes/hectare).  Ontario spring barley 

producers are generally located in areas accumulating less than 2900 crop heat units (CHU’s) per 

growing season (Ontario Ministry of Agriculture Food and Rural Affairs 2009). The barley grain produced 

in Ontario is primarily used for livestock feed; however, it is also used in a number of other ways 

including malt for beer production, and as a protein extender in a variety of soups and foods.  

Cultivar mixtures are intra-specific blends of selected ‘component’ varieties (Smithson and Lenne 1996).  

Cultivar mixtures are not a new concept.  Before the 1870’s, almost all crops were planted as mixtures 

and today a majority of subsistence farmers still use cultivar mixture production systems as a means of 

guarding against crop failure.  During the 1980's barley mixtures composed most of the barley acreage in 

the former German Democratic Republic leading to an 80% reduction in reported powdery mildew 

disease (Wolfe 1991).  A survey of ten countries found that mixtures are being used in production 

agriculture, although they are not uniformly used across the country or in all crops (Finckh et al. 2000b; 

Finckh and Wolfe 1997).   

In the United States, the first multiline variety released was winter club wheat ‘Crew’ (Finckh and Wolfe 

2006).  A series of multiline club wheats were released in the Pacific Northwest leading to approximately 

18% of acreage being planted to mixtures (Mundt 2002).  Wheat multiline mixtures were used in the 

Pacific Northwest as an effective way to maintain wheat stripe rust resistance as previous pureline 

varieties had led to the pathogen developing virulence on the plant resistance genes (Line 2002).   
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Canadian usage of cultivar mixtures in production has been limited to refuge for maintenance of orange 

blossom wheat midge resistance in spring wheat (Smith et al. 2004), and for genetically modified insect 

resistance.  The movement away from cultivar mixtures and toward pureline breeding started with de 

Vilmorin’s ‘Note on the Creation of a New Race of Beetroot and Considerations on Heredity in 

Plants’(1856), continued with the rediscovery of Mendel’s laws in 1900 by de Vries, von Tschermak and 

Correns, and was accelerated with the mechanization of agriculture. This led plant breeders and 

producers to replace crop mixtures with purelines developed from bulk plot selections or hybridization-

based breeding programs.  

Pureline cultivars are used in production agriculture as they facilitate easy management and harvesting 

for producers.  Purelines have weaknesses in comparison to cultivar mixtures.  Some of these 

weaknesses include: decreased yield stability, uniform disease susceptibility, strong selection for 

virulence of plant pathogens to plant disease resistance genes and a decrease in yield in comparison to 

cultivar mixtures.    

One of the benefits of cultivar mixtures is improved yield stability over the component pureline 

cultivars.  Cultivar mixture stability relies on the yield buffering and compensation effect between two 

or more cultivars.  An increase in stability of mixtures over pureline components has been noted in 

wheat (Cowger and Weisz 2008; Kaut et al. 2009; Mengistu et al. 2010), spring barley (Østergård and 

Jensen 2005) and oats (Helland and Holland 2001).   

A variety of stability measures have been used to estimate mixture stability.  Shukla's stability variance 

model(Shukla 1972) has been used to show increased mixture stability in a variety of cereal crops 

including oats (Helland and Holland 2001), and winter wheat (Cowger and Weisz 2008).  Lin and Binns 

superiority measure (Lin and Binns 1988) which combines stability and performance into one term has 
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been used on oat mixtures (Helland and Holland 2001).  GGE Biplot (Yan and Kang 2002) was effectively 

used (Cowger and Weisz 2008) to both visually assess yield and stability, as well as, to calculate the GGE 

biplot instability value or the separation from environmental mean axis.  By using these methods of 

analysis, three main types of stability (Flores et al. 1998) can be applied to determine the true overall 

stability of the mixture. 

Cereal mixtures generally yield more when compared to their pureline components.  Smithson and 

Lenne (1996) summarized 764 comparisons and found that, on average; barley mixtures yielded 2.7% 

higher than the pureline components of the mixtures.  The barley mixtures ranged from a decrease in 

yield of 34.9% to an increase in yield of 39.9%.  Similarly, wheat and oat mixtures also had an increase in 

yield of 5.4% (range -26.6% to 49.7%) and 0.7% (range -10% to 16.5%), respectively.  Smithson and 

Lenne (1996) also suggested that mixtures consistently produce higher yields over the individual 

component varieties when the appropriate pure lines are selected to compose the mixture.   

Selection of appropriate lines for mixtures has been accomplished in a number of ways.  The multiline 

approach is based on near isogenic lines with differing disease resistance genes.  This mixture type 

provides a more stable and durable disease resistance, with the uniform agronomic and quality traits of 

a pureline (Jensen 1952).  A second method uses diallel analysis similar to that used in hybrid crops 

(Gizlice et al. 1989; Helland and Holland 2001).  In this method, purelines are analogous to parental lines 

and variety mixtures are analogous to the progeny from the cross.  This analysis provides partitioning of 

the variation in blend response into general and specific blending ability, analogous to general and 

specific combining ability.   Gizlice et al. (1989) used this analysis in soybeans and were able to further 

partition general blending ability (GBA) into general yielding ability (GYA) and true general competitive 

ability (TGCA).   
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GYA is defined as the yielding ability of the pureline component of a mixture in a pure stand (Helland 

and Holland 2001). TGCA is the competitive response of the cultivar as well as its contribution to the 

stability of the mixture (Helland and Holland 2001).  This analysis has been used numerous times as 

reviewed by Smithson and Lenne (1996).  The strength in the analysis allows for breeding programs to 

design a blending methodology to produce the best blends.   

Helland and Holland (2001) stated that if specific blending ability (SBA) was significant, breeding 

programs would need to test all possible pureline combinations to find the best one because the 

mixture performance was not predictable.  With the partitioning of GBA into GYA and TGCA, it was 

determined that if TGCA was significant for indentifying the best mixture, then the mixture would have 

to be based on a cultivar x tester method.  However, if neither of these terms were significant, then 

selection of the best blend would rely on simply blending together the best yielding purelines as 

determined from monoculture pureline testing.  These findings allowed Helland and Holland (1991) to 

determine that since SCA and TCGA were not significant, GYA of the cultivars was the significant 

component in GBA; and therefore, the top yielding purelines in monoculture would be the best lines to 

blend together. 

Pureline varieties grown in monoculture have shown a weakness to pathogens overcoming genetic 

disease resistance. One of the major goals for wheat breeding in western Canada (DePauw and Hunt 

2001) and oat breeding in Ontario (Yan and Frégeau-Reid 2008) has been incorporating resistance to 

rust caused by the fungal pathogen Puccinia sp.. The large effort put towards breeding for rust 

resistance may be due to large scale monoculture of singular varieties over many years and locations 

(Knott and Mundt 1990).  Besides selecting for yield, mixtures can be selected on their disease profile. A 

broad range of variable resistances can be incorporated in the mixture components limiting strong 
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selection pressure by the individual varieties on plant diseases (Finckh et al. 2000a; Smithson and Lenne 

1996).   

 

A general decrease in disease symptoms across in a wide range of obligate pathogens and an increase in 

yield as a result of the increased resistance was noted when cultivar mixtures were used in barley 

(Smithson and Lenne 1996). 

The percentage of resistant pureline required to decrease the level of disease in the mixture can be as 

low as 25%.  However, at high levels of disease pressure, three variables factor into an effective mixture: 

(1) the effectiveness of the pureline resistance, (2) the number of purelines, and (3) the percentage of 

the resistant pureline in the mixture(Smithson and Lenne 1996). 

Intraspecific crop mixtures are not currently being used in Ontario.  Some of the reasons for this are 

concerns with uniformity in appearance, harvest maturity and grain quality.  Mixtures also require more 

effort for seed companies to create, adding extra cost that must be passed on through cost of seed to 

the producer.  Therefore, to make it worth the extra cost, the yield and management package advantage 

must be significantly better than the current pure line cultivars.   

Recently, despite breeding efforts put forward by breeding programs in Ontario, commercial barley 

yields have leveled out (Johnson, personal communication) and innovation is needed to provide 

producers with the best possible technology to increase yields.  The objectives of this research include: 

examine four Ontario barley varieties as components of mixtures in four locations over two years, 2008 

and 2009; determine if the mixtures are more stable than their pureline components with regards to 

yield, test weight and thousand kernel weight across locations; to determine if plant disease severity is a 

factor in yield differences between purelines and mixtures; to determine if there are general or specific 

blending effects between components of barley mixtures. 
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A.1.2 Materials and Methods 

A.1.2.1 Component Pureline Varieties 

Four varieties of six row spring barley were selected based on similar maturity times.  All of the varieties 

were developed using the RIPE recurrent selection method at the University of Guelph (Falk 2001).  OAC 

Kawartha is currently the most widely grown variety in Ontario and is known for its disease tolerance 

and high yield.  GB036101 (HY101-6R) is a variety with the highest yield in the 2008 Ontario 

performance trial and has excellent disease and agronomic qualities.  GB46001 is a variety with the 

highest yield in the 2009 Ontario performance trials.  GB46020 is a breeding line which has good yield 

and disease tolerance.  

A.1.2.2 Development of Mixtures and Experimental Design 

One thousand kernel weights (TKW) and germination tests were used to determine the exact quantity of 

seed of each variety to be used.  Table A.1.1 illustrates the mixture set up for the trial.  The trials were 

planted over two years with a total of eight site years.  The trial was planted in 2008 and 2009 at Elora, 

ON (2800 crop heat units;CHU), Nairn, ON (3100 CHU) and St. Marys, ON (3050 CHU).  The trial was 

planted only once at two sites, Belgrave, ON (2800 CHU) in 2008 and Auburn, ON (2800 CHU) in 2009.   

In 2008, the trial was planted as a randomized complete block design with three replications.  In 2009, 

the trial was planted in a 6x6 triple lattice design.  The trial was planted in early spring (late April- early 

May) at a seeding rate of 350 seeds/m2.  Plots at Elora consisted of six rows spaced 17.8 cm apart and 3 

m long, with a total plot area of 3.204 m2.  At Narin, St.Marys, Belgrave and Auburn the plots were 5 

rows spaced 23 cm apart and approximately 3 m long, with a total plot area of 4.14 m2.  All plots were 

combine harvested at maturity and yield was measured in t/ha.  Thousand kernel weight (TKW) (g) and 

Test weight (kg/hL) were measured on harvested grain from two replications per trial. 

A.1.2.3 Field, Agronomic and Disease Evaluation of Purelines and Mixtures 
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Field notes for agronomic and disease traits were taken at each location.  Heading date was determined 

when 70% of the heads in the plot had fully emerged from the boot (Zadock’s stage 59).  Lodging was 

assessed before maturity on a scale of 1-10 based on severity of collapsed plants in the plot with a score 

of 1 having no lodging and 10 being completely lodged.  Height was measured to the top of the head 

(excluding awns) in each plot.  Net blotch (Pyrenophora teres Drechs. f. teres) was scored based on 

incidence and severity of the disease on the leaves of the plant using a 1-10 scale with 1 having no 

symptoms and 10 having complete coverage of plot and plant death.  Scald caused by Rhynchosporium 

secalis was scored based on incidence and severity of the disease on the leaves of the plant using a 1-10 

scale with 1 having no symptoms and 10 having complete coverage of plot and plant death.  Leaf rust 

(Puccinia hordei L.) was scored based on incidence and severity of the disease on the leaves of the plant 

using a 1-10 scale with 1 having complete resistance and 10 having complete plot coverage and death.  

Neck break, the breakage along the length of the peduncle below the spike, was scored at maturity and 

rated visually on a scale of 1-10 with 1 having no neck break and 10 having complete neck breakage with 

many heads unharvestable due to being detached from the plant.  Barley yellow dwarf virus (BYDV) 

caused by aphid transmitted Luteoviruses was characterized as the yellowing of leaves and stunting of 

plant growth was scored before heading visually on a scale of 1-10 with a value of 1 having no symptoms 

to a value of 10 having complete stunting of plants in plot and plant death. 

Field, Agronomic and Disease Relationship Evaluation of Purelines and Mixtures using GGE Biplot 

Principle component analysis using the program GGE Biplot, ver. 6.3 (Yan and Kang 2002) is a graphical 

method of analysis of genotype and genotype by environment interaction.   

With the basic model for biplot being; 

Yij-μ-βj=αi + Φij 
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Where Yij is the expected yield of genotype i in environment j, μ is the grand mean of all observations, αi 

is the main effet of genotype i, βj is the main effect of environment j and Φij is the interaction between 

genotype i and environment j.  Multi-trait data was analysed in GGE Biplot to explain relationships 

among traits.  The model remains the same from the above equation except that instead traits replace 

environments.  Data must be standardized as units of measure between traits are not the same.  This 

was done using the standard deviation-standardized scaling.   Means data across environments from 

Table A.1.2 were analysed using tester-centering and tester (trait)-metric singular value partitioning 

models.  The ‘Which Won Where/What GGE Biplot function which places traits into groups based on 

cultivar performance was used, as well a linear map of testers was generated to examine relationships 

between traits.  

A.1.2.4 Statistical analysis of mixture trials 

Analysis of variance of each trial was done within environments and across environments using PROC 

MIXED (SAS ver 9.1).  Within environment, blocks were considered random and purelines and mixtures 

were considered fixed variables.  Across environments, environment and blocks within environments 

were considered as random variables and the purelines and mixtures were considered fixed variables.  

Expected values for mixtures were calculated from the proportion of purelines composing that mixture. 

A.1.2.5 Statisical Analysis of Blending Ability 

Diallel analysis was carried out on yield, thousand kernel weight and test weight data using DIALLEL-

SAS05 program (Zhang et al. 2005).  Purelines and the 50:50 blends of the purelines were taken from the 

larger experiment and analysed in a Griffing diallel type two method.  The Gardner-Eberhart Analysis III 

option of the DIALLEL-SAS05 program was used analyse the data.  General blending ability (GBA) was 

partitioned into two components, general yielding ability (GYA) based on the yield of the purelines and 

true general competitive ability (TGCA) using the blend response data which is the difference between 



 

 

256 

 

the observed blend yield data and the expected yield data.  Expected yield data for a mixture is 

calculated as the proportion (50:50) of the two pureline components yield data in pure stand.  Specific 

competing ability (SCA) in mixtures was also calculated in this analysis.  To describe the results in the 

mixtures, models developed by Federer et al. (1982) were used: 

For Blends: Yhij=μ + ρh + (τi + τj + δi + δj)/2 + γij + εhij 

Purelines: Yhi= μ + ρh + τi + εhi 

Where μ is the general mean effect for every observation, ρh is the hth environmental effect, τi is the 

deviation of the ith genotype in pure stand from the mean of all purelines, δi is the general competitive 

effect of genotype i grown in a blend, γij is the specific competitive effect of genotypes i and j when 

grown together in a mixture and e is the random error component.  To calculate contributions of 

purelines to blend performance, GBA is defined as (τi + δi )/2, TGCA is defined as δi /2, and GYA is 

defined as τi /2 (Federer et al., 1982).   

A.1.2.6 Statistical Analysis of Pureline and Mixture Stability 

Stability analysis was carried out on yield, thousand kernel weight and test weight data from all 

locations.  The environmental variance model (Lin et al. 1986), the Finlay-Wilkinson regression response 

analysis (Finlay and Wilkinson 1963),  Eberhart-Russell (Eberhart and Russell 1966) and Shukla’s stability 

variance measure (Shukla 1972) were all used in the analysis using the Akaike’s information critierion 

(AIC) as the method to determine the best model to use to analyse the data.  The best model for the 

stability analysis was Shukla’s stability variance measure which is calculated as; 
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where p is the number of genotypes, q is the number of environments, Xij is the observed mean of 

genotype i in environment j, and X… is the overall mean.  SAS PROC MIXED coding developed by Piepho 

(1999) was used to calculate the stability values.  For the yield data, all replication and location data was 

used in the analysis rather than data across locations.  The scoring=50 option was used ensure 

convergence of the model.  For the TKW and test weight data, means data was used to calculate the 

stability statistic as Elora data was generated on only one replication and at all other locations two 

replications had data recorded.  Scoring=50 option was used in PROC MIXED to ensure convergence. To 

determine the best mixture with regards to stability and yield, superiority measure (Lin and Binns 1988) 

was used as it combines cultivar performance and stability into one term using SAS PROC GLM.  The 

superiority measure is calculated as; 

   
∑           

  
 

Where n is the number of environments, Mj is the maximum response in the jth environment and Xij is 

the mean value of the ith cultivar in the jth environment.  To determine the Pi cut off value, the MS-

value from the pooled residuals was used as the error term to test the differences in linear trends.  It 

was calculated as; 

MSresidual x F df (g),(g-1)(e-2) 

GGE Biplot stability analysis of yield, TKW and test weight data was completed using the standard 

deviation scaling, tester centering and entry (pureline/mixture)-metric singular value partitioning 

models were used.  The ‘Mean vs. Stability’ function was used to generate the GGE Biplot which visually 

displays the mean genotype value and the genotype by environment interaction or stability of this 

parameter over eight environments. 

A.1.2.7 Examination of General Blending of Varieties over a Range of Mixture Ratio’s for Yield, Thousand 

Kernel Weight and Test Weight 
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General blending effects for each variety were calculated across mixture ratios of 25%, 33%, 50% and 

75%.  This was calculated for yield, TKW and test weight separately by averaging data values of the 

mixtures containing the specific variety at the same mixture percentage.  This was completed for each 

replication over eight total environments and was considered the 'observed' general blending effect for 

each variety at each ratio.  The 'expected' general blending effects were calculated for each variety 

mixture ratio from the pureline variety data and then averaged for variety-specific mixture ratio across 

blends. 

A.1.3 Results  

A.1.3.1 Agronomic and Disease Data Analysis 

In 2008, yield data (Table A.1.2) from all environments had a positive average blend response of 4.35%.  

Individual environments showed significant deviation of the observed mixture yields from the expected 

yields as calculated from the pure lines in pure stand.  St. Marys had the highest yield of all locations 

(6.63 t/ha) and Nairn showed the highest blend response with a 9.37% increase in the observed yield 

over the expected response.  Belgrave had the lowest yield and the location was not ideal for variety 

testing due to soil heterogeneity from uneven terrain, so the 2009 trial was moved to Auburn 

approximately 20 km away with similar crop heat units as Belgrave.  In 2009, the average yield across 

the four locations was 1.31 t/ha lower than the average yield for 2008 indicating the significant 

difference between years (Table A.1.5).  There was no significant difference between the observed yield 

of the mixtures and the expected yield determined from the pure lines.  Three locations significantly 

deviated from the expected mixture yield.  Auburn was the only location showing an increase in blend 

response of 8.27% (Table A.1.2), while Elora and St. Marys had a decrease in blend response compared 

to the pure lines.  The highest yielding location was Elora (6.05 t/ha).  St. Marys was the lowest yielding 

location as well as having the lowest blend response in the experiment, -11.91%.  Combining two years 
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of yield data, there was no significant difference between the observed mixture values and the expected 

values calculated from the pure lines in pure stand. 

Thousand kernel weight data for mixtures from 2008 showed a non-significant overall decrease of -

0.88% compared to the pure line components (Table A.1.2).  All 2008 environments showed a decrease 

in thousand kernel weights, however only Nairn showed significant deviation from the expected 

thousand kernel weight values with a decrease of -2.33% (Table A.1.2).  In 2009, there was an overall 

significant increase in mixture thousand kernel weight of 1.13%.  Nairn and St. Marys had significant 

positive deviations from the pure line components with increased blend responses of 1.51% and 3.24%, 

respectively.  From two years data there was no significant difference observed between the observed 

thousand kernel weight data and the expected values calculated from pure line values (Table A.1.2). 

Observed test weight data for mixtures averaged across environments in 2008 did not deviate from the 

expected test weight values (Table A.1.2).  Mixtures at the Belgrave, Elora and Nairn locations deviated 

significantly from the expected test weight values.  On average there was a 0.49% increase in test weight 

with Elora having the highest test weight blend response of 2.07% (Table A.1.2).  In 2009, there was an 

overall decrease of 0.68% in mixture test weight in comparison to 2008.  The 2009 mean test weight did 

not significantly deviate from the expected test weight value (Table A.1.2).  Observed test weights at 

Elora, Nairn and St.Marys significantly deviated from the expected test weight values (Table A.1.2).  The 

largest decrease in test weight was at the Elora location (-1.86%).  Nairn showed a significant increase in 

test weight over the pure line components (0.56%).  Data summarized over two years found that there 

was no significant difference between observed test weight data and the expected values (Table A.1.2). 

Agronomic traits for two year's data were evaluated to examine differences between pure lines and 

mixtures (Table A.1.3).  Yield data was evaluated over eight locations.  The range of yield for the pure 

lines was 4.31 t/ha to 5.14 t/ha with an average yield of 4.86 t/ha (Table A.1.3).  Mixture yield ranged 
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from 4.48 t/ha to 5.44 t/ha and averaged 4.93 t/ha (Table A.1.3).  Mixtures 10, 16, 18 and 20 all out 

yielded GB036101, the highest yielding pure line and no mixture yielded lower than the lowest yielding 

pure line GB046020.  Differences between mixture types (2-way, 3-way and 4-way mixtures) and among 

all mixtures are also important in determining which mixtures do best for which trait.  In examining 

comparisons between yield means for pure lines and mixtures, no significant difference was found 

(Table A.1.3 and A.1.5).  There were significant differences among pure lines and among mixtures (Table 

A.1.3 and A.1.5).  Comparisons were carried out among pure lines, two-way, three-way and four-way 

mixtures types in all combinations. The only significant difference found was between pure lines and the 

single four-way mixture where the mixture was significantly better than the mean of the pure lines.  

There was no significant difference found within two way or three way mixtures groups (Table A.1.3 and 

A.1.5).  The overall mean blend response for the experiment was 1.57%. Blend response of the mixtures 

ranged from -7.55% to 9.67% (Table A.1.3) and ten of 23 mixtures showed significant blend response; 

seven of which were positive blend responses and three were negative for yield. 

Pure line thousand kernel values averaged 44.41 g and ranged between 40.79  to 47.79 g.  Mixture 

thousand kernel weight values ranged between 40.41 to 47.51g (Table A.1.3).  No mixtures exceeded 

the pure lines for thousand kernel weight but, mixtures 9 and 17 were below the lowest pure line.  

Thousand kernel weight data showed that there was no significant difference between pure lines and 

mixtures (Table A.1.3 and A.1.5).  There were differences among pure lines and among mixtures (Table 

A.1.3 and A.1.5).  Further comparisons between pure lines and two-way, three-way and four-way blends 

as well as between mixture types gave no significant differences (Table A.1.3 and A.1.5).  There were 

significant differences within two-way and within three-way mixture classes (Table A.1.3 and A.1.5).    

The overall mean blend response was 0.08% and the range of blend response was -4.16% to 4.95%.  
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Three mixtures showed a significant blend response. Mixtures 17 and 21 had a positive response and 

mixture 5 had a negative response for TKW. 

Pure line test weights averaged 64.33 kg/hl and ranged between 61.38 to 66.42 kg/hl (Table A.1.3).  

Mixture test weights averaged 64.28 kg/hl and ranged from 61.83 to 65.86 kg/hl (Table A.1.3).  No 

mixtures had a test weight higher than the highest pure line GB046020 or lower than the lowest pure 

line OAC Kawartha.  Test weight comparisons between the means of pure line varieties and all mixtures 

gave no significant differences (Table A.1.3 and A.1.5).  Significant differences were found among pure 

lines and among mixtures.  Comparisons between pure line and mixture types as well as within mixture 

types gave no significant differences (Table A.1.3 and A.1.5).  There were differences among two-way 

blends (Table A.1.3 and A.1.5).    The overall blend response was -0.05% and the range of blend response 

was -1.29 to 1.35 % (Table A.1.3).  No individual mixtures showed a significant blend response for test 

weight. 

The number of days to heading from planting date was evaluated at six locations.  Pure lines averaged 

57.29 days and ranged between 56.89 and 57.94 days (Table A.1.3).  There were small but significant 

differences among purelines for heading date.  Mixtures averaged heading 57.15 days after planting and 

had a range in heading dates of 56.56 to 57.94 days (Table A.1.3).  Mixtures showed a slightly earlier but 

non-significant heading date in comparison to the pure lines (blend response of -0.23% or 0.12 days 

earlier).  No individual mixtures showed a significant response to blending for heading date.  There were 

no significant differences between pure lines and any mixtures as well as, no significant differences 

between mixture types (Table A.1.3).  However, there was significant variation among all mixtures as 

well as within the 2-way mixture type (Table A.1.3).   No individual mixtures showed a significant 

response to blending for heading date.  
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Visual ratings for lodging were evaluated at two locations.  Pure lines averaged a rating of 2.93 with a 

range of 1.42 to 4.83 (Table A.1.3).  There were significant differences among pure lines.  Mixtures 

averaged 2.88 and ranged from 1.00 to 4.96 (Table A.1.3).  Mixtures 15, 20, 24 and 26 had lower lodging 

values than the lowest pure line and mixture 25 was the only mixture to have a higher lodging score 

than the highest pure line.  There were significant differences among mixtures as well as significant 

differences within 2-way and within 3-way mixture types (Table A.1.3).  There was a significant 

difference between 2-way and 3-way blends (Table A.1.3).  Blend response of mixtures compared to 

pure lines was a 0.35% decrease in lodging with 3-way blends being lower (Table A.1.3).  Eight mixtures 

showed significant blend response from the expected lodging score, four mixtures (12, 16, 18 and 25) 

had increased blend response for lodging and four mixtures (15, 22, 24 and 26) had decreased blend 

response for lodging. 

Height measurements were taken at seven locations.  Pure lines averaged 82.28 cm with a range of 

76.64 to 89.55cm (Table A.1.3).  There were significant differences among pure lines.  Mixtures had an 

average height of 84.06 cm with a range of 78.67 to 90.69 cm (Table A.1.3).  Mixture 5 was taller than 

the tallest pure line but no mixture was shorter than the shortest mixture.  There were significant 

differences among mixtures and differences within the 2-way mixtures (Table A.1.3).  There were also 

significant differences among pure line comparisons with all mixtures, 2-way and 3-way blends (Table 

A.1.3).   The blend response found that on average the mixtures were 2.18% taller than the pure lines 

(Table A.1.3).  There were also significant differences in blend response found among all mixtures as well 

as within 2-way and 3-way mixtures types (Table A.1.3).  Two mixtures (25 and 26) showed a significant 

increase in height from the expected height calculated from the component pure lines in pure stand. 

Net blotch caused by Pyrenophora teres Drechs. f. teres was noted at three sites.  Pure line mean visual 

rating was 3.99 with a range of 2.44 to 5.67 and the differences in disease rating among pure lines were 
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found to be significant (Table A.1.3).  The average rating for mixtures was 4.02 with a range of 2.83 to 

5.17.  No mixture was lower or higher than the pure line varieties (Table A.1.3).  Differences among 

mixtures were significant as well as within 2-way and 3-way mixture types (Table A.1.3).  4-way mixture 

and pure line comparisons found that the 4-way mixture was significantly higher than the pure line 

average.  The 4-way mixture was also significantly higher than the 2-way and 3-way mixture types (Table 

A.1.3).  The overall blend response was 1.43% increase in net blotch between the mixtures and the pure 

lines (Table A.1.3). Mixture 22 showed a significant increase in net blotch over its component pure lines. 

Scald caused by Rhynchosporium secalis was noted at three sites.  Pure line means visual rating was 3.35 

with a range of 2.00 to 4.28 (Table A.1.3).  There were significant differences among pure lines for scald 

symptoms.  Mixtures averaged a scald rating of 3.19 ranging between 2.33 to 4.94 (Table A.1.3).  No 

mixture had symptoms less than the lowest pure line and mixture 9 had a higher mean than the highest 

pure line (GB046020).  There were significant differences among mixtures as well as within 2-way 

mixture types (Table A.1.3).  The overall blend response of mixtures decreased the severity of scald by -

3.97% (Table A.1.3).  Mixture 20 showed a significant decrease in scald symptoms over its component 

pure lines (GB046020 and GB036101). 

Leaf rust caused by Puccinia hordei L. was noted at two locations.  Pure lines averaged a visual rating of 

1.68 with a range of 1.00 to 2.71 (Table A.1.3).  There were significant differences among pure lines.  

Mixtures had an average visual rating of 1.51.  Visual ratings for leaf rust ranged from 1.00 to 2.88 (Table 

A.1.3).  Two mixtures (5 and 21) were equal to the lowest pure line (GB046020) which had no symptoms 

(Table A.1.3).  Mixture 12 had higher symptoms that the highest pure line, GB036101.  There were no 

significant differences among and within mixture types or between mixtures and pure lines.  The 

average blend response was a decrease in leaf rust symptoms of 8% (Table A.1.3).  Mixture 10 showed a 

significant decrease in leaf rust symptoms over its component pure lines. 
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Neck break was visually rated at three locations.  Pure lines averaged 2.06 and ranged from1.61 to 2.78 

(Table A.1.3).  There were significant differences among pure lines (Table A.1.3).  Mixtures mean neck 

break score was 1.98 and ranged from 1.31 to 3.44 (Table A.1.3).  Mixtures 5 and 18 had a higher neck 

break scores than the highest pure line.  Mixture 10, 16 and 19 had neck break scores lower than the 

lowest pure line (Table A.1.3).  There were significant differences among mixtures as well as within 2-

way and 3-way mixture types (Table A.1.3).  The average blend response was a 3.6% decrease in neck 

break scores.  Mixture 7 and 18 both showed a significant blend response for neck break. 

Barley yellow dwarf virus (BYDV) caused by aphid-transmitted Luteoviruses was rated visually at two 

locations.  The mean visual rating for pure lines was 3.54 with a range of 2.58 to 4.08 (Table A.1.3).  

There were significant differences among pure lines.  Mixtures had an average rating of 3.63 with a 

range in ratings of 2.92 to 4.25 (Table A.1.3).  There were no significant differences among mixtures and 

mixture types.  Comparisons between pure lines and mixtures were also not significant.  The blend 

response was 3.28% indicating an increase in BYDV symptoms in mixtures (Table A.1.3).  Mixture 13 

showed a significantly decreased in blend response for BYDV over its pure line components. 

A1.3.2 Disease and Agronomic factors in determining Yield, Thousand Kernel weight and Test Weight 

Parameters 

Genotype by trait biplots were generated for each location to evaluate the effect of disease and 

agronomic traits on yield, thousand kernel weight and test weight parameters.  In the Belgrave 2008 

biplot, 57.8% of the variation was explained by the first two principle components (Figure A.1.1A).  

Increased yield was related to mixtures compared to purelines as well as a later heading date.  Yield was 

also related to shorter plants and a decrease in neck break scores (Figure A.1.1A).  Thousand kernel 

weight was decreased in lines that had high scald ratings (Figure A.1.1A).  Interestingly, lines with high 

test weight generally had higher scald ratings. The first two principle components of the biplot for the 
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Auburn 2009 location explained 57.6% of the variation and showed that mixtures were related to lower 

neck break, lodging and yield (Figure A.1.1E).  The biplot showed that the observed diseases did not 

have a large effect on yield.  Mixtures and pure lines with higher net blotch and leaf rust scores 

generally had higher thousand kernel weight values, as well as, reduced number of days to heading.  

Increased test weight was associated with increased BYDV symptoms.  In this location, lodging, neck 

break and height were related to each other, which was expected (Figure A.1.1E). 

Elora in 2008 the first two principle components of the biplot explained 41.7% of the variation.  There 

was no relationship between mixtures or pure lines for increased yield (Figure A.1.1B).  Instead, yield 

was influenced by net blotch resistance and shorter plants.  Mixtures tended to be related to lower leaf 

rust symptoms.  Mixtures and pure lines with higher TKW's showed increased resistance to scald, 

however lines with higher TKW's also had increased leaf rust susceptibility (Figure A.1.1B).  Test weight 

was increased in lines that had higher scald susceptibility.  In Elora 2009, the first two principle 

components of the biplot explained 65% of the total variation (Figure A.1.1F).  Yield was not increased 

by mixtures or pure lines specifically.  Instead, it was influenced by increased net blotch resistance 

(Figure A.1.1F).  Thousand kernel weight and test weight were closely related to increased net blotch 

susceptibility.  Increased lodging and height were closely related.  Mixtures were related to later 

heading date (Figure A.1.1F). 

At Nairn in 2008, 58% of the total variation was explained by the first two principle components of the 

biplot (Figure A.1.1C).  Very little disease was present in the trial and only agronomic notes were taken.  

Yield was associated with an earlier heading date.  Mixtures were associated with both increased yield 

and test weight (Figure A.1.1C).  In 2009, 48.8% of the total variation was explained by the first two 

principle components of the biplot (Figure A.1.1G).  Mixtures were associated with increased yield 

(Figure A.1.1G).  Increased yield was associated with high thousand kernel weight.  Higher thousand 



 

 

266 

 

kernel weight was also related to an increase in BYDV disease ratings (Figure A.1.1G).  Increased test 

weight was associated with shorter mixtures (Figure A.1.1G). 

At St. Marys in 2008, the first two principle components of the biplot generated for the data explained 

52.5% of the total variance (Figure A.1.1D).  Increased yield was linked with increased test weight and 

increased scald susceptibility.  Mixtures tended to be later in heading date and have increased scald 

symptoms (Figure A.1.1D).  Thousand kernel weights were increased in with earlier heading dates 

(Figure A.1.1D).  Test weight was associated with shorter plant height and was higher in pure lines than 

mixtures (Figure A.1.1D).  In 2009, the first two principle components of the biplot explained 53.6% of 

the overall variation (Figure A.1.1H).  Pure lines tended to be higher yielding than mixtures.  Mixtures 

tended to be taller than pure lines.  Increased test weight was related to increased yield.  Increased 

thousand kernel weight was related to pure lines and mixtures that had higher incidences of neck break 

(Figure A.1.1H).   

Combining all of the data over all locations in a meta-analysis, the first two principle components of the 

biplot explained 57.1% of the total variation (Figure A.1.2).  Mixtures were associated with having higher 

yield.  Components measured in this study that were related to high yield were high BYDV and leaf rust 

disease ratings.  Increased thousand kernel weight was correlated with decreased scald resistance, but 

higher leaf rust susceptibility.  High test weight was associated with net blotch resistance as well as low 

neck break, low lodging and shorter plant height.  Increased test weight was also related to later 

heading date.  Related traits height, lodging and neck break were all clustered together in the biplot. 

A.1.3.3 Stability Analysis 

Stability of yield measured over eight environments showed that the pure lines were as stable as 

mixtures (Table A.1.4).  The average Shukla stability value for pure lines was 0.14 with a range of 0 to 

0.3.  For mixtures the average value was 0.13 and the range was 0 to 0.30.  Standard errors were also 
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similar in pure lines and mixtures (Table A.1.4).  Type of mixture was not a factor as the stability of two-

way, three-way and four-way mixtures were similar (Table A.1.4).  However, there was a trend of 

increasing stability as the number of pure lines in the mixture increase (Table A.1.4).  Lin and Binn's 

superiority measure was used to assess yield and stability in one simple term.  A Pi cut-off test statistic 

was generated to determine which pure line or mixture was not significantly different than the best 

yielding line in each environment (Table A.1.4).  Only one entry, mixture 16 was significant (Table A.1.4).  

Pure lines averaged 0.67 with a range of 0.31 to 1.32.  Mixtures had a lower average Pi value of 0.62.  

The mixture Pi values ranged from 0.21 to 1.11 (Table A.1.4).  The GGE Biplot explained 57.2% of the 

total variation over the multi-environment trial (Figure A.1.3A).  Five of the top six yielding lines in the 

trials are mixtures according to the ranking along the average environment co-ordinate abscissa which is 

the single arrowed horizontal line that runs across the biplot.  The doubled arrow, almost vertical line in 

the biplot is the average environmental co-ordinate (AEC) ordinate.  The double arrow indicates that 

deviation from the AEC abscissa in either direction means a decrease in stability.  In examining the 

stability of the top six lines, three mixtures are more stable than the pure line (GB036101), two of which 

are higher yielding (mixtures 16, 18) (Figure A.1.3A).  

Thousand kernel weight stability analysed using Shukla's stability measure indicated that pure lines had 

an lower overall average stability value of 2.26 and a range of 1.55 to 2.65 (Table A.1.4).  The average 

stability value for mixtures was higher 3.5 indicating mixtures were less stable than pure lines (Table 

A.1.4).  The range in stability values was 0.5 to 10.8 indicating that mixtures were considerably more 

variable (Table A.1.4).  Trends indicated that increasing the number of pure lines to a mixture increased 

the stability of thousand kernel weight values (Table A.1.4).  Standard error values trended similar to the 

Shukla's stability value measure (Table A.1.4).  Superiority index values found that pure lines had an 

average Pi value of 17.91 that ranged from 1.74 to 38.62 (Table A.1.4).  The Pi cut-off value indicated 
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that pure lines OAC Kawartha and GB036101 were not significantly different than the top TKW entry in 

each environment (Table A.1.4).  Mixtures had a lower average Pi value than purelines and ranged from 

2.37 to 43.68 (Table A.1.4).   Trends indicated that as the number of lines in the mixtures increases, so 

does the stability for TKW (Table A.1.4).  Mixtures 5, 6, 12 and 20 were all not significantly different than 

the top TKW entry in each environment (Table A.1.4).  The GGE Biplot examining the TKW data 

explained 81.6% of the total variation (Figure A.1.3B).  Five of the top six lines for TKW were mixtures 

however; the top line was pure line GB036101 which was also more stable than any of the mixtures. 

Test weight stability was evaluated across eight environments.  Shukla's test statistic indicated that the 

average stability value for pure lines was 4.44 with a range of 0.79 to 7.07 (Table A.1.4).  Mixtures had a 

lower average stability value of 2.13 compared to pure lines with a range of 0.21 to 6.84.   Pure line and 

mixtures standard error values trended similar to the stability values (Table A.1.4).  Trends showed that 

as the number of lines in the mixture increased, so did the stability of test weight values across 

environments (Table A.1.4).  Superiority index analysis on test weight data found that the average Pi 

value for pure lines was 11.36 with a range of 2.7 to 26.84 (Table A.1.4).  The only entry that was 

significantly associated with the highest test weight in each environment was a pure line GB046020 

(Table A.1.4).  No mixture was significant; however mixtures averaged a lower Pi value 10.36 with a 

range of 4.25 to 22.42 (Table A.1.4).   As in the stability analysis, increasing number of lines in the 

mixture improved the Pi values (Table A.1.4).  GGE biplot of the data explained 70.6% of the total 

variation (Figure A.1.3C).  Five of the top six lines were mixtures as ranked along the AEC abscissa (Figure 

A.1.3C).  Stability of test weights showed that two mixtures of the six top test weight entries were more 

stable than the pure line (GB046020) however they had lower test weight values Figure A.1.3C). 

A.1.3.4 Evaluation of Blending Ability in Mixtures 

 A.1.3.4.1 YIELD ANALYSIS 
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Specific combining ability not significant in this experiment indicating that specific blending 

combinations among cultivars were not important (Table A.1.5).  General combining ability and true 

general competitive ability which was examined by analysing blend response were also not significant 

(Table A.1.5).  Differences among pure lines as calculated as general yielding ability were significant 

indicating that the top yielding pure lines make the best mixtures (Table A.1.5).  Analysis of GBA, TGCA 

and GYA effects shows that there was an overall positive effect on yield, as noted earlier (Table A.1.6).  

GB036101 (pure line 3) had the largest overall positive effect on GYA while GB046020 (pure line 2) had 

the largest overall negative GYA effect on the blends (Table A.1.6). 

For TKW, specific blending ability and true general competitive ability were not significant (Table A.1.5).  

This indicates that specific blends and specific pure lines were not significantly responsible for increasing 

TKW values.  General blending ability and general yielding ability were significant indicating that pure 

lines with the highest TKW produced the mixtures with the higest TKW (Table A.1.5).  There was an 

overall positive effect of mixtures on TKW in the diallel analysis.  Pure line GB036101 had the largest 

overall positive effect on GYA in TKW while GB046020 had the largest overall negative effect on GYA in 

TKW (Table A.1.6). 

Analysis of test weight data found that SBA and TGCA were not significant (Table A.1.5).  GBA and GYA 

were significant indicating that pure lines with the highest test weight when combined produced the 

mixtures with the highest test weight (Table A.1.5).  Mixtures had an overall positive influence on test 

weight in the diallel analysis.  Pure line GB046020 had the largest overall positive influence on GYA for 

test weight and OAC Kawartha had the lowest overall influence on test weight (Table A.1.6). 

A.1.3.4.2 ANALYSIS OF BLENDS ACROSS A VARIETY OF MIXTURE RATIOS 

Graphical analysis of percent pure line components in a blend (Figure A.1.4A) shows trends of observed 

blend response and calculated expected values for yield.  The analysis is similar to examining general 
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blending ability however; the mean value generated is compared to the calculated expected value only.  

Trends of the graphs showed that OAC Kawartha was generally unresponsive to blending and relatively 

flat except when it composed 75% of the mixture where there was a significant decrease in the 

observed compared to the expected (Figure A.1.4A; Table A.1.7).  GB046020 had a general down trend 

as the percent of the variety increased in the mixture (Figure A.1.4A).  Significant positive blending 

effects with other cultivars were noted at the 50% and 75% levels of the pure line (Table A.1.7).  Yields 

of blends with GB036101 in the mixture increased as the percent of the cultivar increased in the mixture 

(Figure A.1.4A).  Observed positive deviations from the expected value were significant at the 50% and 

75% of the blend levels (Table A.1.7).  Blends with GB046001 trended upwards as yield increased as the 

percentage of GB046001 increased in the mixture (Figure A.1.4A).  Significant positive deviations were 

observed at the 50% level of blending (Table A.1.7).  

Thousand kernel weight observed and expected values for each pure line trended similarly over the 

graph with a few deviations from the expected line (Figure A.1.4B).  OAC Kawartha TKW values 

increased as the percentage of OAC Kawartha increased in the plot (Figure A.1.4B).  A significant 

decrease in TKW was observed at the 25% level of OAC Kawartha (Table A.1.7).  TKW increased as the 

percentage of GB036101 increased in the plot (Figure A.1.4B).  GB046020 and GB046001 trended 

downwards as the percentage of the variety increased (Figure A.1.4B).   

Test weight graphical analysis shows similar trends between blend response and expected test weight 

values (Figure A.1.4C).  Overall trend for OAC Kawartha show a decrease in test weight as the percent 

amount of OAC Kawartha in the sample increases (Figure A.1.4C).  GB046020, GB036101 and GB046001 

all showed an increase in test weight as the percentage of pure line increased (Figure A.1.4C).  

Examining specific differences between the observed test weight value from the plots and the calculated 
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value from the pure lines in pure stands, no significant differences were detected between expected and 

observed values for any of the pure lines at the various plot percentages (Table A.1.7). 

A.1.4 Discussion 

The pure line varieties used to compose the mixtures in this experiment were all generated from the 

same recurrent selection breeding program.  Theoretically, the pure lines have a similar elite germplasm 

background and disease resistance profile.  Despite this, an overall blend response across mixtures of 

1.57% (0.07 t/ha) was noted with five of seven environments having a significant positive blend 

response (Table A.1.3).  This is consistent with other studies and reviews across mixture experiments 

(Cowger and Weisz 2008; Finckh et al. 2000a; Gallandt et al. 2001; Gizlice et al. 1989; Helland and 

Holland 2001; Kaut et al. 2009; Kiær et al. 2009; Mille et al. 2006; Mundt 2002; Newton et al. 2008; 

Østergård and Jensen 2005; Smithson and Lenne 1996).  Four mixtures were higher than the highest 

yielding pure line (Table A.1.3).  Mixture 10, composed of the two highest yielding pure lines GB036101 

and GB046001,  was the highest yielding entry in the experiment and had a yield of 5.44 t/ha which is 

0.3 t/ha (5.8%) higher than the highest yielding pure line, GB036101 (Table A.1.3).  In this experiment, 

increasing the number of lines in the mixture from two to three did not have a significant effect on yield. 

This trend is not consistent across blending experiments as some have found increases in yield with an 

increase in the number of lines (Helland and Holland 2001; Kaut et al. 2009; Kiær et al. 2009) and some 

have not (Cowger and Weisz 2008).  The hypothesis for an increase in yield in mixtures is due to 

increased use efficiency of resource allocation in the soil and above ground (Mundt 2002).  With only 

four pure lines composing part or all of the mixtures, potentially the best interactions achieving the 

highest yield was driven by genetic potential of the lines in the mixture.  Also, the similarity of the lines 

due to breeding may not have made use of possible resource differences.  Of note is the one four-way 

mixture which showed a significant yield increase over its pureline components.  Mixture 27 out yielded 
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the two-way and three-way mixture average, however it was the only four-way mixture and more four-

way mixtures in a larger experiment would be required to make proper conclusions to determine if 

increasing the number of lines in the mixture increases yield.  Diversity of varieties in terms of heading 

date and maturity has shown instances where an increase of yield is observed (Essah and Stoskopf 

2002).  In the current experiment these variables were purposely limited as production agriculture 

generally demands a uniform heading date and maturity for ease in management procedures. 

Barley yield improvement is crucial to make use of increasingly limited agricultural land in Ontario.  In an 

examination of barley varieties released in eastern Canada between 1910 and 1988, there was an 

average yield improvement of 0.023 t/ha per year (Bulman et al. 1993).  Direct extrapolation from this 

rate of improvement means that the highest yielding mixture, Mixture 10, represents an estimated 13 

year advance in barley improvement over the top yielding purelines.  In other words, it would take 13 

years of breeding progress to reach the level of yield that was generated through the blending.  Reasons 

for the yield increase due to variety mixtures are not clearly and consistently defined (Figure A.1.2).  In 

examining trait-biplots for summarized whole experiment data (Figure A.1.2), mixtures were associated 

with increased yield however, none of the other traits measured in this experiment were clearly 

associated with improved yield or mixtures.  At individual locations, mixtures and yield were not always 

associated together (Figure A.1.1A-H). Net blotch appeared to have a significant effect on yield when 

present.  However, mixtures did not lower the net blotch disease symptoms (Table A.1.3). 

TKW and test weight did not show significant increases or decreases due to mixing, however 

numerically, TKW increased slightly and test weight decreased slightly.  Both traits showed similar 

trends with a decrease compared to the average with only two lines in the mixture and then an increase 

to above average TKW and test weight values with three and four lines in the mixture.  This trend in test 

weight was noted by (Cowger and Weisz 2008) and TKW by (Mille et al. 2006; Newton et al. 2008).  
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Newton et al., (2008) noted that the increase was diluted as the number of lines in the mixture 

increased.  This was not the case in this study.  An explanation for this may lie in the possible effects of 

disease on these traits (Figure A.1.2). 

One of the perceived major advantages with mixtures is the reduction in disease symptoms over pure 

lines (Mundt 2002; Smithson and Lenne 1996).   In this experiment, mixtures did not have a significant 

reduction in any of the observed diseases over pure lines.  Some reduction in disease symptoms were 

noted for scald and leaf rust (Table A.1.3).  However, lower disease symptoms solely associated with 

mixtures was not consistently observed, as mixtures also showed a slight but not significant increase in 

net blotch and BYDV disease symptoms (Table A.1.3).    One of the reasons that the mixtures may not 

have shown a reduction in disease symptoms is that in several cases, the level of resistance in the pure 

lines for these diseases was at a level of partial resistance. Complete resistance to the pathogen limits 

the spore load as well as the amount of susceptible tissue reducing further spread of disease which 

appears to be the real strength in disease control for mixtures (Mundt 2002; Smithson and Lenne 1996).   

Another factor may be that at locations where a low level of disease was present; not having an effect 

on yield; other factors not measured in the study may have had a larger influence on overall yield, 

diluting the disease-yield associations.  This is confirmed by further examining the trait biplots.  BYDV 

and leaf rust were associated with an increase in yield.  Leaf rust and BYDV in barley have been shown to 

cause yield decreases of 10-30% and 34%, respectively (Arnst et al. 1979; Gill 1970).  Had the disease 

pressure been higher and more wide spread, any mixtures with an increased percentage of disease 

resistant pure lines would likely show decreased disease symptoms and possibly increased yield.  Similar 

levels of disease resistance and low levels of disease pressure may explain the mixed results from 

disease data.  This hypothesis is supported by Kiær et al. (2009) through meta-analysis of 246 mixture 
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experiments which determined that where there was diversity in disease resistance, a significant mixing 

effect was noted. 

One interesting aspect of mixtures that is not accounted for in this study and also might explain some of 

the mixture-disease interactions is plot size and interplot interference.  One of the mechanisms of 

disease control in mixtures is to limit the number of hosts for a pathogen as well as increase the distance 

between susceptible plants which decreases the overall spore load.  Disease pressure effects from 

susceptible pure plots on mixture plots are more extreme than what is observed between pure plots 

due to a large inoculum source within close proximity (Mundt 2002).  This is the reason that mixtures 

were thought to do better on a larger scale than pure lines.  An example of this is in East Germany 

where production scale fields planted to large areas of mixtures decreased incidence of powdery mildew 

in barley by 80% compared to other neighbouring countries (Wolfe 1991).   

Stability of yield was examined in three distinct ways.  The first method developed by Shukla, (1972) 

examined stability of the pure lines and mixtures.  Mixtures were slightly more stable on average than 

pure lines (Table A.1.4).  The two most stable entries in the trial were a pure line (GB036101) and 

mixture 16 which is partially composed of that pure line (Table A.1.4).  When Shukla`s stability measure 

was summarized across mixtures containing a specific pure line (Table A.1.4), the trend in yield stability 

remains the same as that measured in the pure line in pure stand.  This means that stability of a mixture 

may be predicted by the stability of the pure line in pure stand.  Examination of the number of pure lines 

in a mixture found that stability increased as the number of pure lines increased (Table A.1.4).  This was 

found by Helland and Holland (2001) as well as in half of the data sets reviewed by Smithson and Lenne 

(1996).  Superiority index developed by Linn and Binns (1988) focuses more on the agronomic aspect of 

yield in its stability analysis (Flores et al. 1998).  It was determined that mixture 16 was the only 

statistically significant top yielding and stable entry across locations (Table A.1.4).  Mixtures were more 
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stable than pure lines and as the number of pure lines in a mixture increased so did the stability of the 

mixture which is consistent with Helland & Holland (2001) (Table A.1.4).  GGE Biplots combine both 

stability and yield into one analysis.  The biplot confirms both Shukla`s stability measure and the 

superiority index.  Four mixtures are higher yielding (furthest to the right in the direction of the arrow 

along the AEA) and two are more stable than the highest yielding pure line (deviate the least distance 

from the AEA) (Figure 3a). These results are similar to what was found in examining winter wheat 

(Cowger and Weisz 2008). 

Shukla's stability analysis of stability for thousand kernel weight and test weight showed that mixtures 

tended to be less stable than pure lines (Table A.1.4).  For TKW, no obvious trend was observed between 

the pure line varieties and the average of the pure lines in mixture indicating that stability of the pure 

line in pure stand was not a good predictor of TKW stability in mixtures. However, stability in test weight 

for mixtures was predicted by pure line which is useful as test weight is generally an indicator of feed 

quality (Hunt 1996), and therefore an important trait for end users of the grain.  Although mixtures were 

less stable than pure lines for TKW and test weight, stability improved as the number of pure lines in the 

mixture increased (Table A.1.4).  This has been found for test weight in oats (Helland and Holland 2001).  

Superiority index calculations found pure lines and mixtures not significantly different from the entry 

with the top TKW value in each environment (Table A.1.4).  This was not the case with test weight as 

only one line was significant.  As in examination of stability in yield, pure lines with low superiority index 

scores transferred these characteristics to their mixtures.  This is different from what was found by 

Helland and Holland (2001) and Cowger and Weisz (2008) in that stability in pure lines was not always a 

predictor of stability of test weight.  By using superiority index, test weight stability of pure lines may be 

possible to predict and maintain.  Increasing the number of lines in the mixture also demonstrated 

improved superiority index values for both TKW and test weight.  This was demonstrated by Helland and 
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Holland (2001) in oats and confirms results from Shukla's stability measure that increasing the number 

of components in a mixture can be beneficial for stability. 

To determine the best way to breed for mixtures in barley a diallel analysis was completed to examine 

blend response for yield, TKW and test weight.  The analysis found that for each of these traits, there 

was no specific blending ability (Table A.1.5).  This is important as it indicates that the individual 

interactions between cultivars are not important and therefore each combination of pure line does not 

have to be compared in a mixture.  This knowledge significantly decreases the amount of testing to 

determine the best mixture.  In examining overall blend response, there was no significant TGCA 

response for yield, TKW or test weight (Table A.1.5).  A significant result for TGCA would indicate that 

there are certain lines that are better in blends than others.  Since this is not the case, the positive 

overall blend response and the examination of GYA of the pure lines for yield, TKW and test weight 

indicates that the best mixtures for each of these traits can be created from the best pure lines in pure 

stand.  This is similar to what was found by in barley (Essah and Stoskopf 2002; Newton et al. 2008), oats 

(Helland and Holland 2001), and winter wheat (Gallandt et al. 2001).   This result complements the 

stability analysis which also indicated that in general, pure line evaluation may be useful enough to 

determine the proper varieties to compose a mixture.  Analysis of the GBA, TGCA and GYA effects (Table 

A.1.6) illustrates the overall effects of the pure lines in a mixture and demonstrates the complexity in 

matching appropriate lines together to create a successful mixture that will have improved or equal 

characteristics of the component pure lines. 

In general, analysis of blends revolves around equal proportion mixing of varieties to create the mixture.  

To examine the importance of the component ratio between pure lines in the mixture is important an 

analysis similar to examining general combining ability was set up so that each pure lines effect at each 

blend percentage was calculated and compared to the expected value.  The results for yield showed that 
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perhaps more examination of percentage pure lines in blend is required.  Graphical analysis of yield 

shows that at certain ratios, pure lines can perform differently than expected (Figure A.1.4A).  By only 

analysing 50:50 blends, optimum mixtures would be missed resulting in missed potential yield.  

GB036101 was significantly better than expected at 50% and 75% of a mixture (Table A.1.7).  When 

GB036101 was 75% of a mixture its yield actually increased beyond its pure stand yield which would 

have been missed if only 50:50 mixtures were used.  Reasons for the increase in yield at the 75% 

percentage are not clear and it is difficult to speculate as to why GB036101 was significantly better as its 

percentages increased in the mixture other than it was the best performing pureline.  OAC Kawartha 

showed a significant decrease in yield at 75% of a mixture.  This may have to do with height of the plant 

and shading effects on the other lines in the mixture not allowing them to reach full potential.  However, 

Essah and Stoskopf (2002) did not find that differences in height were an issue when examining a 

diverse set of barley varieties as mixtures in Ontario.  In examining both TKW and test weight, neither 

trait showed a blend response to pure line blend percentage indicating that these traits are less 

influenced by mixture ratios than yield (Table A.1.7). 

A.1.5 Conclusion 

In conclusion, mixtures can out yield and be as stable as their pure line components.  In this study the 

lines with the highest yield, thousand kernel weight and test weight in pure stand produced the best 

mixtures as determined through diallel analysis.  This means that for breeding programs releasing a 

mixture or a producer attempting to maximize yield, mixing the highest yielding pure line varieties 

should create the best mixtures.  One aspect of selecting mixtures than needs more study is the ratio of 

pure lines in a mixture as results indicated that mixtures alternative to 50:50 blends may produce higher 

yielding mixtures.  For thousand kernel weight and test weight no significant differences from the 

expected values as calculated from varieties in pure stand were noted indicating that there is no effect 
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of blend ratio for these traits.In general, stability of varieties in pure stand translates to the most stable 

mixtures in terms of yield, thousand kernel weight and test weight as measured through Shukla's 

stability variance, superiority index and GGE Biplot.   
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Table A.1.1. Barley variety components and their mixture ratios.  Ratios of mixtures are derived from 
the first four pureline components and the ratios are listed after the indicated mixture in parentheses. 

Mixture Variety/Ratio Mixture Variety/Ratio  

 
Mix - 1  (OAC Kawartha) Mix - 15  (2/4 - 50:50) 
Mix - 2  (GB046020) Mix - 16  (3/4 - 50:50) 
Mix - 3  (GB036101) Mix - 17  (1/2 - 25:75) 
Mix - 4  (GB046001) Mix - 18  (1/3 - 25:75) 
Mix - 5  (1/2 - 75:25) Mix - 19  (1/4 - 25:75) 
Mix - 6  (1/3 - 75:25) Mix - 20  (2/3 - 25:75) 
Mix - 7  (1/4 - 75:25) Mix - 21  (2/4 - 25:75) 
Mix - 8  (2/3 - 75:25) Mix - 22  (3/4 - 25:75) 
Mix - 9  (2/4 - 75:25) Mix - 23  (1/2/3 - 33:33:33) 
Mix - 10  (3/4 - 75:25) Mix - 24  (1/2/4 - 33:33:33) 
Mix - 11  (1/2 - 50:50) Mix - 25  (1/3/4 - 33:33:33) 
Mix - 12  (1/3 - 50:50) Mix - 26  (2/3/4 - 33:33:33) 
Mix - 13  (1/4 - 50:50) Mix - 27  (1/2/3/4 - 25:25:25:25) 
Mix - 14  (2/3 - 50:50)  
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Table A.1.2. Yield data for barley mixtures only, the pure line data was not included in this data.  Observed data was summed over all mixtures for 
each environment.  Expected yield was calculated as a percentage of the observed yield from the pure lines in pure stand composing the mixture.

Yield      Thousand Kernal Weight   Test Weight   
Environment Planting Observed Expected Difference % Blend  Observed Expected Difference % Blend  Observed Expected Difference % Blend 
Date (T/ha) (T/ha) (T/ha) Response (g) (g) (g) Response (kg/hL) (kg/hL) (kg/hL) Response  

 
2008 
Belgrave April 24 4.80 4.65 0.15

Z
 3.35 45.80 45.99 -0.19 -0.41 64.94 65.86 -0.91

 Z
 -1.39 

Elora April 24 5.46 5.27 0.19
 Z

 3.71 46.22 46.49 -0.27 -0.59 64.63 63.31 1.31
 Z

 2.07 
Nairn April 18 5.45 5.05 0.40

 Z
 9.37 41.59 42.58 -0.99

 Z
 -2.33 64.95 63.81 1.14

 Z
 1.79 

St. Marys April 23 6.63 6.37 0.26
 Z

 4.15 41.89 41.97 -0.07 -0.18 63.96 64.28 -0.32 -0.50  
2009 
Auburn May 5 3.65 3.39  0.26

 Z
 8.27 43.63 43.50 0.13 0.30 67.39 67.41 -0.02 -0.03  

Elora May 8 6.05 6.25 -0.20
 Z

 -2.71 46.10 46.49 -0.39 -0.83 57.86 58.96 -1.09
 Z

 -1.86  
Nairn April 24 4.53 4.59 -0.06 -1.30 43.17 42.53 0.64

 Z
 1.51 67.24 66.87 0.38

 Z
 0.56  

St. Marys May 6 2.86 3.26 -0.40
 Z

 -11.91 47.14 45.64 1.50
 Z

 3.24 63.26 64.03 -0.76
 Z

 -1.16  
2008 Mean  5.58 5.33  0.25

 Z
 5.15 43.88 44.26 -0.38 -0.86 64.62 64.31 0.30 0.47  

2009 Mean  4.27 4.37 -0.10 -1.91 45.01 44.54 0.47
 Z

 1.05 63.94 64.31 -0.37 -0.57  
Overall Mean   4.93 4.85 0.07 1.62 44.44 44.40 0.04 0.09 64.28 64.31 -0.03 -0.05  
Tukey(0.05)    0.69 0.93 0.55 12.67 3.74 ns ns ns  2.96 6.20 ns ns  

 
Z
=denotes significant difference between observed value and the expected value generated from pure lines in pure stand. 
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Table A.1.3. Means for Yield, Agronomic and Disease traits for each pure line and mixture.  Means separation was done using Tukey's means 
comparison at (α=0.05).  Means comparison between groups was done by contrasts.  

 
 Yield  BRZ Thousand BR Test BR Heading  BR Lodge BR Height BR Net BR Scald BR Leaf BR Neck BR BYDV BR 
   Kernal  weight  date      Blotch    Rust  break    
   Weight 
 (t/ha) (%) (g) (%) (kg/hL) (%) (dfp)Y (%) (1-10) (%) (cm) (%) (1-10) (%) (1-10) (%) (1-10) (%) (1-10) (%) (1-10)  (%) 

 
Number of Locations 8  8  8  6  2  7  3  3  2  3  2  

 
Variety/Mixture                        
Mix-1 (OACKawartha) 4.89  46.64  61.38  57.17  4.83  89.55  5.67  2.00  1.83  2.78  3.75  
Mix-2 (GB046020) 4.31  40.79  66.42  56.89  1.42  81.55  4.17  4.28  1.00  2.03  2.58  
Mix-3 (GB036101) 5.14  47.79  64.94  57.17  2.04  76.64  3.67  3.17  2.71  1.61  4.08  
Mix-4 (GB046001) 5.08  42.40  64.56  57.94  3.42  81.36  2.44  3.94  1.17  1.83  3.75  
Mix-5 (1/2-75:25) 4.64 -2.1 47.42 X 5.0 61.83 -1.3 56.94 -0.3 4.00 0.5 90.69 3.6 5.00 -5.5 2.50 -2.7 1.00 -38.5 3.00 15.8 3.67 6.0 
Mix-6 (1/3-75:25) 4.63 X -6.4 46.97 0.1 62.53 0.4 57.28 0.2 3.25 -21.4 89.40 3.6 5.17 0.0 2.89 26.1 1.33 -35.0 2.31 -7.3 3.42 -10.9 
Mix-7 (1/4-75:25) 4.56 X -7.6 45.63 0.1 62.03 -0.2 57.17 -0.3 3.63 -19.1 87.98 0.5 5.17 6.3 2.50 0.6 1.33 -20.0 1.67 X -34.4 3.58 -4.4 
Mix-8 (2/3-75:25) 4.95 X 9.7 42.88 0.8 65.70 -0.5 57.17 0.4 2.42 53.6 82.74 3.0 3.72 -7.9 3.56 -11.1 1.17 -18.3 2.25 17.0 3.33 12.7 
Mix-9 (2/4-75:25) 4.48 -0.5 40.41 -1.9 65.86 -0.2 57.33 0.3 1.75 -8.7 83.88 2.9 3.61 -3.4 4.94 17.9 1.17 12.0 1.86 -6.0 3.50 21.7 
Mix-10 (3/4-75:25) 5.44 X 6.2 46.24 -0.4 65.51 1.0 56.89 -0.8 3.08 29.3 78.67 1.1 3.28 -2.5 2.94 -12.4 1.42 X -39.0 1.31 -21.7 3.83 -4.2 
Mix-11 (1/2-50:50) 4.78 X 4.0 44.07 0.8 63.47 -0.7 57.11 0.2 4.21 34.7 89.00 4.0 4.89 -0.6 2.33 -25.7 1.42 0.0 1.86 -22.5 3.58 13.2 
Mix-12 (1/3-50:50) 4.81 X -4.0 47.51 0.6 63.61 0.7 56.72 -0.8 4.79 X 39.4 85.88 3.4 4.72 1.2 2.72 5.4 2.88 26.6 2.00 -8.9 3.42 -12.8 
Mix-13 (1/4-50:50) 5.13 2.8 44.91 0.9 63.82 1.4 57.17 -0.7 4.17 1.0 87.48 2.4 4.22 4.1 3.44 15.9 1.33 -11.1 2.50 8.4 3.00 X -20.0 
Mix-14 (2/3-50:50) 5.08 X 7.6 44.47 0.4 65.58 -0.2 56.89 -0.2 2.00 15.7 79.79 0.9 3.94 0.7 3.56 -4.5 1.67 -10.1 1.94 6.9 4.00 20.0 
Mix-15 (2/4-50:50) 4.83 2.8 42.03 1.0 65.17 -0.5 57.11 -0.5 1.00 X -58.6 81.90 0.6 3.22 -2.5 3.61 -12.2 1.67 53.9 1.67 -13.7 3.67 15.8 
Mix-16 (3/4-50:50) 5.35 X 4.7 44.86 -0.5 64.32 -0.7 57.44 -0.2 4.00 X 46.6 79.26 0.3 3.28 7.3 2.89 -18.8 2.00 3.2 1.56 -9.7 3.42 -12.8 
Mix-17 (1/2-25:75) 4.61 3.4 40.50 X -4.2 64.43 -1.1 56.56 -0.7 3.42 50.5 85.90 2.8 4.22 -7.0 3.61 -2.6 1.33 10.3 2.25 1.6 2.92 1.5 
Mix-18 (1/3-25:75) 5.21 2.6 46.54 -2.0 64.51 0.7 56.89 -0.5 4.67 X 70.3 83.36 4.4 4.06 -2.7 3.00 4.4 2.42 -2.9 3.44 X 81.0 3.83 -4.2 
Mix-19 (1/4-25:75) 4.89 -2.9 42.99 -1.1 63.37 -0.6 57.67 -0.1 2.75 -27.1 84.93 1.8 3.61 11.1 3.44 -0.4 1.17 -12.5 1.56 -24.8 4.17 11.1 
Mix-20 (2/3-25:75) 5.22 X 5.9 46.45 0.9 65.44 0.2 56.72 -0.7 1.00 -47.0 80.24 3.0 3.89 2.6 2.44 X -29.0 1.92 -16.0 2.03 18.2 4.25 14.6 
Mix-21 (2/4-25:75) 5.01 2.5 40.91 X -2.6 64.95 -0.1 57.94 0.5 2.00 -31.4 80.90 -0.6 2.83 -1.5 3.83 -4.8 1.00 -11.1 1.67 -11.4 3.58 3.6 
Mix-22 (3/4-25:75) 5.01 -1.7 43.99 0.6 64.09 -0.9 57.28 -0.8 1.75 X -43.1 78.86 -1.7 3.33 X 21.2 2.89 -23.0 1.46 -6.0 1.83 3.1 3.92 2.2 
Mix-23 (1/2/3-33:33:33) 4.84 1.4 44.83 -0.5 64.66 0.8 57.06 0.1 2.50 -9.5 81.83 -0.8 4.44 -1.2 3.22 2.4 1.54 -16.5 1.75 -18.1 4.17 20.1 
Mix-24 (1/2/4-33:33:33) 4.82 1.3 43.91 1.6 63.57 -0.8 57.11 -0.3 1.00 X -68.9 85.21 1.4 3.72 -9.0 3.22 -5.4 1.42 6.3 1.94 -12.1 3.25 -3.2 
Mix-25 (1/3/4-33:33:33) 5.03 -0.1 45.51 -0.1 64.41 1.3 56.89 -0.8 4.96 X 44.6 86.71 X 5.2 3.94 0.6 3.50 15.3 1.42 -25.5 1.58 -23.6 3.25 -15.8 
Mix-26 (2/3/4-33:33:33) 4.96 2.4 44.04 1.0 64.83 -0.6 57.83 1.0 1.00 X -56.3 83.76 X 5.0 3.72 8.7 3.61 -4.8 1.13 -30.7 1.72 -5.5 4.08 17.7 
Mix-27 (1/2/3/4-25:25:25:25) 5.06 X 4.2 45.14 1.6 64.72 0.6 57.33 0.1 2.83 -3.2 84.98 3.3 4.50 12.9 2.61 -22.0 1.63 -3.1 1.75 -15.2 3.67 3.5  
Tukey(0.05) 0.42  2.33  2.22  1.28  2.89  7.85  1.23  2.18  1.90  1.70  1.65  
mean 4.92 W 1.6 44.44 W 0.1 64.29 W -0.1 57.17 W -0.2 2.88 W -0.4 83.79 W 2.2 4.02 W 1.4 3.21 W -4.0 1.54 W -8.0 1.99 W -3.6 3.62 W 3.3 
pureline mean 4.86 W  44.41 W  64.33  57.29 W  2.93 W  82.28 W  3.99 W  3.35 W  1.68 W  2.06 W  3.54 W  
mxture mean 4.93 W 1.6 44.44 W 0.1 64.28 W -0.1 57.15 W -0.2 2.88 W -0.4 84.06 W 2.18 V 4.02 W 1.4 3.19 W -4.0 1.51 -8.0 1.98 W -3.6 3.63 3.3 
2-waymixture 4.92 W 1.5 44.38 W -0.1 64.23 W -0.1 57.13 W -0.3 2.99 W 4.7 83.94 W 2.00 V 4.01 W 1.2 3.17 W -4.3 1.54 -6.4 2.04 W -0.5 3.62 3.0 
3-waymixture 4.91 1.3 44.57 W 0.5 64.37 0.2 57.22 0.0 2.36 W -22.5 84.38 2.69 V 3.96 W -0.2 3.39 1.9 1.38 -16.6 1.75 W -14.9 3.69 4.7 
Pure line vs Blend n.s.  n.s.  n.s.  n.s.   n.s.  W  n.s.  n.s.  n.s.  n.s.  n.s 
Pure line vs 2-way blend n.s.  n.s.  n.s.  n.s.   n.s.  W  n.s.  n.s.  n.s.  n.s.  n.s. 
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Pure line vs 3-way blend n.s.  n.s.  n.s.  n.s.   n.s.  W  n.s.  n.s.  n.s.  n.s.  n.s. 
Pure line vs 4-way blend W  n.s.  n.s.  n.s.   n.s.  n.s.  W  n.s.  n.s.  n.s.  n.s. 
2-way vs 3-way blend n.s.  n.s.  n.s.  n.s.   W  n.s.  n.s.  n.s.  n.s.  n.s.  n.s. 
2-way vs 4-way blend n.s.  n.s.  n.s.  n.s.   n.s.  n.s.  W  n.s.  n.s.  n.s.  n.s. 
3-way vs 4-way blend n.s.  n.s.  n.s.  n.s.   n.s.  n.s.  W  n.s.  n.s.  n.s.  n.s. 

 
Z=BR is Blend response 
Y=dfp is days from planting                 
X= Significant difference for blend response 
W= Significant difference among lines or mixtures              
V= Significant difference from expected value                
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Table A.1.4. Stability and Superiority index analysis of yield, thousand kernel weight and test weight 
parameters in eight environments over two years.  Underlined purelines or mixtures were not significantly 
different than the best line at each location. 

 Yield   Thousand Kernel Weight Test Weight            
Line Shukla SE Pi

Z
 Shukla SE Pi

Y
 Shukla SE Pi

X
 

Variety-1 (OAC Kawartha) 0.14 0.11 0.65 2.57 1.42 4.5 7.07 3.80 26.84 
Variety-2 (GB046020) 0.12 0.09 1.32 2.65 1.46 38.62 3.18 1.73 2.70  
Variety-3 (GB036101) 0.00 0.00 0.31 2.25 1.24 1.74 6.71 3.61 7.06  
Variety-4 (GB046001) 0.30 0.19 0.41 1.55 0.87 26.78 0.79 0.45 8.85  
Mix-5 (1/2 - 75:25) 0.22 0.15 0.99 7.78 4.2 2.7 3.43 1.86 22.42 
Mix-6 (1/3 - 75:25) 0.08 0.07 0.93 1.37 0.77 4.32 1.98 1.08 17.67 
Mix-7 (1/4 - 75:25) 0.20 0.14 1.01 2.06 1.14 9.67 0.39 0.24 21.47 
Mix-8 (2/3 - 75:25) 0.06 0.06 0.53 2.53 1.4 22.63 3.69 2.00 5.14  
Mix-9 (2/4 - 75:25) 0.15 0.11 1.11 3.93 2.14 43.67 1.62 0.89 4.25  
Mix-10 (3/4 - 75:25) 0.24 0.16 0.25 3.76 2.05 8.86 2.21 1.21 4.92  
Mix-11 (1/2 - 50:50) 0.30 0.19 0.82 2.08 1.15 14.82 2.83 1.54 12.72 
Mix-12 (1/3 - 50:50) 0.06 0.06 0.70 5.18 2.81 2.37 3.42 1.85 13.46 
Mix-13 (1/4 - 50:50) 0.06 0.06 0.40 8.00 4.32 15.71 1.33 0.74 11.34 
Mix-14 (2/3 - 50:50) 0.11 0.09 0.45 1.00 0.58 12.75 6.84 3.68 6.46  
Mix-15 (2/4 - 50:50) 0.10 0.08 0.67 0.50 0.32 27.88 1.87 1.03 7.25  
Mix-16 (3/4 - 50:50) 0.00 0.00 0.21 1.72 0.96 11.66 0.76 0.43 9.04  
Mix-17 (1/2 - 25:75) 0.14 0.11 0.99 4.80 2.61 43.68 1.44 0.80 9.07  
Mix-18 (1/3 - 25:75) 0.04 0.05 0.35 10.8 5.81 8.34 3.29 1.78 7.70  
Mix-19 (1/4 - 25:75) 0.20 0.14 0.65 2.39 1.32 23.43 0.21 0.14 13.56 
Mix-20 (2/3 - 25:75) 0.11 0.09 0.30 0.98 0.57 4.59 1.77 0.97 5.65  
Mix-21 (2/4 - 25:75) 0.12 0.09 0.47 2.06 1.14 37.42 0.94 0.53 6.82  
Mix-22 (3/4 - 25:75) 0.22 0.15 0.57 4.15 2.26 17.61 1.52 0.84 10.64 
Mix-23 (1/2/3 - 33:33:33) 0.02 0.04 0.68 3.52 1.92 12.43 3.86 2.09 8.31  
Mix-24 (1/2/4 - 33:33:33) 0.04 0.05 0.63 1.43 0.81 16.16 3.02 1.64 14.8  
Mix-25 (1/3/4 - 33:33:33) 0.29 0.18 0.58 5.56 3.01 9.53 0.66 0.38 9.63  
Mix-26 (2/3/4 - 33:33:33) 0.12 0.09 0.56 1.77 0.99 15.73 0.54 0.32 7.63  
Mix-27 (1/2/3/4 - 25:25:25:25) 0.10 0.08 0.49 3.13 1.72 9.25 1.46 0.80 8.33  
Overall Mean 0.13 0.10 0.63 3.32 1.81 16.55 2.48 1.35 10.51 
Pure line mean 0.14 0.10 0.67 2.26 1.25 17.91 4.44 2.40 11.36 
Mixture mean 0.13 0.10 0.62 3.50 1.91 16.31 2.13 1.17 10.36 
Two line mixture 0.13 0.10 0.63 3.62 1.97 17.34 2.2 1.20 10.53 
Three line mixture 0.12 0.09 0.61 3.07 1.68 13.46 2.02 1.10 10.09 
Average stability of pure line as a component of mixtures 
OAC Kawartha 0.13 0.10 0.71 4.47 2.43 13.26 2.10 1.15 13.11 
GB046020 0.12 0.09 0.67 2.73 1.50 20.29 2.56 1.40 9.14  
GB036101 0.11 0.09 0.51 3.50 1.91 10.77 2.46 1.34 8.81  
GB046001 0.14 0.10 0.59 3.11 1.71 18.97 1.27 0.71 9.98  

 
Z
Yield Superiority cut off value is 0.23 

Y
TKW Superiority cut off value is 5.26 

X
Test Weight Superiority cut off value is 2.72 
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Table A.1.5. Analysis of variance for yield, thousand kernel weight and test weight data analysed as a 
Griffing type 2 method diallel for the four varieties mixed in 50:50 ratio in 8 environments over two years 
(2008-09). 

  Yield   Thousand Kernal Weight Test Weight  
Source DF  MS    MSBR DF MS MSBR DF MS MSBR

Environment                     7     121.02*       7     206.16*  7     293.69* 
Entries                       26     1.67*  26     63.48*    26    20.34*  
Purelines (GYA)                    3     3.44*  3     143.18*      3     57.54*  
Blends 22     1.49*  22      55.49*   22    18.18*  
GCA  and TGCA                   3     1.32 0.68 3      68.94*  0.51     3     26.23* 1.38 
SBA                        2     1.02 1.02 2       0.59      0.59     2     6.12 6.12 
2-way Blends 17 1.86*  17    70.09*   17   20.05* 
3-way Blends                        3       0.24  3    6.77*     3   3.87 
Purelines vs. Mixture             1      0.44  1       0.05       1   0.09 
Purelines vs. 2-way blend     1      0.38  1   0.04        1  0.32 
Purelines vs. 3-way blend     1      0.15  1   0.678  1  0.05 
Purelines vs. 4-way blend     1      0.78*  1 5.45     1 2.71 
2-way vs. 3-way blend           1      0.01  1   1.56        1  0.70 
2-way vs. 4-way blend           1      0.40  1  7.02        1  2.88 
3-way vs. 4-way blend           1      0.41  1  3.26        1  1.30 
Entries x Environment                182  0.54*  182   4.51*      182   3.39* 
Purelines x Environment            21     0.53*  21    4.05*      21     6.32* 
Blends x Environment 154   0.53*  35     4.61*      35     4.29 
GCA x Environment        21     0.50* 0.37* 21     4.47*   2.94     21     5.41* 3.85 
SBA x Environment                 14     0.51* 0.51* 14     3.93      3.93*     14     2.62 2.62 
2-way blend x Environment 119   0.55*  119   4.73*      119   2.99 
3-way blend x Environment  21     0.32*                21    3.01  21  2.84 
Pureline vs. Blend x Environment  7       0.74*  7       3.66  7      4.28 
Error                 414   0.15       0.16 155 2.43 2.87     139  10.77 2.69 
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Table A.1.6. Yield, Thousand Kernel weight and test weight GBA, TGCA and GYA effects for four barley 
genotypes grown in all combinations. 

 
 Yield   TKW   Test Weight 
 GBA TGCA GYA  GBA TGCA GYA  GBA TGCA GYA 

OAC Kawartha 0.04 0.03 0.02 1.66 0.55 1.12 -1.82 -0.34 -1.47 
GB046020 -0.25 0.02 -0.27 -2.25 -0.44 -1.81 1.25 0.21 1.05 
GB036101 0.25 0.11 0.14 2.30 0.60 1.69 0.40 0.09 0.31 
GB046001 0.24 0.12 0.11 -1.24 -0.24 -1.00 0.18 0.06 0.12 
Mean 0.07 0.07 0.0 0.12 0.12 0.0 0.0027 0.0027 0.00 
LSD (0.05)  NS NS 0.23 1.07 NS 1.11 1.14 NS 1.07 
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Table A.1.7. Analysis of variance for percentage of pure lines across mixtures.  Contrasts were used to 
determine if the blend response of the pure lines at a mixture percentage was significant. 

 Yield Thousand Kernel Test Weight  
 df MS df MS df MS 

Environment 7 200.67 Z 7 315.90 Z 7 473.75 Z   
Replications (Environment) 16 3.80 Z 6 49.31 Z 6 40.31 Z   
Genotype 47 0.82 Z 47 33.05 Z 47 12.21 Z   
0% mixture Contrasts 
Observed vs Expected-OAC Kawartha 1 0.44 Z 1 0.01 1 0.16 
Observed vs Expected-GB046020 1 0.011 1 0.06 1 0.24 
Observed vs Expected-GB036101 1 0 1 0.00 1 0.47 
Observed vs Expected-GB046001 1 0.12 1 0.05 1 0.03 
25% mixture Contrasts 
Observed vs Expected-OAC Kawartha 1 0.03 1 7.25 Z 1 0.32 
Observed vs Expected-GB046020 1 0.13 1 1.73 1 0.40 
Observed vs Expected-GB036101 1 0 1 0.27 1 0.30 
Observed vs Expected-GB046001 1 0.01 1 0.62 1 0.13 
33% mixture Contrasts 
Observed vs Expected-OAC Kawartha 1 0.02 1 0.12 1 0.50 
Observed vs Expected-GB046020 1 0.08 1 0.59 1 0.16 
Observed vs Expected-GB036101 1 0.04 1 0.08 1 0.57 
Observed vs Expected-GB046001 1 0.04 1 1.02 1 0.01 
50% mixture Contrasts 
Observed vs Expected-OAC Kawartha 1 0.02 1 0.76 1 0.54 
Observed vs Expected-GB046020 1 0.56 Z 1 0.65 1 0.51 
Observed vs Expected-GB036101 1 0.21 Z 1 0.04 1 0.00 
Observed vs Expected-GB046001 1 0.35 Z 1 0.24 1 0.01 
75% mixture Contrasts 
Observed vs Expected-OAC Kawartha 1 0.83 Z 1 3.84 1 0.33 
Observed vs Expected-GB046020 1 0.44 Z 1 3.47 1 0.99 
Observed vs Expected-GB036101 1 0.72 Z 1 0.41 1 1.12 
Observed vs Expected-GB046001 1 0.02 1 1.23 1 0.76 
Genotype x Environment 329 0.21 Z329 1.56 Z 329 1.69 Z 
Error 752 0.05 282 1.03 282 0.79 

 
Z indicates significant at Type I error rate of 5% (α=0.05) 
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A.   B. 

  
C.   D. 
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E. F. 

  
G. H. 

 
Figure A.1.1. Trait biplots for each location Belgrave, 2008 (A), Elora, 2008 (B), Nairn, 2008 (C), St Marys, 2008 (D), Auburn, 2009 (E), Elora, 2009 (F), 
Nairn, 2009 (G) and St. Marys, 2009 (H). 
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Figure A.1.2. Trait biplots for overall averaged data across eight locations for 2008 and 2009. 
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A.          B. 

                                       
C. 

 
Figure A.1.3. GGE biplot examining  Yield (A), Thousand Kernel Weight (B) and Test Weight (C) and stability of pure line and mixtures of barley across 
five locations over two years.  
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A. 
 
 
 
 
 
 
 
 
 
 
 
 
 

B. 
 
 
 
 
 
 
 
 
 
 
 
 
 

C. 
 
  
  
 
 
 
 
 
 
 
 
 
 

Figure A.1.4. Graphical analysis of observed and expected individual pure lines averaged across mixture percentage for 
Yield( A), Thousand Kernel Weight (B) and Test Weight (C). 
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Appendix 2. Supplementary Data for Chapter 2
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Table A2.1. 2007-08 and 2008-09 monthly average temperature and precipitation at the Elora Research Station, Elora, ON.

 

 October November December January February March April 

 
Elora  2007-2008 
Maximum Temperature (oC) 29.60 13.80 5.90 12.80 1.00 8.80 24.60 
Minimum Temperature (oC) -2.90 -12.60 -16.10 -22.10 -20.30 -23.20 -6.80 
Mean Temperature (oC) 12.33 0.28 -4.85 -4.74 -8.91 -5.19 7.52 
Total precipitation (mm) 61.60 83.30 89.00 98.50 54.30 85.50 64.60 
Snow cover (cm) 0.00 0.60 13.55 6.32 15.11 26.61 0.52  
Elora 2008-2009  
Maximum Temperature (oC) 25.80 19.10 12.60 0.90 7.50 15.30 26.50 
Minimum Temperature (oC) -4.60 -16.30 -18.50 -27.10 -28.20 -18.60 -6.20 
Mean Temperature (oC) 7.32 0.72 -5.55 -11.68 -6.15 -0.67 6.09 
Total precipitation (mm) 67.70 103.10 100.40 66.10 82.00 72.70 106.20 
Snow cover (cm) 0.10 2.63 11.23 17.23 1.47 0.00 0.00  
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Table A.2.2. Experiment 2 data for winter survival and cold evaluations of breeding lines developed from eight complex crosses having Froid, 
Siete Cerros or at least one parental variety with spring habit, or from a biparent cross between Froid and Siete Cerros.      
          

 
Line Winter Survival Fv/Fm       Visual Assessment 
 2008 2009 0 -6 -8 -10 -12 Mean IFSI 0 -6 -8 -10 -12 Mean LT50 IFSI 

 
Set 1 
1 57.07 26.35 0.89 0.89 0.89 0.76 0.69 0.82 0.50 4.00 3.25 2.00 1.56 1.00 2.36 -6.99 81.91 
2 71.15 13.74 0.89 0.88 0.88 0.87 0.74 0.85 0.55 4.00 3.04 2.79 1.67 1.00 2.50 -7.24 87.64 
3 61.97 31.49 0.91 0.87 0.82 0.62 0.59 0.76 0.44 4.00 2.17 1.00 1.00 1.00 1.83 -5.21 59.86 
4 42.19 3.36 0.88 0.86 0.86 0.74 0.36 0.74 0.42 4.00 3.25 2.75 1.50 1.00 2.50 -6.96 87.64 
5 78.73 19.78 0.90 0.88 0.88 0.85 0.61 0.82 0.52 4.00 2.25 2.06 2.08 1.00 2.28 -6.36 78.43 
6 60.95 18.15 0.89 0.87 0.89 0.73 0.35 0.75 0.42 4.00 1.58 1.38 1.00 1.00 1.79 -5.01 58.12 
7 18.44 1.73 0.90 0.88 0.87 0.83 0.56 0.81 0.48 4.00 2.58 2.08 1.13 1.00 2.16 -5.94 73.40 
8 52.72 15.87 0.89 0.90 0.87 0.83 0.68 0.83 0.53 4.00 3.25 2.69 1.25 1.00 2.44 -6.80 85.03 
9 53.88 4.52 0.90 0.88 0.85 0.83 0.54 0.80 0.48 4.00 2.56 1.33 1.19 1.00 2.02 -5.65 67.50 
10 83.05 32.08 0.87 0.87 0.89 0.87 0.75 0.85 0.56 4.00 3.50 3.02 1.77 1.00 2.66 -7.36 94.23 
11 54.83 13.61 0.89 0.86 0.88 0.83 0.54 0.80 0.49 4.00 3.00 2.38 1.19 1.00 2.31 -6.58 79.82 
12 64.62 17.48 0.90 0.88 0.87 0.87 0.78 0.86 0.54 4.00 2.73 2.00 1.00 1.00 2.15 -5.72 72.88 
13 28.42 3.38 0.89 0.89 0.83 0.87 0.61 0.82 0.51 4.00 2.69 1.44 1.31 1.00 2.09 -6.05 70.45 
14 67.49 22.04 0.88 0.88 0.89 0.88 0.73 0.85 0.55 4.00 3.04 2.00 1.88 1.00 2.38 -6.80 82.77 
15 59.66 13.41 0.89 0.86 0.88 0.80 0.60 0.81 0.50 4.00 2.42 2.63 1.38 1.00 2.28 -6.57 78.61 
16 51.28 6.95 0.88 0.85 0.90 0.88 0.59 0.82 0.51 4.00 2.75 1.00 1.25 1.00 2.00 -5.36 66.80 
17 58.91 12.09 0.89 0.88 0.84 0.76 0.50 0.77 0.45 4.00 1.94 1.25 1.00 1.00 1.84 -4.97 60.03 
18 65.59 20.98 0.89 0.89 0.86 0.87 0.71 0.84 0.52 4.00 3.25 2.00 1.25 1.00 2.30 -6.62 79.30 
Mean 57.28 15.39 0.89 0.88 0.87 0.82 0.61 0.81 0.50 4.00 2.74 1.99 1.36 1.00 2.22 -6.23 75.80 
Tukey (0.05) n.a. n.a. 0.05 0.05 0.10 0.25 0.37 0.09 0.18 n.a. 2.18 1.88 1.47 n.a. 0.58 n.a. 51.04 
Maxine 85.21 43.13 0.90 0.88 0.87 0.88 0.85 0.88 0.68 4.00 3.33 2.00 2.08 1.00 2.48 -6.66 89.43 
Emmit n.a. 50.72 0.90 0.88 0.87 0.89 0.68 0.84 0.56 4.00 3.28 2.19 1.26 1.00 2.35 -6.58 86.72 
MacGregor 61.57 14.71 0.88 0.88 0.85 0.87 0.63 0.82 0.50 4.00 2.42 1.42 1.00 1.00 1.97 -5.85 81.37 
Hoffman n.a. 7.30 0.90 0.87 0.61 0.46 0.40 0.65 0.24 4.00 1.00 1.00 1.00 1.00 1.60 -3.99 59.84 
Quantum 0.00 1.03 0.88 0.83 0.47 0.45 0.37 0.60 0.17 4.00 1.00 1.00 1.00 1.00 1.60 -2.98 45.41 
OAC Kawartha 0.00 1.10 0.91 0.82 0.73 0.45 0.35 0.65 0.33 4.00 1.00 1.00 1.00 1.00 1.61 -2.98 55.60 
Rank correlations                 
2008 1.00 0.78* 0.00 0.01 0.32 0.29 0.56* 0.56* 0.55* n.a. 0.05 0.19 0.35 n.a. 0.23 -0.26 0.22 
2009 0.78* 1.00 -0.07 0.13 0.30 0.12 0.51* 0.43 0.44 n.a. 0.21 0.03 0.24 n.a. 0.19 -0.28 0.18 
Set 2 
19 70.69 48.22 0.90 0.83 0.83 0.85 0.75 0.83 0.63 4.00 2.88 2.50 1.81 1.19 2.48 -7.45 92.30 
20 66.20 16.29 0.88 0.89 0.75 0.60 0.53 0.73 0.50 4.00 2.92 2.75 1.75 1.00 2.48 -7.14 92.64 
21 69.73 13.49 0.89 0.87 0.88 0.40 0.42 0.69 0.46 4.00 3.06 1.38 1.19 1.00 2.13 -5.86 77.71 
22 80.99 28.84 0.89 0.87 0.83 0.36 0.39 0.67 0.44 4.00 3.29 2.88 1.00 1.00 2.43 -6.80 90.56 
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23 66.79 3.39 0.87 0.87 0.83 0.32 0.54 0.69 0.43 4.00 2.69 1.52 1.00 1.00 2.04 -5.52 74.24 
24 47.86 8.18 0.88 0.88 0.74 0.37 0.33 0.64 0.40 4.00 1.50 1.00 1.00 1.00 1.70 -4.13 60.00 
25 57.58 34.15 0.88 0.89 0.87 0.69 0.36 0.74 0.52 4.00 3.75 2.65 1.44 1.00 2.57 -7.13 96.12 
26 63.63 21.13 0.88 0.89 0.87 0.66 0.47 0.75 0.54 4.00 3.75 2.88 1.00 1.00 2.53 -6.80 94.38 
27 54.43 4.08 0.88 0.88 0.76 0.43 0.38 0.66 0.43 4.00 2.19 1.48 1.00 1.00 1.93 -5.64 69.73 
28 58.76 30.67 0.90 0.88 0.83 0.55 0.71 0.77 0.51 4.00 3.44 2.56 1.25 1.00 2.45 -6.77 91.25 
29 72.34 9.37 0.87 0.88 0.85 0.76 0.58 0.79 0.55 4.00 3.42 2.75 1.38 1.00 2.51 -6.97 93.68 
30 60.61 15.78 0.89 0.89 0.88 0.45 0.49 0.72 0.46 4.00 3.42 2.50 1.19 1.00 2.42 -6.75 90.04 
31 50.95 13.56 0.87 0.87 0.82 0.44 0.31 0.66 0.42 4.00 2.25 2.38 1.00 1.00 2.13 -6.07 77.71 
32 81.25 13.79 0.89 0.87 0.86 0.79 0.41 0.76 0.55 4.00 2.38 1.38 1.00 1.00 1.95 -5.31 70.42 
33 67.57 15.50 0.89 0.87 0.84 0.50 0.43 0.71 0.47 4.00 3.19 2.08 1.00 1.00 2.25 -6.37 83.09 
34 69.33 13.37 0.91 0.88 0.87 0.46 0.45 0.71 0.50 4.00 2.88 1.25 1.00 1.00 2.03 -5.52 73.55 
35 60.03 8.12 0.90 0.82 0.85 0.49 0.45 0.70 0.47 4.00 3.42 1.77 1.00 1.00 2.24 -6.25 82.40 
36 63.22 25.93 0.88 0.88 0.82 0.41 0.34 0.67 0.43 4.00 2.19 1.00 1.00 1.00 1.84 -4.88 65.73 
Mean 64.55 17.99 0.89 0.87 0.83 0.53 0.46 0.72 0.48 4.00 2.92 2.04 1.17 1.01 2.23 -6.19 81.98 
Tukey (0.05) n.a. n.a. 0.04 0.11 0.22 0.38 0.53 0.13 0.24 n.a. 2.64 1.61 1.29 0.25 0.63 n.a. 52.11 
Maxine 85.21 43.13 0.89 0.88 0.88 0.83 0.61 0.82 0.68 4.00 2.66 2.56 1.19 1.00 2.28 -6.66 89.43 
Emmit n.a. 50.72 0.90 0.88 0.85 0.65 0.54 0.76 0.56 4.00 2.94 2.00 1.00 1.00 2.19 -6.58 86.72 
MacGregor 61.57 14.71 0.88 0.87 0.85 0.48 0.48 0.71 0.50 4.00 2.94 1.63 1.00 1.00 2.11 -5.85 81.37 
Hoffman n.a. 7.30 0.89 0.84 0.35 0.31 0.37 0.55 0.24 4.00 1.43 1.00 1.00 1.00 1.69 -3.99 59.84 
Quantum 0.00 1.03 0.89 0.42 0.35 0.40 0.32 0.48 0.17 4.00 1.00 1.00 1.00 1.00 1.60 -2.98 45.41 
OAC Kawartha 0.00 1.10 0.89 0.85 0.60 0.44 0.28 0.61 0.33 4.00 1.00 1.00 1.00 1.00 1.60 -2.98 55.60 
Rank correlations                 
2008 1.00 0.13 0.27 -0.26 0.33 0.27 0.41 0.46 0.53* n.a. 0.12 0.16 0.12 0.26 0.18 -0.19 0.18 
2009 0.13 1.00 0.36 0.26 0.16 0.43 0.13 0.47* 0.45 n.a. 0.41 0.49* 0.49* 0.40 0.56* -0.59* 0.56* 
Set 3 
37 69.28 10.99 0.88 0.88 0.83 0.76 0.53 0.77 0.51 4.00 2.92 1.50 1.00 1.00 2.08 -5.75 74.38 
38 80.59 40.63 0.89 0.87 0.71 0.78 0.80 0.81 0.52 4.00 3.17 2.54 1.63 1.88 2.64 -7.58 97.64 
39 66.39 12.76 0.87 0.88 0.82 0.84 0.49 0.78 0.51 4.00 3.08 2.71 1.00 1.00 2.36 -6.62 85.84 
40 54.55 12.14 0.89 0.89 0.83 0.77 0.59 0.79 0.51 4.00 2.29 2.19 1.00 1.00 2.10 -6.02 74.90 
41 63.80 11.05 0.88 0.87 0.88 0.67 0.46 0.75 0.50 4.00 2.00 2.54 1.00 1.00 2.11 -5.98 75.42 
42 69.77 10.59 0.88 0.89 0.86 0.61 0.44 0.74 0.45 4.00 2.75 1.75 1.00 1.00 2.10 -6.07 75.07 
43 83.83 45.00 0.90 0.87 0.88 0.89 0.74 0.86 0.60 4.00 3.42 2.31 1.58 1.00 2.46 -6.78 90.18 
44 61.48 18.24 0.88 0.87 0.86 0.87 0.84 0.87 0.61 4.00 2.75 2.25 1.06 1.00 2.21 -6.31 79.76 
45 73.14 15.35 0.89 0.88 0.88 0.82 0.61 0.81 0.55 4.00 2.88 3.13 1.00 1.00 2.40 -6.80 87.57 
46 32.55 6.57 0.88 0.88 0.77 0.56 0.41 0.70 0.41 4.00 2.44 1.19 1.00 1.00 1.93 -5.11 67.78 
47 58.47 10.58 0.89 0.87 0.87 0.83 0.52 0.80 0.53 4.00 3.13 3.00 1.50 1.00 2.53 -7.13 92.78 
48 79.13 25.64 0.89 0.87 0.89 0.85 0.72 0.84 0.59 4.00 2.29 2.13 1.00 1.00 2.08 -5.90 74.38 
49 4.49 8.88 0.88 0.87 0.60 0.49 0.42 0.65 0.35 4.00 2.69 1.63 1.19 1.00 2.10 -6.01 75.07 
50 53.32 7.07 0.89 0.86 0.81 0.62 0.44 0.72 0.43 4.00 2.69 1.46 1.00 1.00 2.03 -5.62 72.12 
51 61.86 4.60 0.88 0.84 0.56 0.31 0.36 0.59 0.29 4.00 2.13 1.25 1.00 1.00 1.88 -5.11 65.70 
52 36.12 3.10 0.87 0.86 0.84 0.78 0.65 0.80 0.54 4.00 3.13 3.06 1.00 1.00 2.44 -6.80 89.14 
53 50.55 20.67 0.87 0.86 0.84 0.75 0.47 0.76 0.48 4.00 2.96 2.08 1.81 1.00 2.37 -6.92 86.36 
54 50.55 20.67 0.88 0.87 0.85 0.81 0.52 0.79 0.52 4.00 2.88 2.75 1.50 1.19 2.46 -7.04 90.18 
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Mean 58.32 15.81 0.88 0.87 0.81 0.72 0.56 0.77 0.49 4.00 2.75 2.19 1.18 1.06 2.24 -6.31 80.79 
Tukey (0.05) n.a. n.a. 0.05 0.06 0.21 0.35 0.33 0.10 0.20 n.a. 1.85 2.23 0.97 0.50 0.57 n.a. 41.18 
Maxine 85.21 43.13 0.89 0.89 0.86 0.86 0.78 0.86 0.68 4.00 2.93 1.88 1.00 1.00 2.16 -6.66 89.43 
Emmit n.a. 50.72 0.89 0.86 0.89 0.85 0.58 0.81 0.56 4.00 3.00 3.00 1.21 1.00 2.44 -6.58 86.72 
MacGregor 61.57 14.71 0.88 0.85 0.82 0.70 0.63 0.77 0.50 4.00 2.38 1.89 1.00 1.00 2.05 -5.85 81.37 
Hoffman n.a. 7.30 0.89 0.73 0.48 0.33 0.41 0.57 0.24 4.00 1.31 1.00 1.00 1.00 1.66 -3.99 59.84 
Quantum 0.00 1.03 0.90 0.69 0.43 0.50 0.42 0.59 0.17 4.00 1.00 1.00 1.00 1.00 1.60 -2.98 45.41 
OAC Kawartha 0.00 1.10 0.88 0.84 0.57 0.44 0.43 0.63 0.33 4.00 1.00 1.00 1.00 1.00 1.60 -2.98 55.60 
Rank correlations                 
2008 1.00 0.58* 0.50* 0.28 0.43 0.46 0.50* 0.50* 0.48* n.a. 0.23 0.21 -0.02 0.11 0.20 -0.13 0.20 
2009 0.58* 1.00 0.31 0.21 0.45 0.65* 0.66* 0.66* 0.60* n.a. 0.33 0.34 0.54* 0.43 0.50* -0.49* 0.50 
Set 4 
55 40.31 6.87 0.90 0.85 0.74 0.45 0.34 0.66 0.37 4.00 2.19 2.13 1.00 1.00 2.06 -5.58 73.88 
56 49.71 11.72 0.90 0.88 0.87 0.88 0.55 0.82 0.56 4.00 2.98 1.33 1.00 1.00 2.06 -5.69 73.88 
57 63.30 31.77 0.91 0.88 0.88 0.83 0.84 0.87 0.61 4.00 3.13 2.50 1.38 1.50 2.50 -7.46 92.11 
58 60.72 9.28 0.90 0.89 0.90 0.88 0.72 0.86 0.61 4.00 2.13 2.21 1.19 1.75 2.25 -6.65 81.87 
59 26.47 23.45 0.89 0.89 0.87 0.89 0.74 0.86 0.61 4.00 3.38 3.08 2.54 1.81 2.96 -8.71 111.38 
60 84.44 17.39 0.88 0.88 0.87 0.88 0.62 0.83 0.58 4.00 3.31 2.60 2.19 1.50 2.72 -7.72 101.31 
61 76.52 25.99 0.90 0.88 0.87 0.88 0.63 0.83 0.58 4.00 2.92 1.77 1.00 1.25 2.19 -6.47 79.09 
62 49.60 19.83 0.90 0.89 0.86 0.85 0.69 0.84 0.58 4.00 2.67 2.06 1.00 1.19 2.18 -6.34 78.91 
63 60.70 19.90 0.91 0.89 0.89 0.86 0.82 0.87 0.62 4.00 3.06 2.85 1.50 1.25 2.53 -7.36 93.50 
65 78.06 36.13 0.89 0.89 0.87 0.87 0.76 0.85 0.61 4.00 3.04 3.00 2.73 1.50 2.85 -8.58 106.86 
66 75.69 25.12 0.87 0.87 0.88 0.81 0.71 0.83 0.57 4.00 3.25 3.38 2.48 1.63 2.95 -8.47 110.68 
67 71.07 19.60 0.89 0.89 0.88 0.84 0.63 0.83 0.57 4.00 3.42 2.63 1.00 1.00 2.41 -6.47 88.29 
68 76.75 37.99 0.89 0.90 0.86 0.87 0.64 0.83 0.58 4.00 3.44 2.83 1.88 1.56 2.74 -7.97 102.18 
Siete Cerros 0.00 3.00 0.89 0.89 0.77 0.52 0.38 0.69 0.43 4.00 1.66 1.19 1.00 1.00 1.77 -4.74 58.58 
Froid 91.10 54.90 0.89 0.88 0.87 0.86 0.87 0.88 0.63 4.00 3.50 3.17 2.87 2.32 3.17 -9.29 120.04 
Mean 62.56 21.93 0.89 0.88 0.86 0.83 0.67 0.83 0.57 4.00 2.99 2.49 1.61 1.38 2.49 -7.19 91.84 
Tukey (0.05) n.a. n.a. 0.04 0.04 0.22 0.27 0.40 0.10 0.21 n.a. 2.11 2.20 1.30 1.51 0.65 n.a. 35.51 
Maxine 85.21 43.13 0.90 0.88 0.89 0.87 0.74 0.86 0.68 4.00 3.00 2.13 1.21 1.17 2.30 -6.66 89.43 
Emmit n.a. 50.72 0.91 0.89 0.87 0.87 0.61 0.83 0.56 4.00 3.13 2.17 1.23 1.25 2.36 -6.58 86.72 
MacGregor 61.57 14.71 0.88 0.87 0.86 0.74 0.61 0.79 0.50 4.00 2.56 1.76 1.00 1.00 2.06 -5.85 81.37 
Hoffman n.a. 7.30 0.89 0.87 0.41 0.36 0.36 0.58 0.24 4.00 1.56 1.00 1.00 1.00 1.71 -3.99 59.84 
Quantum 0.00 1.03 0.91 0.62 0.37 0.49 0.33 0.54 0.17 4.00 1.00 1.00 1.00 1.00 1.60 -2.98 45.41 
OAC Kawartha 0.00 1.10 0.90 0.87 0.57 0.34 0.32 0.60 0.33 4.00 1.00 1.00 1.00 1.00 1.60 -2.98 55.60 
Rank correlations                 
2008 1.00 0.48 -0.62 0.14 0.11 0.10 0.00 -0.07 0.10 n.a. 0.36 0.23 0.37 0.20 0.37 -0.40 0.37 
2009 0.48 1.00 -0.32 0.30 0.03 0.04 0.55* 0.43 0.54 n.a. 0.48 0.46 0.51 0.40 0.61* -0.63* 0.61* 
Overall Experiment Dataset  
Mean 60.54 17.48 0.89 0.87 0.84 0.72 0.57 0.78 0.51 4.00 2.84 2.15 1.31 1.09 2.28 -6.43 80.99 
Tukey 58.36 31.62 n.a. n.a. n.a. n.a. n.a. n.a. 0.11 n.a. n.a. n.a. n.a. n.a. 24.51 n.a. 38.04 
Maxine 85.21 43.13 0.90 0.88 0.88 0.86 0.75 0.86 0.68 4.00 2.98 2.14 1.37 1.04 2.31 -6.66 89.43 
Emmit n.a. 50.72 0.90 0.88 0.87 0.82 0.60 0.81 0.56 4.00 3.09 2.34 1.18 1.06 2.34 -6.58 86.72 
MacGregor 61.57 14.71 0.88 0.87 0.85 0.70 0.59 0.77 0.50 4.00 2.58 1.68 1.00 1.00 2.05 -5.85 81.37 
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Hoffman n.a. 7.30 0.89 0.83 0.46 0.37 0.39 0.59 0.24 4.00 1.33 1.00 1.00 1.00 1.67 -3.99 59.84 
Quantum 0.00 1.03 0.90 0.64 0.41 0.46 0.36 0.55 0.17 4.00 1.00 1.00 1.00 1.00 1.60 -2.98 45.41 
OAC Kawartha 0.00 1.10 0.90 0.85 0.62 0.42 0.35 0.62 0.33 4.00 1.00 1.00 1.00 1.00 1.60 -2.98 55.60 
Rank correlations                 
2008 1.00 0.52* 0.02 0.01 0.27* 0.20 0.31* 0.26* 0.41* n.a. 0.27 0.23 0.16 0.19 0.30* -0.28* 0.33* 
2009 0.52* 1.00 0.21 0.24 0.28* 0.32* 0.49* 0.46* 0.53* n.a. 0.42* 0.35* 0.42* 0.43* 0.51* -0.53* 0.54* 
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Figure A2.1. Mean Fv/Fm values of Ontario-adapted spring and winter wheat seedlings.  The one week 

old seedlings were cold acclimated for three week and then subjected to either and non-freezing 

control treatment or one of five difference freezing treatments in programmable freezers.  Graphical 

values are taken from mean Fv/Fm values one day after freezing treatments. 
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Figure A2.2. Mean visual assessment values of Ontario-adapted spring and winter wheat seedlings.  

The one week old seedlings were cold acclimated for three week and then subjected to either and 

non-freezing control treatment or one of five difference freezing treatments in programmable 

freezers.  Graphical values are taken from mean visual assessment two weeks after freezing. 
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Figure A2.3. Mean Fv/Fm values of wheat seedlings that had been cold acclimated for three week and 

then evaluated one day after freezing treatment at four different freezing temperatures in 

programmable freezers.  The F3:4 wheat seedlings were derived from complex crosses with at least one 

spring parent and Siete Cerros (spring), Froid (winter) or from a biparental Froid x Siete Cerros cross. 
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Figure A2.4. Mean visual assessment of wheat seedlings that had been cold acclimated for three week 

and then evaluated one day after freezing treatment at four different freezing temperatures in 

programmable freezers.  The F3:4 wheat seedlings were derived from complex crosses with at least one 

spring parent and Siete Cerros (spring), Froid (winter) or from a biparental Froid x Siete Cerros cross. 
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Figure A.2.5. Vrn-A1 molecular analysis of breeding lines developed from eight complex crosses having 

Froid (FRD-present), Siete Cerros (7C-absent) or at least one parental variety with spring habit, or from 

a biparent cross between Froid and Siete Cerros. Image is a 1.2% agarose gel-stained with ethidium 

bromide. Numbering corresponds to breeding lines tested in experiment 2 and listed in table A2.2. 
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Figure A.2.6. Vrn-B1 molecular analysis of breeding lines developed from eight complex crosses having 

Froid (FRD-absent), Siete Cerros (7C-present) or at least one parental variety with spring habit, or from 

a biparent cross between Froid and Siete Cerros. Image is a 1.2% agarose gel-stained with ethidium 

bromide. Numbering corresponds to breeding lines tested in experiment 2 and listed in table A2.2.  
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Figure A.2.7. Ppd-D1 molecular analysis of breeding lines developed from eight complex crosses 

having Froid (FRD-414 bp band), Siete Cerros (7C-288 bp band) or at least one parental variety with 

spring habit, or from a biparent cross between Froid and Siete Cerros. Image is a 1.2% agarose gel-

stained with ethidium bromide.  Numbering corresponds to breeding lines tested in experiment 2 and 

listed in table A2.2. 
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Figure A.2.8. Mean Fv/Fm values of winter barley seedlings derived from winter barley varieties and 

breeding lines sourced from Ontario-adapted and European based breeding programs.  One week old 

seedlings were cold acclimated for three weeks and then subjected to either a non-freezing control 

treatment, or one of four freezing temperature treatments in programmable freezers.  The graphical 

data is taken from mean Fv/Fm values one day after after freezing. 
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Figure A.2.9. Mean visual assessment values of winter barley seedlings from winter barley varieties 

and breeding lines sourced from Ontario-adapted and European based breeding programs.  One week 

old seedlings were cold acclimated for three weeks and then subjected to either a non-freezing 

control treatment, or one of four freezing temperature treatments in programmable freezers.  The 

graphical data is taken from mean visual evaluations two weeks after freezing. 
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Figure A.2.10. Mean visual assessment values of seedlings derived from Ontario-adapted spring wheat 

seed that had been treated or not treated with Cruiser Maxx seed treatment.  The one week old 

seedlings were cold acclimated for three week and then treated at one of four different freezing 

temperatures in programmable freezers.  The graphical data is taken from mean visual evaluations 

two weeks after freezing. 
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Figure A.2.11. Mean Fv/Fm values of cold acclimated doubled haploid wheat seedlings, derived from a 

biparental Norstar x Bergen cross.  One week old seedlings were cold acclimated for three weeks and 

then subjected to either a non- freezing control treatment or one of three different freezing 

temperatures.  The seedlings were evaluated using Fv/Fm measurements on the first leaf of dark 

adapted plants, one day after freezing treatment. 
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Figure A.2.12. Mean visual assessment values of cold acclimated doubled haploid wheat seedlings, 

derived from a biparental Norstar x Bergen cross.  One week old seedlings were cold acclimated for 

three weeks and then subjected to either a non- freezing control treatment or one of three different 

freezing temperatures.  The seedlings were evaluated visually for re-growth two weeks after freezing 

treatment. 
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Figure A.2.12. Percent survival rates of double haploid lines derived from a Norstar x Bergen cross.  

Data was generated from a cold tolerance screening protocol developed at the Agriculture and Agri-

Food Canada research centre at Lethbridge, Alberta. 
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Appendix 3.  Supplementary Data for Chapter 3. 
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Figure A.3.1.  Graphical analysis of the progression of coefficients of determination (r) for linear 

correlations between spectral reflectance indices calculated at four sampling dates during the winter 

of 2008-09 and winter survival at the Elora Research Station (Elora, Ontario).
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RECOMMENDATIONS 

 

Experiment 1 in chapter 2 demonstrated the ability of both Fv/Fm one day after freezing and visual 

assessment two weeks after freezing, to differentiate between winter and spring wheat varieties.  

Further analysis of this data established an indoor freezing survival index, similar to the field survival 

index developed by Fower and Gusta (1979).  The IFSI values for check varieities Emmit, Maxine, 

MacGregor, Hoffman, Quantum and OAC Kawartha, were applied to experiments 2-5 to adjust variation 

between experiments.  This methodology can aid breeders in ranking germplasm over tests, breeding 

cycles and years.   

To further the effectiveness of the IFSI method, it is recommended that further experimentation is 

carried out.  Specifically, the range in cold tolerance of the checks should be evaluated.  A number of 

breeding lines from the Froid x Siete Cerros population and the Norstar x Bergen population survived at 

testing temperatures where the checks did not.  As a result, no accurate quantitative information on the 

line other than it is more cold tolerant than the check is given.  To counter this, either a winter wheat 

with more cold tolerance than the locally adapted material or a winter rye variety should extend the 

ability of IFSI to quantitatively rank cold tolerance.  Similarly, a variety with less cold tolerance should be 

used to be able to accurately rate non-cold tolerant lines.  Spring oat may also provide a non-cold 

tolerant check that would be useful to complete the spectrum of cold tolerance in cereals.  A second 

recommendation would be to expand the number of testing temperatures.  Experiment 4 in chapter 2 

demonstrated that some spring wheat varieities displayed lower visual ratings at a testing temperature 

of -4oC.  Therefore, expanding the IFSI calibration temperatures beyond the range of -4 to -12oC might 

provide further accuracy in determining IFSI values.  Finally, it is important that a higher number of 

replications are completed for the calibration data set than what was completed in this experiment.  It 
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was suggested by Bridger et al. (1996) that eight replicates would be sufficient to detect a 1oC difference 

between varieties for an indoor cold tolerance screen.  Fowler et al. (1981) found similar results and 

concluded that high experimental errors requires increased replication.  Therefore it is recommended 

that at least 20 replications are completed for further development of IFSI. 

Another point to consider is the difference between plant reactions to testing temperature and 

measurement parameter.  Using the protocol listed in chapter 2, differentials for visual assessment two 

weeks after freezing were achieved at warmer temperatures than Fv/Fm measurements one day after 

freezing (Tables 2.7, 2.12, 2.23, 2.28).  Since Fv/Fm can be used to differentiate between treated lines 

almost two weeks earlier than visual assessment method, there are some real advantages to this 

method.   For example, if decisions need to be made with regards to sending germplasm to offseason 

nurseries, waiting two weeks for visual evaluation might be too long.  In contrast, if there is a limited 

amount of seed available from early generation material or lines are to be selected and then directly 

used in crossing as a part of a recurrent selection breeding approach, testing at less cold freezing 

temperatures and using visual assessment two weeks after freezing might be more appropriate.  One 

alternative to the current protocol, would be to take Fv/Fm measurements over a time course after the 

freezing tests are completed to determine at which point Fv/Fm measurements are more similar to 

visual assessment at the same temperatures. Furthermore, this may improve correlations between 

Fv/Fm measurements and visual assessement values.  It has been demonstrated that correlations 

between Fv/Fm and LT50 (visual) methods are not perfect (Table 2.9, 2.10, 2.17; Rizza et al. (2011)), 

however the fact that both method are significantly correlated to winter survival and cold tolerance 

illustrates the usefulness of either method as a selection tool. 

For breeding winter hardy spring wheat, using the appropriate spring habit vernalization genes will be 

crucial.  In this experiment, Vrn-B1 was associated with improved cold tolerance.  There could be several 



 

 

315 

 

reasons for this.  One reason is the relationship between maintaining vegetative growth stage and 

maintaining cold tolerance (Limin and Fowler 2006).  This was also demonstrated by Koemel et al. 

(2004).  From a field perspective, the effect of vernalization and photoperiod genes was summaried by 

Eagles et al. (2010).  From the experiments in chapter 2, it is clear that further experiments examining 

the effect of photoperiod genes on cold tolerance must be carried out.  The experiments should be 

designed to determine effects of photoperiod sensitivity on cold tolerance.  If the relationship between 

vegetative phase and cold tolerance holds true, it would be expected that for spring wheats, the most 

cold tolerant gene arrangement would be Vrn-B1 or Vrn-D1 and with photoperiod sensitivity.  With the 

deployment of Ppd-B1 or Ppd-A1 from durum wheat (Bentley et al. 2011; Wilhelm et al. 2009) into 

winter hardy spring wheat, there may be an opportunity to modify the level of photoperiod sensitivity 

so that winter nurseries at more equatorial locations could be used while maintaining cold tolerance.   

Experiment 4 of chapter 2 provided preliminary results that could lead to a wide range of effects on fall 

planted cereals.  Outdoor experimentation is required to confirm the results (Table 2.26) at a wide range 

of locations.  One point to consider is that the effect of Cruiser Maxx Cereals on cold tolerance in cereals 

could be greater than what is observed in the indoor cold tolerance treatment.  The results by Ford et al. 

(2010) indicate a salicylic acid response is stimulated by Cruiser Maxx Cereals.  Salicylic acid response is 

implicated in snow mold resistance (Wooten et al. 2009) which is known to decrease cold tolerance and 

winter survival (Gaudet and Kozub 1991).  Furthermore, Cruiser Maxx Cereals effects as an insecticide 

may limit virus infection in the fall which has been attributed to reduced winter survival (Paliwal and 

Andrews 1979).  Further experimentation should also be carried out on other neo-nicotinoid seed 

treatments to examine their effect on cold tolerance.  As demonstrated byt Ford et al. (2010), the mode 

of action for each neo-nicotinoid is not exactly the same and there may be opportunities to select the 

ideal neonicotinoid for cereals. 
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The experiment from chapter 2 demonstrated the ability of the cold tolerance screen to differentiate 

among breeding lines or varieties in two species and that these results are significantly associated with 

winter survival ratings.  To lend further creditability to this, a small sample of the Norstar x Bergen 

doubled haploid population tested at the Lethbridge Research Centre was compared to data generated 

at Guelph.  Overall the correlation was significant.  More weight to these results would come from 

further experimentation through increasing the number of lines evaluated for LT50 at Lethbridge.  Winter 

survival testing would confirm the ability of the cold tolerance screen to effectively generate results 

similar to other laboratories. 

Chapter 3 demonstrates the possibility of using spectral reflectance to be able to detect plant density 

differences in fall planted plots due to seeding rate variation and in spring plots due to winter stress.  

Future experiments would involve seeding rate differences and variation in winter hardiness of varieties 

used in the experiments.  The experiments should be carried out at a number of locations to ensure 

survival differences are noted, and more importantly, to account for variation in soil types.  If a model is 

to be developed to predict fall plant stand or winter survival, differences in soil type must be accounted 

for as soil type has been shown to affect reflectance measurements and estimation of biomass (Bellairs 

et al. 1996).  Plant size and architecture must also be taken into account.  Further attempts at modelling 

winter survival using this data could be done using partial least square regression analysis which has 

been used by Hansen and Schojoerring (2003) to effectively model green biomass amounts.  At 

minimum, spectral reflectance measurements will be useful on a location specific basis and will be able 

to establish differences in fall planting rates, to correct for variation in winter survival and potential 

seeding rate effects on yield and agronomic evaluations.  Basic analysis developed to correct winter 

survival ratings based on fall plot reflectance in this experiment will be useful for future experiments 

and illustrates the non-linear relationship between spectral reflectance and canopy density.  A variety of 



 

 

317 

 

indices designed for different species and applications appear to be useful to assess differences in 

canopy density.   

Chapter 4 provides preliminary information on genetic differences between winter and spring wheat.  

This study also provides information on environmental differences between fall and spring planted 

growing seasons.  Agronomically, winter and spring wheat do not differ substantially.  Although a 

number of the traits measured may be affected by reduced plant density due to winter survival 

differences between winter and spring wheat, large differences in heading date, height, thousand kernel 

weight, test weight and yield components, number of spikelets and the number of fertile florets per 

spikelet were not observed (Table 4.2).  This indicates that spring wheat germplasm used in winter 

wheat breeding programs would not significantly change adaptation, other than for winter survival.  

Environmental differences between disease ratings for fall and spring plantings were drastically different 

and could be the most significant finding from this research (Table 4.3).  By using the winter-hardy 

spring wheat breeding platform, selection for disease resistance in both environments will be possible.  

Significant improvements for Fusarium and leaf rust resistance may be possible due to the utilization of 

a more high disease pressure spring planted environment. 

Appendix 1, although not a part of the main thesis, provides further support to the effectiveness of 

mixtures over pureline monoculture.  Increased stability and yield were found from mixtures composed 

of the lines with the highest yield.  Percentage of each variety in the mixture is also important to 

consider and favourable mixtures from preliminary testing should be further evaluated as a number of 

different ratios to determine the optimum mixture.  These provide evidence to seed companies and 

producers that mixture may be one approach to reduce the yield plateau that has been reached in 

barley.  This research has application to the thesis. For added stability and winter survival protection, 

initial winter hardy spring wheat could be blended with similar quality winter wheat varieties to ensure 
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that the crop survives the winter, while the improved winter hardy spring wheat varieties can be used to 

improve the blend in a couple of key areas like milling quality, for example. 

 

Development of a winter hardy spring wheat system 

To summarize the findings of this research and application to a winter-hardy spring wheat breeding 

program, the schema diagramed below would be usable by breeders using male sterile facilitated 

recurrent selection, modified bulk or single backcross breeding methods.  Pedigree and single seed 

descent winter hardy spring wheat breeding methods would also be effective and more efficient than 

traditional winter wheat breeding methods. 

Year 1 

Fall-Initial cross in growth room female or dominant male sterile (winter or spring) x male (spring habit) 

 -Females can be evaluated for cold tolerance before crossing 

 -Provides assessment of population improvement over time using IFSI  

Winter-F1 plants self pollinated (all spring habit) or backcrossed to male parent in growthroom  

 -Selection of fertile plants  

Spring-F2 single seed space planted in families at Elora  

 - Fertile and spring habit plants are genotyped using molecular markers for Vrn-1 and Ppd-1 

genes (if necessary) 

 - Vrn-1 and Ppd-1 homozygous plants are selected and bulked by family 

- Vrn-1 and Ppd-1 heterozygous plants of promising families planted again in growth room or 

field 

Rationale:  At Vrn-1 spring habit is dominant to winter habit; therefore, regardless of female parent 

growth habit all plants will be spring type.  Male sterile females can be selected from successful families 
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and can be vernalized, if necessary.  It is recommended that the female plants are tested for cold 

tolerance as they will not have been tested for cold tolerance or winter survival unlike the male plants.  

Moderate cold temperatures that produced a differential for visual assessment methods should be 

used.  Through using consistent checks, assessment of populations and overall population improvement 

can be tracked using IFSI.  If dominant male sterility is used, 50% of plants will be fertile and selected for 

advancement to the next generation.  Backcrosses with male parent can be completed on male sterile 

plants.  Fertile F2 or BC1F1 plants are planted in the field at Elora.  If genotype of parents is not known, all 

plants with spring habit should be genotyped to determine if Vrn-B1 or Vrn-D1 gene(s) are homozygous.  

General field notes for each family can be taken for disease and agronomics.  Homozygous Vrn-1 plants 

can be bulked based on family and plump seed is selected for winter nursery. 

Year 2 

Fall-F3 single seed space planted in families in winter nursery (CA or NZ) 

 -All plants should be spring type 

 -Individual plants selected and harvested separately 

Spring-F4 single unreplicated yield plots at Elora  

 -Evaluated for disease and agronomics in spring environment 

 -Subsample of seed tested for cold tolerance indoors using IFSI to track improvement  

 -Selection of best lines based an all criteria 

Rationale:  F3 seed is space planted for evaluation in winter nursery.  All plants should be spring type due 

to molecular marker genotyping.  Individual plants are selected for agronomic and possibly disease traits 

in winter nursery.  Individual plants are harvested and from each plant enough seed should be produced 

for a single yield plot.  F4 seed is spring planted in an observation nursery at Elora.   Plots are evaluated 

for all agronomic, disease and yield parameters.  To determine cold tolerance of the material, testing 
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can be carried out over the growing season so that cold tolerance and agronomic data can be used to 

select breeding lines which will be advanced into replicated yield triasl at Elora 

Year 3 

Fall-F5 one location replicated yield trial at Elora  

 -Spectral reflectance analysis to adjust winter survival/yield 

 -Evaluated for winter survival, disease and agronomics in fall planted environment 

 -Subsample for each entry is spring planted in disease nursery for assessment 

 -Selection of best lines based on all data 

 -Best lines returned to breeding pool as males 

Rationale:  F5 seed fall planted in a replicated yield trial at Elora.  To accurately assess winter survival, 

spectral reflectance can be used to correct for any variation in fall plot establishment.  Winter survival, 

agronomics, disease and yield will be evaluated in yield trials.  A subsample of seed for each yield trial 

entry can be spring planted as a headrow or hill plot in a Fusarium or disease nursery to determine 

disease reaction.  Best lines are selected for advancement.  Selected lines can be returned into recurrent 

selection breeding pool as males with spring growth habit. 

Year 4 

Fall-F6 multi-location replicated yield trials 

 -Spectral reflectance analysis to adjust winter survival/yield 

 -Evaluated for disease and agronomics in fall planted environment 

 -Subsample for each entry is spring planted in disease nursery for assessment 

 -Selection of best lines 
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Rationale:  Similar to the previous season the best lines will be evaluated at several locations to assess 

winter survival, agronomics, disease reations and yield.  Lines are tested for disease reaction in spring 

environment.  Best performing lines will be advanced into further testing. 

Year 5 

Fall-F7 multi-location replicated yield trials 

 -Spectral reflectance analysis to adjust winter survival/yield 

 -Evaluated for disease and agronomics in fall planted environment 

-Subsample for each entry is spring planted in disease nursery for assessment 

 -Selection of best lines 

 -Analysis of 50:50 general blend combinations; selection of best blends 

Rationale:  Pureline evaluation is carried out in a similar manner to year 4 (F6 generation).  Further 

evaluation of pureline winter-hardy spring wheats in orthogonal or co-op tests will take place and then 

moved forward for registration.  Due to the large number of possible mixture combinations, 50:50 

blends between advanced breeding lines and established winter wheat or winter-hardy spring wheat 

varieties will be completed at Elora.  Mixtures will be evaluated for winter survival, agronomic, disease 

and yield parameters.  Top mixture combinations will be selected for further evaluation using different 

blend ratios.   

Year 6 

Fall-F8 multi-location replicated yield trials 

 -Spectral reflectance analysis to adjust winter survival/yield 

 -Evaluated for disease, agronomics and quality in fall planted environment 

 subsample for each entry is spring planted in disease nursery for assessment 

 -Selection of best lines 
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 -Analysis of specific blend combinations (25:75, 33:66, etc.) 

Rationale:  Mixtures displaying positive blending ability over the purelines from the previous year will be 

tested to optimize mixture proportions at several locations.  Evaluation of mixtures for winter survival, 

agronomy, disease resistance yield and quality will take place.  Optimum mixtures can be evaluated in 

orthogonal trials in the following years and moved forward for registration. 

Year 7-10 

Fall-Registration and release of variety as pureline or blend 

 -Production of breeder /certified seed at ideal location (NZ, California, Ontario, etc.) 

 -Sale of seed with neonicotinoid seed treatment to increase cold tolerance 

After evaluation of purelines and mixtures, variety or variety blends are released.  Breeder seed or 

certified seed can be produced at optimum location and season to save seed production costs.  All seed 

developed should be treated with Cruiser Maxx or a similar neonicotinoid seed treatment to increase 

cold tolerance, reduce insect damage and improve disease resistance. 

The winter hardy breeding system listed above is an outline of one possible method.  Due to the 

flexibility of spring wheat, modification of the system is possible.    
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