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ABSTRACT
Fusarium head blight (FHB) is a major disease of cereals caused by several Fusarium spp. The
disease reduces wheat yield and results in the formation of mycotoxin deoxynivalenol (DON) in
the grain. Fusarium head blight mitigation requires an integrated disease management approach
that includes a diverse crop rotation, fungicide application, and FHB resistant varieties. In
Canada, the lack of highly resistant cereal varieties, the limited effectiveness of fungicides and
tight cereal rotations make managing the disease difficult. It is imperative to follow a diverse
crop rotation that includes non-host crops to reduce the proliferation of FHB pathogens. My
research focused on the effect of multiple host and non-host crops in a planned sequence with
wheat (bread and durum). The crop sequences included four of the most common field crops in
Western Canada (wheat, canola, barley, and pea), as well as maize, in a split-block design with
three replicates. Maize is a major crop in North America that increases the risk of Fusarium
graminearum proliferation. The experiment was conducted over three growing seasons (20182020) at three sites in Western Canada, durum wheat sites were Lethbridge, AB and Saskatoon,
SK, while the bread wheat site was at Brandon, MB. The impact of the various crop sequences
was determined by: (1) the presence of cereal diseases such as FHB and leaf spots; (2) by grain
yield and quality parameters, including deoxynivalenol (DON) and protein content, and (3) the
frequency of isolation of Fusarium spp. from kernels of the cereal crops. The incidence and
severity of FHB was low in 2018 and 2020; the 2019 stubbles had the greatest impact on the
cereals grown in 2020. High FHB severity, leaf spots and the species F. graminearum and F.
poae increased in durum and bread wheat when grown after host crops compared to non-host
crops. When oilseeds and pulses were included in the sequences, higher yield, TW, TKW and
protein content was observed, which agrees with my hypothesis that there is a beneficial effect of
diverse crop sequences on FHB mitigation.
Keywords: Fusarium head blight, leaf spots, crop sequence, wheat, and durum.
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1.1

INTRODUCTION
Background

Fusarium head blight (FHB) is one of the most important diseases of cereals in Western Canada.
Total wheat production in Canada was 21.7 million tonnes in 2021; the prairies have the greatest
harvested area and intensive cereal production has led to an increase in cereal diseases like FHB.
It is imperative to follow an integrated disease management plan, with strategies that include
diverse crops in rotation, fungicide applications, and cultivation of resistant varieties. In this
study, my aim was to evaluate the effect of diverse crop sequences that included non-host crops
to reduce the causal pathogens of FHB, which are Fusarium spp. Experimental sites included
Lethbridge, Saskatoon and Brandon with a crop sequence distributed in a split-block design with
three replicates and up to nine crops. Estimated effects were determined by: 1) the presence and
severity of FHB and leaf spot diseases, 2) by yield and quality parameters of durum (Triticum
turgidum ssp. durum) and bread wheat (Triticum aestivum), and 3) identification and frequency
of isolation of Fusarium spp. isolated from wheat kernels. My overall aim was to increase the
sustainability of durum and wheat (bread) production in Western Canada by providing
information on which to base best disease management practices for wheat.
1.2

Project Hypothesis
A diverse crop sequence that includes host and non-host crops reduces the incidence
and severity of Fusarium head blight and leaf spots of durum or bread wheat compared to
less diverse crop sequences of only host crops or monoculture of durum or bread wheat.

1.3

Project Objectives
The objectives of the project were to determine the effect of diverse crop sequences
(multiple species in a planned sequence) on Fusarium head blight (FHB) and leaf spot
diseases of durum and bread wheat in the provinces of Alberta, Saskatchewan, and
Manitoba (Canadian Prairies).

1

2
2.1

LITERATURE REVIEW
Durum Wheat (Triticum turgidum ssp. durum) and Bread Wheat (Triticum aestivum)

2.1.1 Production and economic importance in Western Canada
Wheat is the number one agricultural export product of Canada and is sold to countries in
Europe, Africa, Asia, Oceania, and in the Western Hemisphere including Central American
countries, and South American countries like Peru, Ecuador and Colombia (Canadian Grain
Commission 2020a). During 2019, export of bread and durum wheat rose to 926,000 tonnes
compared to 691,000 tonnes in the previous crop year. This increase over 2019 was due to the
COVID-19 pandemic; importing countries from Asia and Europe retained their wheat stocks and
therefore Canadian wheat exports increased substantially (Pratt 2020). In 2021, Canadian
farmers reported planting 9.5 million hectares of wheat, down 6.5% from the previous year; this
was possibly related to higher worldwide production, which reduced wheat prices.
In Canada, most wheat production occurs on the prairies, which includes the provinces of
Alberta, Saskatchewan, and Manitoba. There are three important types of wheat in Canada:
durum wheat, wheat (multiple classes), and winter wheat (DePauw et al. 2011). In 2021, seeded
area of these crops declined; durum decreased 2.8% to 2.2 million hectares and winter wheat
declined 1.4% to 526,091 hectares (Statistics Canada 2021). Saskatchewan has the highest wheat
seeded area, where almost 4.8 million hectares were seeded in 2021, of which 2.9 million
hectares was bread wheat, and 1.1 million hectares was durum. In Alberta, 1.6 million hectares
of wheat was planted, of which 2.3 million hectares was bread wheat and 988,500 hectares was
durum. In Manitoba, the area seeded to wheat was reduced 8.7% compared to 2019 with total
wheat planting of 2.9 million hectares.
Canadian wheat is currently categorized as Western Canadian and Eastern Canadian depending
on the region of production (Canadian Grain Commission 2020a). Western Canadian wheat is
divided into nine milling classes that include Canada Northern Hard Red (CNHR), Canada
Prairie Spring Red (CPSR), Canada Prairie Spring White (CPSW), Canada Western Amber
Durum (CWAD), Canada Western Extra Strong (CWES), and Canada Western Hard White
Spring (CWHWS). There are more than 200 wheat varieties registered in Canada, of which
approximately 100 are bread wheat varieties, 55 are durum of which 14 belong to the Canada
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Easter Amber Durum (CEAD) class, while the remaining varieties are designated as CWAD
(Canadian Grain Commission 2020b). Bread wheat is the main component of bread and pastry
baked goods and durum is widely used in pasta, as semolina, and in non-paste products like flat
breads.
2.1.2 Agronomic characteristics
Durum and wheat (bread) are part of the Triticeae tribe, which consists of about 360 species and
several subspecies in 20 to 30 genera (McFadden and Sears 1946). In this genus, the species of
greatest commercial importance are T. turgidum spp. durum (durum) and Triticum aestivum
(wheat) (Wegulo et al. 2015). Wheat is a member of the grass family characterized by upright
stems with auricles, flat alternative leaves, and in the reproductive stage, an inflorescence called
a spike. Wheat is a mid-tall annual grass (around 89-100 cm), the height of which depends on the
environment and the variety, which may have a semi-dwarf stature. The spike is composed of
florets and develops at the top of the stem; the last leaf that unfolds before spike emergence is
called the flag leaf. On the spike, each floret is enclosed within two bracts called the lemma and
palea, which protect the reproductive organs. The plant is hermaphroditic and both the female
and male organs are present in each floret. The ovary is the female organ, and the tissue that
provides entrance to the ovary is called the stigma, which regulates the entry of pollen. The male
organ is the anther that contains the pollen; during pollination, the pollen is released from the
anthers when mature, which is before or just after the flowers open. After pollination, the ovule
develops into a caryopsis or kernel with an oval, elliptical, and elongated shape (Uthayakumaran
and Wrigley 2010).
Wheat is adapted to a relatively dry climate, with seed germination occurring at an optimal
temperature of 15ºC. For this reason, the crop is planted in spring (April to May) in Canada and
harvested in late summer (August to September) (Canadian Food Inspection Agency 2006). The
seeding rates for bread and durum wheat are calculated to achieve plant populations of 210- 250
plants/m2. Yield of wheat can be as much as 6725 kg/ha but usually are between 3363 - 4707
kg/ha depending on the environment, agronomic management and variety, with a test weight
(TW) that oscillates between 39.6 - 41.9 kg/hL. The thousand kernel weight (TKW) for bread
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and durum wheat is approximately 0.041 – 0.045 kg, and the protein content varies between 1014% (Alberta Agriculture Industry 2017; Saskatchewan Ministry of Agriculture 2019).
Yield and protein of wheat are affected by fertilizer placement during plant growth. The
recommended fertilizer rate of seed-placed fertilizer for medium to fine soil texture depends on
the soil zone and region. The Government of Saskatchewan crop planning guide (2019)
recommends different fertilizer rates of nitrogen, phosphorus and sulphur (kg/ha) for each cereal,
which vary by soil zone (Table 2.1). In the dark brown soil zone spring wheat and durum require
approximately 110 – 120 kg/ha of nitrogen, 44 – 47 kg/ha of phosphorus, but no sulphur. In the
black soil zone, spring wheat requires 121 kg/ha of nitrogen and durum wheat only 86 kg/ha of
nitrogen; spring wheat and durum phosphorus requirements vary between 43 – 47 kg/ha
(Government of Saskatchewan 2019).
Table 2.1 Fertilizer rates (kg/ha) for spring wheat, durum, and winter wheat in the dark brown
and black soil zones of the Canadian Prairies.
Soil Zone
Dark Brown

Black

Crop
spring wheat
durum wheat
winter wheat
spring wheat
durum wheat
winter wheat

Nitrogen
109.8
119.9
81.8
121.1
86.3
90.8

Phosphorus
43.7
47.1
40.4
47.1
42.6
39.2

Adapted from Government of Saskatchewan 2019.

Seed-placed phosphate (P2O5) plus total potassium (K2O) should not exceed 56 kg P2O5/ha in
cereals, depending on moisture conditions. In the prairies, the total potassium needed for plant
development is usually low due to the high potassium content on the soil, for example in
Saskatchewan the content of potassium in soil ranges from 112 – 56,000 kg/ha. In the case of
cereals, these crops do not respond to potassium fertilizer when soil test levels are greater than
280 kg K2O/ha; any seed place potassium should be side or mid-row banded at seeding to avoid
seedling injury. At any case, when growing spring, durum or winter wheat, potassium rates will
depend on soil test levels. When ammonium sulphate is seed-placed, add the kilograms of
nitrogen from the ammonium sulphate to the kilograms of nitrogen from other nitrogen seedplaced fertilizer. Total nitrogen should not exceed the maximum recommendation as ureanitrogen. Additional micronutrients may be necessary, such as copper, manganese, zinc, boron,
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and iron. These requirements will vary depending on the region and the type of wheat
(Saskatchewan Ministry of Agriculture 2009).
2.2

Fusarium head blight in cereals

2.2.1 Disease epidemiology and economic impacts
Fusarium head blight was first described in 1884 in England and was called scab or tombstone,
which was descriptive of the chalky and bleached appearance of the kernels (Clear and Patrick
2000). In England, the most severe epidemic occurred in 1928, where most of the barley
produced and exported to Germany resulted in feeding problems in cattle (Leonard and Bushnell
2005). Epidemics of FHB also occurred in Argentina (1929), Japan (1932) and in North America
during the 1920’s (Ciegler 1978; Moschini and Fortugno 1996). Several outbreaks took place
across the USA during the 1930’s affecting barley in the Great Plains of South Dakota, North
Dakota and Minnesota (Leonard and Bushnell 2005). On the Canadian Prairies, corn ear and root
rot in Manitoba caused by Fusarium spp. were first described by Bisby and Bailey (1923). The
disease spread across southern Minnesota and North Dakota during the 1930s (Tervet 1945),
meanwhile in Canada, Gordon (1944) found sixteen Fusarium spp. in farmer’s seed stock in
Manitoba. By the 1960s, the disease was only a concern in Manitoba but later it appeared in
other parts of Canada; in 1980 Ontario farmers found pink bleached kernels of winter wheat and
Treholm et al. (1983) detected vomitoxin content of >8 ppm in winter wheat samples in
southwestern Ontario. By 1984, Clear and Abramson (1986) documented the first detection of F.
graminearum, identification of FHB symptoms, and DON production in bread and durum wheat
samples from southeastern Manitoba.
An important FHB outbreak occurred on wheat in southeastern Manitoba in 1993, when heavy
rainfall favored the disease, causing severe yield and quality losses. Survey results from 1993 to
1998 showed that F. graminearum had replaced other Fusarium species and became the
principal causal agent of FHB. Fusarium graminearum was isolated from barley and oat survey
samples from Manitoba in 1993 and was first described in southern Saskatchewan in 1998 (Clear
et al. 1996; Clear and Patrick 2000). In later years, the disease was reported in western
Saskatchewan and Alberta. Fusarium head blight was an annual issue until 2001, which was
marked by a record drought that continued until 2002. In Manitoba in 2002, above normal
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temperatures and rainfall increased F. graminearum infection of cereals with at least 95% of
samples contaminated with this pathogen (Gilbert et al. 2002). Between 2003 and 2007, F.
culmorum and F. avenaceum, as well as F. graminearum were reported to be the main causal
agents of FHB in Alberta (Turkington et al. 2003); meanwhile F. avenaceum and F. poae were
important pathogens of wheat in Saskatchewan, while F. graminearum was common in wheat
from Manitoba (Gilbert and Tekauz 2011).
Since 2013, Fusarium head blight has been detected at increasing frequency in grain samples.
Survey results from 2015 showed high frequency of F. graminearum (58%), F. avenaceum
(50%), and F. poae (35%) in 26 fields in Saskatchewan (Turkington and Kutcher 2015). By 2016
in Alberta, 26.5% of survey samples were positive for F. graminearum; while F. poae was
prevalent in almost 98% of Manitoba barley fields in 2015 (Banik et al. 2017).
In the last decade, extreme weather fluctuations became common among growing seasons;
drought and heavy rain affected most of the prairies changing the proportions of the Fusarium
species, which includes16 species that cause FHB (Ward et al. 2008). At present, FHB continues
to affect cereals by decreasing yield and grain quality; recording losses of more than 65% in
bread wheat and 36% in durum wheat during epidemic years. The discolored shrunken kernels
contaminated with mycotoxins reduce marketability and market prices and therefore export of
the grain, which directly affects cereal producers and the economy in Western Canada in general.
2.2.2 Pathogen life cycle and infection process
Fusarium head blight is caused by several fungal pathogens from the genus Fusarium. The life
cycle for most of the Fusarium spp. generally includes both sexual and asexual reproductive
structures distinguishable from other fungi by three different survival structures: microconidia,
macroconidia and chlamydospores (Nelson et al. 1994). In the asexual phase of the life cycle,
mycelial structures produce three types of mitotic spores: conidiophores produce microconidia,
the sporodochia produce macroconidia, and lastly the chlamydospores are formed on and within
hyphae (Figure 2.1). In the sexual phase, airborne ascospores are produced, which are able to
infect the plant during anthesis and contaminate the developing kernels (Nelson et al. 1994;
Dweba et al. 2017). Long-lived structures like chlamydospores, and thickened hyphae or
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perithecia allow Fusarium spp. to survive as a weak saprophyte and as a facultative parasite
(Leonard and Bushnell 2005).
Infection occurs during anthesis, when ascospores land on wheat or barley spikes and the fungus
infects the florets inhibiting kernel development or resulting in damaged kernels (Schmale and
Bergstrom 2003). Infected crop debris will release macroconidia that can be transmitted to other
plants by water/ rain-splash (Figure2.1). Perithecia on debris form and release ascospores that
will be carried by wind. Infected crop residue can produce secondary inoculum, which are the
macroconidia. McMullen and Stack (1982) isolated F. graminearum from various grass species
from four sites in North Dakota; more isolates were obtained from above ground crop debris
compared to roots. Windels and Kommedahl (1974) detected F. roseum ‘graminearum’ in 30%
of the soil samples from corn fields and related it to the presence of asexual spores in crop
residues.

Figure 2.1 The general sexual and asexual components (ascospores and conidia) of the life cycle
of Fusarium spp. on cereals (Dweba et al. 2007).
Fusarium head blight has been reported from almost all of the northern Great Plains from South
Dakota to the Canadian prairies when weather conditions were favorable for the disease and
agricultural practices favored the production of secondary inoculum. Precipitation or high
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relative humidity (>90%) and mild to warm temperatures (15 to 30ºC) are conductive to
infection by the pathogen. Conservation tillage plus short intervals between cereal crops on the
same field results in increased cereal crop residue on which the production of secondary
inoculum occurs (Windels 2000).
Symptoms on the infected spike depends on the cereal; for example, in bread and durum wheat
the “scab” or bleached spike is the main characteristic of the disease and the damaged kernels are
chalky and easy to recognize (McMullen et al. 2012). Whereas on barley, infected spikes have a
brown discoloration and the disease is generally confused with other fungal diseases produced by
Pyrenophora teres and Cochliobolus sativus. In barley, only type I resistance (primary infection)
can be evaluated on the spike because the type II resistance (resistance to the spread of the
pathogen in the spike) appears to be strong (Jansel et al 2005).

Figure 2.2 Fusarium damaged kernels from wheat (a) and barley (b), a: bleached and pinkish
durum kernels (left), and the comparison of a bleached kernel with a healthy spring wheat kernel
(right), b: black fruiting bodies on infected barley kernels, the fruiting structures are within the
black circle (photo on left) and are observed over most of the kernel (right). Adapted from
Turkington et al. 2010b.
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When the disease is severe, it is possible to visualize black sexual fruiting bodies or tan to orange
sporodochia on barley kernels (Figure 2.2) (Turkington et al. 2010a). Pathogen isolation and
mycotoxin content in grain becomes the only measure to assess FHB infection on barley
accurately.
2.2.3 Fusarium species and mycotoxin production
Fusarium head blight is caused by different Fusarium species complexes. Phylogenetic analysis
like multi-locus sequencing, nucleotide polymorphisms (SNPs), and mitochondrial DNA
ancestry (mtDNA) cluster the pathogens into species complexes. Disease reports commonly
associate FHB with five species in Canada: F. culmorum, F. avenaceum, F. graminearum
Schwabe (Teleomorph Gibberella zeae), F. poae, and F. nivale or Microdochium nivale (Parry et
al. 1995; O’Donell et al. 2008; Yli-Mattila et al. 2009). Fusarium graminearum is actually a
species from the Fusarium graminearum species complex abbreviated FGSC; F. poae, F.
sporotrichioides, and F. culmorum are members of the Fusarium sambucinum species complex
(FSAMSC); while F. avenaceum is within the Fusarium tricinctum species complex (FTSC)
(Aoki et al. 2012; Valverde-Bogantes et al. 2019; Moser-Tralamazza et al. 2020). Among these
species and species complexes, F. graminearum is the predominant cause of FHB in Canada.
Mycotoxin production plays an important role in pathogen virulence and its production not only
eliminates competing microorganisms; it also inhibits eukaryotic protein synthesis in the grain
(Bai et al. 2002). Mycotoxins can be found in many grains such as wheat, barley, rye, maize, and
oat; the amount of contamination depends on climatic conditions and the infecting Fusarium spp.
Species such as F. graminearum, F. poae, and F. culmorum can produce DON, zearalenone, T-2,
HT-2, fumonisin and nivalenol. Pathogen growth, infection and mycotoxin production is
dependent on mycotoxin biosynthetic genes, the host and weather conditions (Brown and Proctor
2016).
Deoxynivalenol (DON) is one of the most important mycotoxins produced during FHB infection;
its content in wheat is limited in export grain due to its toxic effect on humans and animals. The
Canada Food Inspection agency (CFIA) has specific limits for DON content in grain. For human
consumption, the DON content limit is 1 ppm for finished grain products. Limits in feed are 10
ppm (without exceeding 50% of regular grain diet) for cattle over 4 months old; 10 ppm (without
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exceeding 50% of regular grain diet) for poultry; 5 ppm (not to exceed 20% of ration) for swine;
and 5 ppm (providing grains that do not exceed 40% of diet) for all other animals (Charmley and
Trenholm 2000; Tittlemier et al. 2013).
The estimation of DON content is usually correlated with the amount of FDK found in harvested
grain. On average 1% of infected FDK will result in 1 ppm of DON content (Alberta Agriculture
Industry 2003), however, high DON content has been reported in asymptomatic kernels and
crops (Del Ponte et al. 2003; Cowger and Arrellano 2010). Allowance of FDK in grain is
regulated in Western Canada; 1 - 2% FDK (% by weight) for red spring wheat, 2 - 5% for amber
durum and 1% for extra strong red spring wheat (Canadian Grain Commission 2003; Skrypetz et
al. 2018).
2.2.4 Current disease management strategies
Bread wheat, durum wheat and barley are affected by Fusarium head blight, which may result in
high yield and quality losses. In comparison with bread wheat, durum wheat is more susceptible
to the disease and breeding for disease resistance is more of a challenge due to the lack of wild
relatives and the interaction with environmental conditions (Miedaner et al. 2017).
Optimum management of FHB in cereal crops in Western Canada requires an integrated disease
management program to be followed by growers. Usually, cereal crops are grown in a diverse
crop rotation with oilseeds and pulses to avoid the proliferation of diseases, insect pests, and
weeds. The extensive area seeded to cereals across the prairies results in a high risk of disease.
As a result, it is important that FHB resistant varieties can be bred and other management
strategies used. Some of the most important management strategies to reduce the risk of FHB are
to escape the disease with early planting, use of certified FHB resistant varieties to limit the
amount of infected kernels, fungicide application at the appropriate time, and crop diversification
by intercropping or diverse crop rotations.
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2.3

Crop Rotation as a Management Strategy for Fungal Diseases

2.3.1 Crop Rotation Overview
In modern agriculture, widespread adoption of monoculture has greatly reduced the genetic
diversity of crops compared to ancient crop production practices. The use of management
strategies has become necessary to mitigate plant diseases. Crop rotation is a management
strategy that promotes the cultivation of multiple crops by planting them sequentially on the
same piece of land; the different species rotate every year or season, producing changes in soil
nutrients, soil microorganisms, and plant pests (Bailey et al. 1992). Crop rotation has been
practiced by ancient cultures, from the Incas in South America, to the Greeks and Romans in
Europe, and the Chinese in Asia (White 1970; Karlen et al. 1994).
Although the benefits of crop rotation were known for generations, it was after World War II that
the use of legumes in rotations was diminished due to the use of pesticides. Promoters of
pesticides promised increased crop production, which reduced interest in extended rotations.
However, pesticide effects on agroecosystems were unknown at that time (Karlen et al. 1994).
Agronomists around the world realized that monoculture systems were not sustainable in terms
of soil benefits, but also for pest management. For example, the outcome of continuous cereal
production is the increase in plant pathogens due to the selection of virulent strains; these strains
sporulate more thus contributing to a higher inoculum source in the field (Bailey et al. 1992).
Some plant pathogens have a wide host range so production of similar crop types can lead to
increased disease severity; seeding barley after wheat can increase leaf spot diseases the
following year, because the fungi in the complex that cause Septoria leaf blotchreproduces in
barley without causing yield losses on barley (Bailey and Duczek 1996).
A diverse crop rotation has been shown to improve soil health, nutrient accumulation (when
pulses are included), and increased microbial activity; moreover, it is an inexpensive practice for
management of many plant diseases (Turkington et al. 2003). Despite its benefits, it does have
limitations; a diverse crop rotation improves soil productivity over time (after 5 to 10 years) and
in the case of disease management a diverse crop rotation is considered effective when the
disease is limited to the field in question, and pathogen movement is reduced with short distance
spread (Kaminski 1996). A diverse crop rotation benefits crops affected by soil-borne or residue11

borne diseases, with the exception of diseases where the pathogen has a high field-to-field
transmission due to air-borne ascospores (Cook et al. 1978; Turkington et al. 2003). The host
range of the pathogen is another limitation of crop rotation; effectively, crop rotations enhance
disease management when the pathogen has a limited host range. When crops are hosts to a
common disease like FHB or Septoria leaf blotch, these crops should not be used sequentially in
a rotation, as are cereals, canary seed, and wheatgrass species (Duczek and Jones-Flory 1994).
Sometimes the pathogen can survive saprophytically on overwintered residue, and in this case,
crop rotation may not be effective after only a 2–3-year break (Kaminski 1996). In general,
successful crop rotation will depend on the time, weather conditions, nature of the pathogen in
question, and the characteristics of the host crop (Turkington et al. 2003).
Several authors differ on the subject of the exact timing for crop rotation. Pedersen and Hughes
(1992) reported that in Saskatchewan it is only necessary to have a 1-year break between spring
wheat to reduce disease levels under favorable conditions. Using cereals as a break crop can
disrupt the life cycle of pathogens such as Sclerotinia spp., Ascochyta spp., and Leptosphaeria
maculans, the latter, which is the cause blackleg disease of canola. Bailey and Duczek (1995)
suggested that the ideal crop rotation is between 4- to 7-years long, and must include 50%
cereals with the remaining crops divided among pulses, oilseeds, and forages. The shortest
rotation interval might be a 1-year break (two crops), but 2- to 4-years is recommended when
cereals are not planted 2 years in a row (Bailey et al. 1992). In the prairies, the conditions are
unpredictable and for this reason, the intervals needed and crop choices vary.
Crop rotation has been included as a management strategy to manage fungal diseases in Canada;
research on the impact of crop rotations has been conducted at Agriculture and Agri-Food
Canada for more than 100 years (Campbell et al. 1990). However, most of these studies were
focused on yield and moisture use efficiency. One notable study on the prairies was the project
Alberta Management Insights (AMI), which was conducted from 1992 to 1998 (Hartman and
Andreink 2001); this project demonstrated that barley yields were high when planted on canola
residue in most soil zones, whereas canola yields increased after summer fallow, which also
reduced disease pressure. However, the inclusion of canola and pea in the rotation should be
managed carefully, since pea shares a common pathogen with canola (S. sclerotiorum); in
addition, herbicides can affect the following crop.
12

Further evidence has demonstrated the benefits of a diverse crop rotation, and producers
acknowledge this, however, crop choices are often directed by market prices, ease of production
and on-farm requirements (Cook and Veseth 1991; Cook 2000). According to the June field crop
survey from 2019 (Statistics Canada 2019), a high proportion of the annual crop seeded area
across the prairies consisted of wheat and canola (>60%); barley, oat, corn for grain, soybean,
and lentil were reported to be seeded on many fewer hectares. The three main field crops seeded
in the Prairie Provinces in 2019 were wheat (7,442,500 ha), canola (5,933,500 ha), and barley
(3,563,100 ha) in Alberta; wheat (12,901,000 ha), canola (11,550,000 ha), and lentils (3,387,700
ha) in Saskatchewan; and wheat (3,158,800 ha), canola (3,307,800 ha), soybeans (1,469,500 ha)
in Manitoba (Figure 2.3). The lack of diversity in the prairies and the dominance of cereals and
canola, not only affects soil nutrients, but also increase the risk of cereal diseases such as FHB.
2.3.2 The Effect of Crop Rotation on Fungal Diseases
In the Canadian prairies, continuous wheat production has repeatedly resulted in increased
disease severity (Sutton and Vyn 1990). Crop diversity is a factor to consider in association with
crop rotation and disease development; using non-host crops in a rotation decreases the incidence
of diseases because of a reduction in inoculum levels on previous crop residue and in soil (Bailey
et al. 1992). For residue-borne diseases, the rate of residue decomposition determines the
carryover of pathogen inoculum from season to season. A break crop aids in the breakdown of
infected tissue, for example, recovery of P. tritici-repentis inoculum was reduced by 50% after a
2-year break (Summerell and Burguess 1989).

13

Figure 2.3 The main field crops by seeded area in each prairie province during the 2019
cropping season (Statistics Canada 2019).
Foliar diseases across the prairies have been reported to increase after continuous wheat
production (Bailey et al. 1992; Bockus 1992); crop residues infected with conidia/pycnidiospores
produce ascospores, which lead to infections during early spring and more inoculum formation if
a host crop is grown. Bailey et al. (2000) assessed populations of C. sativus (the causal agent of
common root rot and spot blotch of wheat) and determined that these were greater after
monoculture cereals than in rotations that included oilseeds and pulses. Similarly, Krupinsky et
al. (2004) reported that leaf spot diseases of wheat were found to be lower when wheat was
grown after a crop sequence of canola, barley or flax. Although the amount of pathogen
inoculum can be reduced with crop diversification, some pathogens such as C. sativus may only
decline slowly in soil because conidia may remain viable for at least four years after a
susceptible crop is grown (Ledingham 1961).
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Fusarium head blight is transmitted by airborne ascospores throughout the Great Plains of the
United States and the Canadian prairies. Studies of cereal sequences including wheat after maize
(or corn) have shown that the amount of perithecia on maize was greater than on wheat. Wheat
produced on corn stubble had greater FHB severity than wheat produced on wheat stubble
(Leonard and Bushnell 2005).
Fusarium spp. can remain in soil as conidia, chlamydospores or mycelium (McMullen and Stack
1982). Knowledge of the secondary inoculum source in the residue is important to improve
disease management strategies. Crop rotation is a necessary management strategy to reduce FHB
but the extensive host range of the Fusarium spp. that causes the disease can limit crop decisions.
To enhance FHB management, is important to constrain the production of cereals, especially of
maize in the rotation. Corn is an important host for F. graminearum, and production of perithecia
and ascospores on corn residue can happen during the first and second year of a 3-year crop
rotation that includes wheat (Khonga and Sutton 1988).
In Canada, FHB outbreaks have occurred after consecutive corn and wheat crops; increased
DON was also detected when wheat was seeded on corn residue compared to wheat on soybean
residue (Clear and Abramson 1986; Schaasfma et al. 2001). Host versus non-host crops are
valuable to include in rotations to determine their effects on Fusarium spp. Although F.
graminearum is frequently isolated from corn and wheat residue, other species such as F.
sporotrichioides have been frequently isolated from soybean residue (Dill-Macky and Jones
2000). Fusarium poae, which also contributes to the disease, has been observed to infect noncereals like alfalfa, fescue, soybean, and sunflower (Booth 1971). Fernandez et al. (2008)
isolated F. avenaceum from flax and pulse residue, showing that this species survives on noncereal residues even 10 to 11 months after harvest. Even if F. graminearum produces most of the
DON content and causes severe FHB symptoms, disease levels are due toall the species of the
FGSC. However, production practices and production of non-cereal crops might affect the levels
of Fusarium pathogens and therefore disease development (Fernandez et al. 2008).
In summary, FHB is a complex disease where infection is the result of both residue- and airborne inoculum. Management of the disease needs to include multiple approaches. Leaf spot
diseases are influenced by previous cereal residue and can be transmitted easily from field-to15

field if no management strategies are practiced (especially in continuous cereal production).
Following a diverse crop rotation as a management strategy for FHB has advantages; however,
further research is needed to provide data on which to base crop sequence choices on the prairies.
Crop rotation has been acknowledged as a beneficial practice for cereal disease management that
should be integrated with a combination of other strategies including: resistant varieties,
staggered seeding dates, and in-crop fungicide application (Turkington et al. 2003).
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3
3.1

MATERIALS AND METHODS
Crop sequence establishment

The field trials were established over three cropping seasons, 2018 to 2020. The experiments
included either bread or durum wheat, which were the focus crop in year 3 at three sites: Farming
Smarter, Research foundation in Lethbridge, AB, East Sutherland experimental farm at the
University of Saskatchewan in Saskatoon, SK, and Agriculture and Agri-Food Canada Brandon
Research Station, MB (Table 3.1). Each experiment was established as a matrix of crop-by-crop
stubble to evaluate six to nine crops, depending on land and labor availability at each site, similar
to the protocol of Krupinsky et al. (2006). During year 1 (2018), the crops were seeded in strips,
while in year 2 (2019) the same crops were seeded perpendicular across the strips grown in year
1 (Figure 3.1). In year 3 (2020), all the previous stubbles were seeded with either bread wheat
(Brandon) or durum wheat (Lethbridge and Saskatoon). A core set of five crop species
commonly grown in the prairies were used for this study including wheat (either bread or
durum), barley, canola, pea, and maize; additional crops were added to the experiment at the
discretion of each collaborator (Table 3.1). Maize is not yet a widely grown crop in Western
Canada, but production is expected to increase in future. Since maize acts as a host for F.
graminearum, it was important to include it in this study. Diseases observed resulted from
naturally occurring inoculum; experiments were not artificially inoculated.
All sites were managed under a no-till cropping system, without application of fungicides, and
varieties of the crops grown at each site were relevant to the region. To increase the risk of FHB,
susceptible durum and bread wheat varieties were used. In year 3, Lethbridge seeded AAC
Spitfire and Saskatoon CDC Desire, both susceptible to FHB; while at Brandon the variety AAC
Brandon was seeded, which is moderately resistant to FHB (Table 3.1).
Soil testing was done under discretion of each site, and was conducted late each fall or early
spring to be sure sufficient fertilizer (NPKS and micronutrients if required) was added at rates
recommended for each crop by the soil test lab. Weeds were managed at the discretion of each
site collaborator with the application of appropriate herbicides for the spectrum of weeds and
each crop in Western Canada (Appendix G to Appendix I).
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Table 3.1 Description of study sites, soil type, land size, and crops seeded including the year
before the study.
Lethbridge, AB

Saskatoon, SK

Brandon, MB

Latitude,
49°41’58.9’’N,
Longitude
112°44’10.7’’W
Soil zone
Dark Brown Chernozemic
Land Size
194 x 43 m
Plot size
2018
10.02 x 52 m
2019/2020
4 x 10.02 m
Harvested area
2018
75.28 m2
(Except dry bean 118.87 m2
and maize 39.62 m2)
2019/2020
36.60 m2
(Except dry bean and maize
40.64 m2 both)
Stubbles (year/crop/variety)
2017
wheat
na†
2018
wheat
AAC Brandon
durum
AAC Spitfire
barley
AAC Sinergy
maize
P7332R
canola
45M35RR
pea
CDC Meadow
dry
AC Resolute
bean
quinoa Norquin red
hemp
Katani

52°9’37.1’’N,
106°30’54.4’’W
Black Chernozemic
172 x 126 m

49°52’9.9’’N,
99°58’45.7’’W
Black Chernozemic
126 x 68 m

44 x 10 m
4 x 10 m

32 x 8 m
2.5 x 8.25 m

45.9 m2

73.15 m2
(Except pea 234.08 m2 and
maize 48.77 m2)
16.76 m2
(Except maize 18.85 m2)

2019

wheat
durum
barley
maize
canola
pea
dry
bean
quinoa
hemp

SVPS*
SVPS*
SVPS*
DKC29-89RIB
DKTF92SC
SVPS*
SVPS*

12.19 m2

fababean
durum
barley
oat
maize
canary
canola
seed
pea

CDC Snowdrop
CDC Desire
CDC Austenson
CDC Ruffian
GR*
CDC Bastia
GR*
CDC Amarillo

lentil
flax

Proclaim
CDC Vimy

All crops

SVPS*

wheat
wheat
barley
maize
canola
pea
soybean

na†
AAC Brandon
AAC Synergy
P2702
L233P
AAC Lacombe
Akras

All
crops

SVPS*

SVPS*
SVPS*

2020
durum
AAC Spitfire
durum
CDC Desire
wheat
AAC Brandon
Disease assessment
2018
LS July 25-27, FHB Aug 8 LS/FHB
Aug 8
na†
2019
LS July 23-25, FHB Aug 7 LS/FHB
Aug 5
LS/ FHB Mid-Aug
2020
LS July 25-29, FHB Aug 7 LS/FHB
Aug 8
LS/ FHB Aug 4
710
na†: No information available, GR*: glyphosate resistant variety, LS: leaf spot assessment, FHB: Fusarium head
blight assessment, SVPS*: Same variety as previous season.
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Figure 3.1 Design of one replicate of a crop matrix used to evaluate the effect of a core set of
five crops. During year 1, the core set was seeded in strips (or rows), whereas in year 2, the same
crops were no-till seeded perpendicular over the residue of previous crop. Samples were
collected from individual plots for each of the three replicates. W: wheat, B: barley, C: canola, P:
pea, and M: maize.
3.2

Disease assessment and data collection

3.2.1 Durum and bread wheat disease assessment
Field crop diseases were assessed in each plot during the soft dough stage (BBCH 85)
(Lancashire et al. 1991), which occurred in early to mid-August depending on the site and season
(Table 3.1). For FHB evaluation, twenty-five spikes were collected per plot each season and the
disease incidence (proportion of infected spikes) and severity (proportion of each of the infected
spikes) was measured using the FHB visual rating scale of Stack and McMullen (1994).
Fusarium head blight index for each plot was estimated by the product of FHB incidence and
FHB severity (Stack and McMullen 1994).
Leaf spot diseases were assessed on the flag or penultimate leaves to associate yield losses with
leaf spots, when FHB was reduced; approximately 10-15 leaves were collected at BBCH 85 and
leaf spot severity was evaluated following the Horsfall Barratt (1945) scale. Prior to harvest
(BBCH 91-92), 25 spikes and 10-15 flag or penultimate leaves per plot were collected in paper
envelops for laboratory plating and pathogen identification.
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3.2.2 Pathogen isolation and identification
The Fusarium spp. were isolated from 100 kernels after surface disinfection following the
protocol of Clear and Patrick (2000). Kernels were disinfected by soaking them in a 0.5% NaOCl
solution for 1 min and finally rinsed three times with sterile distilled water before drying in a
laminar flow cabinet. Ten kernels were placed in a 9 x 6 cm petri dish plate with potato dextrose
agar (DifcoTM), and incubated for 5-6 days under fluorescent light at 22°C. The Fusarium spp.
isolated were identified by using micro- and macro-morphological characteristics of Nelson et al.
(1994).
Flag and penultimate leaf cuttings were surface disinfected following the protocol of Luginbühl
et al (1979). Leaf pieces were disinfected by immersion in 70% ethanol for 1 min and finally
rinsed three times in sterile distilled water. Ten pieces were placed in a 9 x 6 cm petri dish plate
with potato dextrose agar (DifcoTM) supplemented with lactic acid 10%. Samples were incubated
for 5 days under fluorescent light at 22°C. Leaf spots causal pathogens were isolated from the
surface sterilized leaf cuttings following the protocol of Larran et al. (2002). Other cereal
pathogens such as Septoria spp., Pyrenophora spp., and Cochliobolus sativus were identified
following the protocols of Krupinsky (1986), Bailey et al. (2000), and Krupinsky et al. (2004),
and the taxonomic criteria of Shoemaker (1962) and Luttrell (1963).
3.3

Yield response and quality analysis

3.3.1 Yield response, TKW, TW and FDK
Days to maturity were based on Julian days and yield was obtained after harvesting 4 meters of
each plot, which depended on the combine availability at each site. Maize plots were not
harvested since the crop did not reach maturity; sites maintained maize stubble to test its effect
on FHB.
During each year of the study, a representative 250 to 500 g grain sample was collected per plot
for further quality analysis. Yield was estimated with the dry weight (Equation 3.1) and corrected
to the respective standard crop moisture (Table 3.2); moisture percentage for each crop was
estimated at each site.
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𝑦𝑖𝑒𝑙𝑑 (

𝑘𝑔
𝑔𝑟𝑎𝑖𝑛 𝑦𝑖𝑒𝑙𝑑 (𝑘𝑔)
(100 − 𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 %)
)=
𝑥
ℎ𝑎
ℎ𝑎𝑟𝑣𝑒𝑠𝑡𝑒𝑑 𝑎𝑟𝑒𝑎 (ℎ𝑎) (100 − 𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒)

(3.1)

Equation 3.1 Crop yield (kg/ha) equation, where, Moisture % is the moisture obtained for each
crop at each site, and the Standard moisture is the standard established for each field crop.
Table 3.2 Standard moisture specifications for each crop and conversion table number for the
model 919/3.5’ moisture meter.
Type

Crop

Grain

all wheat

Legumes

Other

barley
(general purpose)
oat (hulled)
maize
(<19.9% moisture)
canary seed
flax
canola and rapeseed
lentils
pea
soybean
pinto
white kidney
hemp
quinoa

Weight
(g)
250

Standard moisture
(%)
<14.6

225

Conversion table
number
CWRS: 12
CWAD: 5
13

200
250

6
6

<13.6
<15.6

250
225
225
250
250
225
250
250
225
225

1
7

<13.1
<10.1
<10.1
<14.1
<16.1
<14.1
<18.1
<18.1
8-12
<16

3
3
9
2
1
-

<14.9

(-): no data available. Adapted from moisture content for Canadian grains, Canadian Grain Commission 2021.

Test weight (TW) was determined once the grain was dried by using a 0.5-liter cylinder and
multiplying by the following factor: TW in kg/hL= grams/500 x 0.2. Thousand kernel weighs
(TKW) were obtained by TKW = grams/1000 seed. The TW at Brandon was measured using onsite equipment, a Perten Inframatic 9500 (2016 Perten Instruments® AB). Fusarium damaged
kernels (FDK) were detected by visual assessment of 200 seeds per sample from the spikes
collected (Turkington et al. 2010a).
3.3.2 Protein and DON analysis
A 10-gram harvest subsample was milled in a Laboratory Mill 3610 grinder (2015 Perten
Instruments® AB). Protein content was measured only for durum sites in a Laboratory
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Equipment Corporation Protein analyzer (LECO® FP-528). The protein content at Brandon was
measured using on-site equipment, Perten Inframatic 9500 (2016 Perten Instruments® AB).
Mycotoxin analysis included DON content measured following the protocol of Wang et al.
(2018) with the 4000 QTRAP® LC/MS/MS System, at the Core Mass Spectrometry Facility
from the College of Pharmacy and Nutrition at University of Saskatchewan.
3.4

Weather and site conditions

3.4.1 Meteorological data
All meteorological data were obtained from weather stations located on site. At Saskatoon, data
was collected from Davis® Weather Station; at Lethbridge, data was obtained from the Demo
Farm. Brandon weather data was collected at Phillips Farm AAFC. The mean hourly
temperatures and total precipitation were summarized; the 30- year long-term average from May
to August (disease development and evaluation time) was estimated from Environment Canada
weather website.
3.4.2 Overwintering Fusarium spp. inoculum test
To determine Fusarium spp. on maize, a protocol adapted from Tamburic-Ilincic and Schaafsma
(2008) was used. Each year prior to harvest, three to five maize cobs from maize-on-maize plots
were randomly collected. To protect the sample from animals, maize cobs were enclosed in
metal/plastic bags (Error! Reference source not found.); the maize bags were later placed in
each maize-on-maize plot after harvest and left overwinter. In spring, the overwintered cobs and
the bottom 15 cm of four maize stalks (the first elongated internode without roots) were
collected, samples were air dried and packaged in paper bags.
Maize kernels were removed from the cobs and maize stalk cuttings (1-2 cm pieces) were
surface disinfected following the protocol of Clear and Patrick (2000). Fifty maize kernels and
twenty-five stalk pieces per sample were placed in a 9 x 6 cm petri dish plate with potato
dextrose agar (DifcoTM) supplemented with lactic acid 10%. The Fusarium spp. isolated were
identified by using micro- and macro-morphological characteristics of Nelson et al. (1994).
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Figure 3.2 Overwintered Fusarium spp. test at Saskatoon. a: maize cobs enclosed in
metal/plastic bag after harvest, b: cobs collected after winter season, c: maize stalks cuttings after
five days on PDA + acid lactic 10%, d: maize kernels after five days on PDA + acid lactic 10%,
black circle shows growth of F. graminearum in kernel.
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3.5

Statistical analysis

3.5.1 Crop sequence effect analysis
Statistical analyses were performed using PROC MIXED and PROC GLIMMIX in SAS (SAS
Institute, SAS release 9.4, Cary, NC, USA). Data were analyzed by ANOVA and treatment
differences declared at p ≤ 0.05. Sites results were not combined due to differences in the
management, the weather conditions and the crop varieties used. Lethbridge was irrigated field,
while Saskatoon and Brandon were dryland; also, Brandon used the wheat variety AAC Brandon
while Saskatoon had CDC Desire and Lethbridge used AAC Spitfire.
The data collected during the last year of the crop sequence was analyzed in two ways: the first
included a split-block design, where the crops seeded acted as treatments to reduce FHB and leaf
spots (Little and Hills, 1978; Wang and Hering, 2005; Krupinsky et al. 2006). In this design,
crops in year 1 were randomly allocated to rows and crops seeded in year 2, to columns (Figure
3.1).
The split-block design facilitated preparation of the crop sequence combinations in year 1 and
year 2 for assessment of durum and bread wheat in year 3; random effects were replication, and
fixed effects were crops seeded in year 1 and year 2 (Equation 3.2). Multi-treatment comparisons
were done by using Kenward-Roger test and the least significant difference (LSD) test (Table
3.3), was used to separate means.
𝐴𝐵
𝑦𝑖𝑗𝑘 = 𝜇 + 𝛾𝑖 + 𝛼𝑗 + 𝑒𝑖𝑗𝐴 + 𝛽𝑘 + (𝛼𝛽)𝑗𝑘 + 𝑒𝑖𝑗𝑘

(3.2)

Equation 3.2 Split-block equation, where,  is the general mean, i are the super-blocks effects,
j are the row, while k the column effects; the ()jk are the measurements of interaction
𝐴𝐵
between rows and columns, whereas 𝑒𝑖𝑗𝐴 , 𝑒𝑖𝑗𝑘
are the error terms normally distributed with mean
and variances. Adapted from Kaps and Lamberson (2004).
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Table 3.3 ANOVA table for a split-block design.
Source of Variation

D.F.

SS

MS

F-ratio

Block

s-1

SS

Crops year 1(strips)

a-1

SSA

MSA

MSA/MSEW

Whole-block error

(s-1) (a-1)

SSEW

MSEW

Crops year 2 (columns)

b-1

SSB

MSB

MSB/MSES

Strips*columns

(a-1) (b-1)

SSAB

MSAB

MSAB/MSES

Split-block error

a (b-1) (s-1)

SSES

MSES

Total

n-1

D.F.: degrees of freedom, SS: sum of squares, MS: mean square. Adapted from Kaps and Lamberson (2004).

The second analysis consisted of the discrimination of the crops seeded in year 2 as host (H) or
non-host (N) designated as the H/N analysis to FHB. The crops considered H were susceptible to
FHB and affected by the Fusarium spp., including durum wheat, bread wheat, barley, maize, oat,
and canary seed. The Ns were the legumes and oilseeds used in the crop sequence that are not
susceptible to FHB, and or affected by the Fusarium spp. that cause FHB on cereals. Statistical
analysis was performed using PROC GLIMMIX in SAS (SAS Institute, SAS release 9.4, Cary,
NC, USA) to determine treatment differences between the two groups. When significant
differences were found (p ≤ 0.05) contrast statements were used to separate the means.
3.5.2 Correlation coefficients
Correlations were detected after accomplishing normality assumptions and data was declared to
followed a normal distribution at p >0.05 with Shapiro-Wilk test. Disease data like FHB severity,
leaf spot severity and Fusarium spp. isolation frequency were adjusted to normality with
logarithmic and cubic transformations. Correlations were analyzed using the CORR procedure of
SAS (SAS Institute, SAS release 9.4, Cary, NC, USA) to determine the relationship between
FHB, and leaf spots severity with yield and quality parameters.
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4
4.1

RESULTS
Durum Wheat

4.1.1 Lethbridge, Alberta
In year 1 (2018), the growing season was generally characterized as very dry. In May, the
average temperature was 4.0°C higher than the long-term average (LTA) (Table 4.1), and from
July to August the temperatures were similar to the LTA of between 16.0 to 18.0°C; the
maximum temperature recorded was 38.9°C in August and the minimum temperature recorded in
the season was -1.0°C in May. At Lethbridge, total precipitation resulted from two sources:
naturally occurring precipitation and water applied through the irrigation system. Natural
precipitation throughout the growing season (May to August) was <50% of the LTA (Table 4.2);
however, the total water applied by irrigation was 267 mm, of which 83 mm was supplied in June
and 133 mm in July.
Due to non-conducive field conditions for FHB during 2018, there were no symptoms observed
on durum or barley samples. The frequency of isolation of Fusarium spp. from durum, wheat and
barley kernels were <3.0%; the species isolated from wheat were F. graminearum (1.7%), F.
culmorum (3.0%), and F. poae (0.3%). Fusarium poae was also isolated from durum (1.3%) and
barley (2.7%). Leaf spot disease severity on flag leaves was 7.2% on durum and 3.9% on barley.
Yields reported during the first year were wheat (5537 kg/ha), durum (4270 kg/ha), barley (5163
kg/ha), and maize (5225 kg/ha), whereas for non-cereals were canola (2958 kg/ha), pea (4262
kg/ha), dry bean (852 kg/ha), hemp (1944 kg/ha), and quinoa (278 kg/ha). Test weight was less
than 30 kg/hL for both cereals, and FDKs were <1.0% in durum and <0.5% in barley. The DON
content was <1 ppm in durum and barley. Protein content of durum was 9.9% and in barley
8.1%. This year, hemp and quinoa stubbles had a hard establishment, and the plot was mostly
covered with weeds. Samples of maize were not collected from the experiment in 2018 due to
low crop growth.
Year 2 (2019) was characterized by less precipitation in June and August and temperatures
similar to the LTA, which contributed to a slight increase of cereal diseases. The average
temperature in May was 10.6°C, which was 1.0°C less than the LTA. The June to August
temperatures were similar to the LTA, between 16.0 to 17.0°C (Table 4.1); the maximum
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temperature recorded was 33.9°C in August and the lowest was -6.0°C in May. Precipitation in
May was near normal (51 mm) (Table 4.2); however, precipitation was less than normal in June
(19 mm, normal 50 mm) and August (27 mm, normal 82 mm). July precipitation (45 mm) was
close to normal (42.6 mm). Additional irrigation water was higher than year 1 (305 mm) in June
and July (Table 4.2).
Despite irrigation on site, FHB index (incidence and severity) was between 0.2 - 0.4% in durum
and bread wheat; no FHB symptoms were recorded on barley spikes. Leaf spot diseases were not
recorded in 2019. Some effects of previous stubbles started to show on the frequency of isolation
of Fusarium spp. on durum kernels (Appendix A), which varied from 3.0% on wheat stubble to
5.0% on pea and 5.0% on canola stubble. Kernels infected with F. graminearum were <1.0% in
durum and wheat, and in barley 1.1%; F. poae was high in durum 1.5% but <1.0% in wheat and
barley. In these cereals F. culmorum and F. avenaceum were <0.2%.
Average durum yield over all previous crop stubbles was: durum grown on wheat - 5257 kg/ha,
durum - 4569 kg/ha, barley - 5012 kg/ha, and maize - 5763 kg/ha; whereas durum yield over
non-cereals were: durum grown on canola - 6303 kg/ha, pea - 6328 kg/ha, dry bean - 6341 kg/ha,
hemp - 5134 kg/ha, and quinoa - 5492 kg/ha. Three crop stubbles had poorly development and
weed proliferation, which was reflected on their average yield (average over all previous
stubbles), hemp -1359 kg/ha, quinoa – 621 kg/ha and drybean – 770 kg/ha. Differences in yield
and TKW were observed among previous crop sequences for durum and bread wheat. Cereal
yields of >6000 kg/ha were associated with non-host stubbles like canola, pea, and dry bean. The
TKW of bread wheat was high when grown on barley (77 g) and pea (74 g). The FDKs were
2.0% in durum, 2.3% in wheat, and 1.8% in barley (Appendix A). DON and protein content
were not measured. Maize overwintered samples were not collected.
In year 3 (2020), heavy rains were observed at the beginning of the season. The average
temperature was normal (11.6°C) in May (Table 4.1). June and July temperatures (15.5 and
17.8°C, respectively) were lower than in 2018 and 2019, but they were similar to the LTA. In
August, average temperature was higher (18.4°C) than the LTA (17.7°C), and the maximum
temperature of the season was recorded in this month at 35.3°C. The minimum temperature
throughout the season was -1.3°C in May. Precipitation during this season was high in May (68
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mm) and June (123 mm), but low in July (17.7 mm) and August (7.5 mm) when compared to the
LTA (Table 4.2). The additional irrigation water was not supplied in June due to system
maintenance and only 51 mm of irrigation water was applied in July.
Average FHB incidence (0.82%), severity (0.78%) and index (0.64%) were low in 2020. The
H/N analysis indicated differences among H and N crops in yield, protein content, penultimate
leaf spot severity, and frequency of isolation of Fusarium spp., F. poae, and Pyrenophora spp.
Due to dry conditions in 2018 (despite irrigation), durum wheat in year 3 (2020) was mainly
affected by the previous (2019) crop stubble. The same as the H/N analysis, 2019 crop stubbles
showed that the frequency of isolation of F. poae from durum kernels varied among the previous
crop stubbles on which it was grown (Figure 4.1) and higher than average (54.5%) in N crops
such as hemp, quinoa, and dry bean stubble.
Leaf spot disease severity of durum was 45% in 2020 (average across all stubbles) (Figure 4.2),
and higher when durum was grown on N stubbles than H stubbles; higher severity was observed
on hemp, quinoa, and dry bean stubbles. However, the frequency of isolation of Pyrenophora
spp. from durum leaves was higher in durum grown on H crop stubbles at 1.2%, compared to N
crops at 0.7%.
The effect of the 2019 crop stubble was also significant for yield, TW, TKW and protein content
of durum grown in 2020. At Lethbridge, durum yield was highest (>6000 kg/ha) on canola
stubble (Figure 4.3) and a tendency to higher yield was observed in durum grown on N stubbles
(5718 kg/ha) than compared to H crop stubbles (5494 kg/ha). A similar trend was observed for
protein content, which was higher in N crop stubbles like dry bean (16.5%) and pea (16.6%) than
on hemp and barley (15.6 %) (Figure 4.4).
The H/N analysis was not significant for TW and TKW (p >0.05) but the effect of previous
stubbles (from 2019) affected these factors (p <0.05). The TW of durum was high on canola
stubble (80 kg/hL), although it did not differ significantly from hemp, durum, and maize stubbles
(Figure 4.5). The TKW of durum was higher on canola, pea, maize, and barley stubbles, than on
continuous durum (46.1 g). Fusarium damaged kernels averaged 1.4% across all previous
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stubbles and DON content was <0.001 ppm; no differences in DON content or FDK of durum
were observed among previous stubbles.
The Pearson correlation analysis revealed that during year 3 at Lethbridge, durum yields were
positively correlated with TW and TKW (R2 = 0.5, p <0.0001), and a very low negative
correlation was detected with FDK (R2= -0.1, p = 0.04) (Appendix D). The correlation of TW and
TKW with flag leaf spot severity was very low and negative (R2 = -0.1, p <0.04). Protein content
was negatively correlated with penultimate leaf spot incidence (R2 = -0.1, p = 0.03), with F.
sporotrichioides isolated from durum kernels (R2= -0.2, p = 0.04), and with C. sativus isolated
from leaves (R2 = -0.1, p =0.03). Additionally, FHB severity was negative and weakly correlated
with penultimate leaf spot incidence (R2 = -1, p <0.0001) and severity (R2 = -0.1, p = 0.02). In
contrast, flag leaf spot severity decreased (R2 = -0.2) with increased frequency of isolation of C.
sativus (p <0.001), Fusarium spp. (p = 0.01), F. poae (p <0.001), M. nivale (p = 0.03), and
Septoria spp. (p = 0.01) (Appendix D).

29

Table 4.1 Maximum (Max), minimum (Min), and average (Ave) monthly temperature (°C) during the growing seasons of 2018 to
2020 at Lethbridge (AB).
Month

2018

2019

2020

LTA†
Ave.

Max.

Min.

Ave.

Max.

Min.

Ave.

Max.

Min.

Ave.

May

29.9

-1.0

15.1

28.2

-6.1

10.6

28.7

-1.3

11.6

11.1

June

28.7

4.7

16.2

31.4

2.9

16.1

30.1

3.3

15.5

15.2

July

33.9

6.2

18.4

33.5

6.4

18.0

31.7

5.1

17.8

18.2

August

38.9

1.8

17.9

33.9

4.3

17.2

35.3

3.8

18.4

17.7

†LTA: 1981- 2010, 30-year long-term average. Environment Canada, 2020. Data obtained from Environment Canada.

Table 4.2 Natural precipitation, irrigation water, and total precipitation (mm) during the growing seasons of 2018 to 2020 at
Lethbridge (AB).
Month

2018

2019

LTA†

2020

NP

I

Total

NP

I

Total

NP

I

Total

May

23.2

0

23.2

51.3

0

51.3

68.2

0

68.2

49.9

June

47.0

88.9

135.9

19.2

162.6

181.8

123.0

0ˇ

123.0

82.0

July

25.7

189.3

215.0

44.9

157.3

202.2

17.7

49.2

66.9

42.6

August

20.4

0

20.4

27.0

0

27

7.5

0

7.5

37.3

NP: Natural precipitation (mm), I: irrigation, †LTA: natural rainfall from1981- 2010, 30-year long-term average. Environment Canada, 2020. (ˇ): Irrigation
during June 2020 was on maintenance. Data obtained from Environment Canada.
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Figure 4.1 Effect of 2019 crop stubbles on frequency of isolation of F. poae from durum wheat
kernels grown at Lethbridge in 2020. FHB host crops are shaded and non-host crops in diagonal
stripes; values above columns are the means of the host and non-host crops. Data are the means
of three replicates. The p values are for the H/N test and differences among 2019 crops stubbles
individually. D: durum, W: wheat, B: barley, M: maize, C: canola, P: pea, Db: dry bean, H:
hemp, and Q: quinoa.

Figure 4.2 Effect of 2019 crop stubbles on leaf spot severity of durum wheat at Lethbridge in
2020. FHB host crops are shaded and non-host crops in diagonal stripes; values above columns
are the means of the host and non-host crops. Data are the means of three replicates. The p values
are for the H/N test and differences among 2019 crops stubbles individually. D: durum, W:
wheat, B: barley, M: maize, C: canola, P: pea, Db: dry bean, H: hemp, and Q: quinoa.
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Figure 4.3 Effect of 2019 crop stubbles on yield (kg/ha) of durum wheat at Lethbridge in 2020.
FHB host crops are shaded and non-host crops in diagonal stripes; values above columns are the
means of the host and non-host crops. Data are the means of three replicates. The p values are for
the H/N test and differences among 2019 crops stubbles individually. D: durum, W: wheat, B:
barley, M: maize, C: canola, P: pea, Db: dry bean, H: hemp, and Q: quinoa.

Figure 4.4 Effect of 2019 crop stubbles on protein content of durum wheat at Lethbridge in
2020. FHB host crops are shaded and non-host crops in diagonal stripes; values above columns
are the means of the host and non-host crops. Data are the means of three replicates. The p values
are for the H/N test and differences among 2019 crops stubbles individually. D: durum, W:
wheat, B: barley, M: maize, C: canola, P: pea, Db: dry bean, H: hemp, and Q: quinoa.

32

Figure 4.5 Effect of 2019 crop stubbles on TKW (g) and TW (kg/hL) of durum wheat at
Lethbridge in 2020. FHB host crops are shaded and non-host crops in diagonal stripes; values
above columns are the means of the host and non-host crops. Data are the means of three
replicates. The p values are for the H/N test and differences among 2019 crops stubbles
individually. D: durum, W: wheat, B: barley, M: maize, C: canola, P: pea, Db: dry bean, H:
hemp, and Q: quinoa.
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4.1.2 Saskatoon, Saskatchewan
Year 1 (2018) was a dry year in Saskatoon; temperatures during the growing season were above
average in May at 15.0°C (LTA 11.8°C) and June in 18.0°C (LTA 16.1°C) (Table 4.3). In
contrast, temperatures in July and August (19.0°C and 17.0°C) were similar to the LTA (19.0°C
July, 18.2°C August). The maximum temperature of the season was 25.0°C and occurred in
August, while a low of 7.0°C occurred in May. Precipitation during the season was far below the
LTA (Table 4.4); in May <32%, in June <80%, and in July and August <40%.
During 2018, FHB and leaf spot symptoms were essentially zero for all cereals. The frequency of
isolation of Fusarium spp. from durum wheat kernels was 6.7% and from barley 10.3%; and the
most commonly isolated pathogens were F. culmorum in durum (1.7%), F. graminearum in
barley (4.3%), and F. poae in oat (1.6%). Fusarium spp. were not found in canary seed samples.
In contrast, Fusarium spp. were recovered from overwintered maize and frequency of isolation
was 20% from maize stalks and 6% from cobs.
Yields for cereals were: durum - 3418 kg/ha, barley - 5175 kg/ha, oat - 5088 kg/ha, canary seed 1325 kg/ha, and maize - 1279 kg/ha; whereas for non-cereals yields were canola - 1943 kg/ha,
pea - 2221 kg/ha, lentil - 2012 kg/ha, and flax - 1001 kg/ha. Average TW in durum was 78 kg/hL
and in barley 70 kg/hL. The TKW was 48.9 g in durum and 50.4 g in barley. The FDKs from
durum wheat were zero and <1% in barley, while DON content was 0.17 ppm in durum and 0.05
ppm in barley. Protein content was also low in durum samples (6.1%) and barley (7.2%).
In year 2 (2019), overall weather conditions were similar to the LTA. Temperatures throughout
the season, May to August were close to the LTA (11.8°C May, 18.2°C August) (Table 4.3).
Warmer days were observed in August with a maximum temperature of 24.0°C and the lowest
temperature of 1.0°C in May. Precipitation during the 2019 growing season was <78% of the
LTA in May (Table 4.4) and about normal in June (63.2 mm). The most precipitation occurred
in July (67.8 mm, normal 53.8 mm), and August had very little precipitation (3.8 mm, normal
44.4 mm).
In 2019, maize growth was slow and it did not reach maturity. However, Fusarium spp. were
recovered from overwintered maize stalks (27.1%) and from cobs (5.3%). The FHB index of
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durum wheat was 5.2%, but did not vary among previous crop stubbles. Effect of previous
(2018) stubbles was detected for the frequency of isolation of Fusarium spp. from durum kernels,
which was highest on lentil stubble (9.9%) compared to the rest of the stubbles (<5%). Fusarium
species were frequently isolated from cereal kernels (with the exception of canary seed); F.
graminearum (1.9%) and F. culmorum (1.6%) of durum kernels, while F. graminearum was
frequently isolated from oat (0.5%) and barley kernels (0.3%).
Leaf spot diseases on flag leaves of durum varied among previous crop stubbles on which the
durum was grown and were greatest on durum stubble (11.3%). Average durum yield over all
previous stubbles was: durum grown on durum - 1020 kg/ha, barley - 2023 kg/ha, oat - 1485
kg/ha, canary seed - 1531 kg/ha, and maize - 1014 kg/ha; whereas yields of durum grown on
non-cereals were: durum grown on canola - 2167 kg/ha, pea - 1028 kg/ha, lentil - 1979 kg/ha,
and flax - 1668 kg/ha. Yield of durum and barley was not influenced by previous stubbles
(Appendix B). The average TW of durum across all stubbles was 78.0 kg/hL, TKW of durum
averaged across all stubbles was 43 g. High FDK occurred in durum wheat (6.5%), but there was
much less in barley (3%). The DON and protein content were not measured in 2019.
During year 3 (2020), a hot summer caused crops to mature rapidly throughout Saskatchewan. In
Saskatoon, May temperatures were similar to the LTA (Table 4.3); the temperature in June
(18.0°C) was 2.0°C greater than the LTA. Above average temperatures were observed in July
(21.0°C, normal 19.0°C) and August (22.0°C, normal 18.2°C); the maximum temperature was
recorded in August (26.0°C) and the minimum occurred in May (4.0°C). May was wetter (42.4
mm) than normal (Table 4.4), but precipitation was much lower than normal in June (<90% of
the LTA), July and August (both <93%).
Host and non-host analysis indicated differences among H and N crops in yield, protein content,
and frequency of isolation of C. sativus. Since FHB was not present, or only at a very low levels
in the first year, the 2020 results were mainly affected by the 2019 crop stubble on which durum
was grown. Fusarium head blight index (severity and incidence) of durum in 2020 differed
among the crop stubbles on it was grown (p = 0.01); a high FHB index (~ 29%) occurred in
durum grown on durum, barley, and oat stubbles, but not maize stubble (Figure 4.6). The FHB
index of durum grown on flax stubble was not measured due to rapid durum maturation in 2020.
35

The 2019 stubble also affected the isolation frequency of Fusarium species from durum kernels,
which were frequently isolated from durum kernels grown on durum (3.4%), canary seed (3.7%),
and flax (3.5%) stubbles, whereas isolation frequency was low on canola (1.8%) and barley
(2.1%) stubbles (Figure 4.7). High leaf spot disease severity (>30%) was observed in durum
grown on durum stubble, while on oat stubble there were fewer leaf spot symptoms (5.1%)
(Figure 4.8). The frequency of isolation from durum leaves of the leaf spot pathogen C. sativus
was affected by the previous (2019) stubble and differed between H and N crops (both p ≤0.05)
(Figure 4.9). It was frequently isolated from durum leaves grown on H stubbles like oat (11.7%)
and canary seed (12.3%); durum grown on flax stubble had the highest isolation frequency of C,
sativus (9.2%) among the non-host stubbles (average 4.3%).
The H/N analysis and differences among previous 2019 stubbles revealed that durum yield was
highest (>3480 kg/ha) when seeded on N crop stubbles, specifically on lentil and pea stubbles
(>3000 kg/ha), and yield was lowest when seeded on H crops, especially on durum, barley and
maize (~2833 kg/ha) (Figure 4.10). The H/N sequences also affected protein content and TW.
Protein content of durum was higher (mean 12.1%) when grown on N stubbles, than on H crop
stubbles (mean 11.8%) (Figure 4.11). High TW (>80.8 kg/hL) was observed after H stubbles like
canary seed (81.1 kg/hL), oat (81.0 kg/hL), and maize (81.3 kg/hL) (Figure 4.11); and among
non-host stubbles it was highest when durum was grown on flax stubble (81.1 kg/hL).
The FDK of durum averaged 4.6% over all the crop stubbles on which it was grown, but it did
not vary among previous stubbles. The TKW and DON content of durum did not differ between
durum grown on H or N crops in the H/N analysis (p >0.05); however, there were differences
for TKW and DON content of durum among previous stubbles (p <0.05) (Figure 4.12).
Thousand kernel weight of durum was highest on lentil (41.9 g), maize (43.0 g), and barley
(41.5 g) stubbles, whereas it was lowest on oat stubble (39.9 g). The DON content of durum
grown on the previous stubbles varied between 0.5 and 1.1 ppm; higher DON was detected in
durum grown on oat (1.1 ppm) and canary seed (0.9 ppm) stubbles than other stubbles (Figure
4.12).
The Pearson correlation coefficients for year 3 (Appendix E) showed that durum yield was
weakly but positively correlated with protein content (R2 = 0.3, p <0.0001), with Fusarium spp.
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(R2 = 0.2, p = 0.01) and F. poae isolated from leaves (R2 = 0.1, p = 0.02) and kernels (R2 = 0.1, p
= 0.04). Test weight was very weakly, negatively correlated with FDK (R2 = -0.1, p = 0.006), and
DON content (R2 = -0.2, p = 0.001); and a moderate negative correlation (R2 = -0.5) was
observed between TW and protein content and between TW and FHB index (both p <0.0001).
The TW was weakly, negatively correlated (R2 = -0.02, p = 0.001) with the frequency of
isolation of Fusarium spp. and F. graminearum (R2 = -0.02, p <0.0005). The TKW of durum was
weakly, negatively correlated with FDK (R2 = -0.1, p = 0.06), DON content (R2 = -0.1, p = 0.03),
FHB index (R2 = -0.3, p = 0.004), and with the leaf pathogen C. sativus (R2 = -0.1, p = 0.04).
Fusarium damaged kernels were positively and slightly correlated with DON content (R2 = 0.1, p
= 0.03); yet, a moderately positive correlation was observed for FDK with Fusarium species
isolated from kernels (R2 = 0.5, p <0.0001).
A low, positive correlation (R2 = 0.3, p = 0.002) was observed between DON content and FHB
index. The DON content was weakly correlated (R2 = 0.2, p = 0.01) with both Fusarium spp. and
F. graminearum isolation frequency. Leaf isolated pathogens such as C. sativus and F. poae were
weakly, but positively correlated with DON content (both R2 = 0.2, p <0.001) ( Appendix E).
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Table 4.3 Maximum (Max), minimum (Min) and average (Ave) monthly temperature (°C)
during the growing seasons of 2018 to 2020 at Saskatoon (SK).
Month

2018

2019

2020

LTA†

Max. Min. Ave.

Max. Min. Ave.

Max. Min. Ave.

May

22.0

7.0

15.0

17.0

1.0

10.0

18.0

4.0

11.0

11.8

June

24.0

10.0

18.0

22.0

9.0

16.0

21.0

13.0

18.0

16.1

July

25.0

12.0

19.0

24.0

12.0

18.0

25.0

14.0

21.0

19.0

August

24.0

10.0

17.0

24.0

10.0

18.0

26.0

13.0

22.0

18.2

†LTA: 1981- 2010, 30-year long-term average. Environment Canada, 2020. Data obtained from Davidson weather
station at East Sutherland, Saskatoon (SK).

Table 4.4 Average precipitation (mm) received during the growing seasons of 2018 to 2020 at
Saskatoon (SK).
Month
May
June

2018

2019

2020

LTA†

23.1

7.6

42.4

34.4

63.2

5.1

63.6

6.6

July

31.8

67.8

15.2

53.8

August

25.1

3.8

3.0

44.4

†LTA: 1981- 2010, 30-year long-term average. Environment Canada, 2020. Data obtained from
Davidson weather station at East Sutherland, Saskatoon (SK).
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Figure 4.6 Effect of 2019 crop stubbles on FHB index of durum wheat at Saskatoon in 2020.
FHB host crops are shaded and non-host crops in diagonal stripes; values above columns are the
means of the host and non-host crops. Data are the means of three replicates. The p values are for
the H/N test and differences among 2019 crops stubbles individually. Flax stubble was not
measured due to early spike maturation during the season. D: durum, B: barley, M: maize, O:
oat, Cs: canary seed, C: canola, P: pea, and L: lentil.

Figure 4.7 Effect of 2019 crop stubbles on the frequency of isolation of Fusarium spp. of durum
kernels at Saskatoon in 2020. FHB host crops are shaded and non-host crops in diagonal stripes;
values above columns are the means of the host and non-host crops. Data are the means of three
replicates. The p values are for the H/N test and differences among 2019 crops stubbles
individually. D: durum, B: barley, M: maize, O: oat, Cs: canary seed, C: canola, P: pea, and L:
lentil.
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Figure 4.8 Effect of 2019 crop stubbles on leaf spot severity of durum leaves at Saskatoon in
2020. FHB host crops are shaded and non-host crops in diagonal stripes; values above columns
are the means of the host and non-host crops. Data are the means of three replicates. The p values
are for the H/N test and differences among 2019 crops stubbles individually. Flax stubble was
not measured due to early spike maturation during the season. D: durum, B: barley, M: maize, O:
oat, Cs: canary seed, C: canola, P: pea, and L: lentil

Figure 4.9 Effect of 2019 crop stubbles on the isolation frequency of C. sativus of durum leaf at
Saskatoon in 2020. FHB host crops are shaded and non-host crops in diagonal stripes; values
above columns are the means of the host and non-host crops. Data are the means of three
replicates. The p values are for the H/N test and differences among 2019 crops stubbles
individually. D: durum, B: barley, M: maize, O: oat, Cs: canary seed, C: canola, P: pea, and L:
lentil
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Figure 4.10 Effect of 2019 crop stubbles on yield (kg/ha) of durum at Saskatoon in 2020. FHB
host crops are shaded and non-host crops in diagonal stripes; values above columns are the
means of the host and non-host crops. Data are the means of three replicates. The p values are for
the H/N test and differences among 2019 crops stubbles individually. D: durum, B: barley, M:
maize, O: oat, Cs: canary seed, C: canola, P: pea, and L: lentil
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Figure 4.11 Effect of 2019 crop stubbles on protein content (%) and TW (kg/hL) of durum at
Saskatoon in 2020. FHB host crops are shaded and non-host crops in diagonal stripes; values
above columns are the means of the host and non-host crops. Data are the means of three
replicates. The p values are for the H/N test and differences among 2019 crops stubbles
individually. D: durum, B: barley, M: maize, O: oat, Cs: canary seed, C: canola, P: pea, and L:
lentil
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Figure 4.12 Effect of 2019 crop stubbles on TKW (g) and DON content (ppm) of durum at
Saskatoon in 2020. FHB host crops are shaded and non-host crops in diagonal stripes; values
above columns are the means of the host and non-host crops. Data are the means of three
replicates. The p values are for the H/N test and differences among 2019 crops stubbles
individually. D: durum, B: barley, M: maize, O: oat, Cs: canary seed, C: canola, P: pea, and L:
lentil
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4.2

Bread Wheat

4.2.1 Brandon, Manitoba
In year 1 (2018), can be described as a hot summer at Brandon Manitoba; the temperatures in May
(13.9°C) and July (18.6°C) were above the LTA by 2.0°C (Table 4.5). The July and August
temperatures were approximately one degree less than normal, and the maximum temperature
(26.8°) was recorded in August. The coolest temperature of the season was 4.5°C in May.
Precipitation during the growing season (May to August) was low; in May it was <48% of the
LTA, in June <67% and in July-August <50% (Table 4.6).
There were few FHB symptoms at Brandon in year 1; FHB index of wheat was only 0.01%. The
frequency of isolation of Fusarium spp. from bread wheat kernels was 2.3% and from barley
kernels 1.7%. The most common Fusarium spp. isolated from wheat kernels was F. poae (0.3%)
and from barley kernels F. graminearum (0.7%). Fusarium culmorum was also isolated from
barley kernels, but at a low frequency (0.3%). The frequency of Fusarium spp. isolated from
maize stalks was 29% and from cobs 7.3%.
Yields of cereal crops during the first year were: wheat (2741 kg/ha), barley (3476 kg/ha), and
maize (3231 kg/ha); whereas for the non-cereals were canola (2279 kg/ha), pea (3440 kg/ha),
soybean (1338 kg/ha). Wheat had a TW of 83.3 kg/hL and barley of 68.0 kg/hL. TKW of wheat
was 33.2 g and of barley 47.2 g. The DON content of bread wheat and barley was <0.05 ppm.
Protein content of the bread wheat was 13.7%, while in barley it was 12.2%.
During year 2 (2019), above normal precipitation from June to August favored disease
development at Brandon. Temperatures were 2.3°C lower than the LTA (11.2°C) in May and
1.8°C lower than the LTA (18.2) in August (Table 4.5); conditions were similar to the LTA in
June and July. A maximum temperature of 25.7°C was observed in July, while a low of <1°C
was recorded in May. In the 2019 growing season, precipitation was lower than the LTA in May
(31.9 mm), but from June to August it was >30% above normal (Table 4.6).
Fusarium head blight symptoms were detected at a very low level in cereals (< 0.5%) in 2019 and
the frequency of Fusarium spp. on bread wheat and barley was <2%. The predominant species
isolated from wheat were F. graminearum and F. poae (both 0.5%), whereas on barley kernels F.
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graminearum (0.8%) was predominant. Previous 2018 stubble started to affect total isolated
Fusarium spp. and F. graminearum from barley kernels; on average both pathogenic species
were greater on bread wheat grown after soybean (2.4%), pea (2.02%), and canola (1.9%)
stubbles, compared to barley (0.7%), wheat, and maize (both 1.2%).
In 2019, maize did not reach maturity and only saprophytic fungi were isolated from
overwintered maize stalks and cobs; no Fusarium spp. were found. Canola seedling emergence
was interrupted by flea beetle infestation, which resulted in re-seeding of the canola on June 11th
2019.
Throughout the season, high leaf spot severity was mostly observed on wheat (45.2 %) and low
leaf spots were recorded in barley (2%). Leaf spot severity of neither wheat nor barley differed
among the previous crop stubbles on which the crops were grown (Appendix B). The yields of
bread wheat (averaged over all the previous crop stubbles) were: wheat grown on wheat - 3250
kg/ha, barley - 3355 kg/ha, and maize - 4163 kg/ha; whereas yields of wheat in non-cereals were:
wheat grown on canola - 4798 kg/ha, pea - 4377 kg/ha, and soybean - 4356 kg/ha. Wheat yield
varied among 2018 stubbles on which it was grown and was highest after canola, pea, and
soybean stubbles. Similarly, wheat TW (~80.5 kg/hL) and TKW (34 g) were high on canola, pea
and soybean stubbles. The TW of barley was higher on pea and canola (65 kg/hL) stubble than on
other stubbles (Appendix B). Average over all previous crops, FDK for bread wheat was 8.6 %
and for barley 1.9%. Samples were not analyzed for DON content, nor was protein content data
collected.
In year 3 (2020), warm and moist conditions occurred in June and July. In May, the temperature
was <1.0°C different than normal, but it increased by approximately one degree higher than
normal in June and July (Table 4.5). August temperatures were lower than the LTA. The
maximum temperature recorded during 2020 was 26.1°C in July, while the lowest was 3.0°C in
May. Precipitation in 2020 was lower than the LTA in May (15.1 mm) and August, when
precipitation was 12% below normal; much wetter conditions occurred in June (242 mm) and
July (93.2 mm) (Table 4.6).
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The H/N analysis showed that H and N crops affected bread wheat yield, TW, TKW, protein
content, and FHB index (incidence and severity) at Brandon. The average FHB severity in wheat
was 16.0%, the incidence 11.7% and the FHB index was 2.1%. Host crop stubbles had the
highest FHB index (mean 2.7%) (Figure 4.13), specifically barley (3%) and maize (2.7%);
whereas pea stubble (0.8%) had the lowest FHB index among non-host stubbles (mean 1.4%).
Disease development from year 1 did not affect wheat growth during 2020; however, there were
differences observed in wheat grown on the 2019 crop stubbles for the isolation frequency of F.
graminearum from wheat kernels (p = 0.02) (Figure 4.14). Isolation frequency was higher on
barley (2.4%) and canola (1.8%) stubbles compared to wheat (1.0%), pea, and soybean (both
1.1%). The predominant species isolated from wheat kernels were F. poae (1.5%) and F.
graminearum (1.4); the frequency of F. culmorum, F. avenaceum, and F. sporotrichiodes were
<0.001%.
Previous 2019 stubble affected leaf spot severity, even though the H/N analysis was not
significant (p =0.66) (Figure 4.15). Leaf spot severity of bread wheat varied among previous
stubbles and was highest in canola (82.0%), pea (79.2), and wheat (78.4) stubbles. The pathogens
C. sativus, Pyrenophora spp., Fusarium spp., and Septoria spp. were successfully isolated from
wheat leaves but their frequency of isolation did not differ among the previous stubbles, nor
between H and N crops on which the wheat was grown.
Yield of bread wheat at Brandon in 2020 varied among the 2019 crop stubbles and between the H
and N crops on which it was grown. Yield was highest when wheat was grown on N stubbles
(mean 3366 kg/ha) like canola (3249 kg/ha), soybean (3432 kg/ha), and pea (3418 kg/ha); much
lower yields (<3000 kg/ha) were observed on H stubbles, and wheat preceded by wheat was the
lowest (2860 kg/ha) (Figure 4.16).
The TKW, TW, and protein content of bread wheat were also impacted by 2019 crop stubbles on
which bread wheat was grown and there was a difference between bread wheat grown on H and N
crop stubbles (both p <0.05) (Figure 4.17). The TKW of wheat grown on N stubbles averaged 31.2
g and on H crop stubbles 30.5 g. The TKW was higher after soybean (31.8 g) and this value was
comparable to maize stubble (31.7 g). High TW (>80.0 kg/hL) was observed on N crop stubbles
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(mean 80.4 kg/hL), especially on soybean (80.8 kg/hL) and canola (80.3 kg/hL) stubbles; The TW
of wheat grown on maize stubble was the highest (80.7 kg/hL) among H crop stubbles (mean 79.8
kg/hL).
Protein content of wheat was highest (14.2%) on N stubbles such as pea (14.5%), soybean (14.1%),
and canola (14.2%), compared to H stubbles (13.8%) (Figure 4.17). FDK averaged 4.2% over all
previous stubbles, and DON content was not detectable after LC-MS/MS analysis. No differences
in FDK or DON content of wheat were observed among the 2019 crop stubbles or H/N crops on
which it was grown.
Pearson correlation coefficients among factors measured in year 3 showed that yield response
was moderately to highly positively correlated with TW (R2 = 0.7, p <0.0001), and low to
moderately correlated with TKW (R2 = 0.4, p <0.0001) and protein content (R2 = 0.3, p = 0.004)
(Appendix F). There was a weak, negative correlation with F. culmorum isolation frequency (R2
= -0.2, p = 0.03). Test weight was moderately, positively correlated with TKW (R2 = 0.6, p
<0.0001); both TW (R2 = -0.4, p <0.0001) and TKW (R2 = -0.2, p = 0.09) were also weakly
negatively correlated with the frequency of F. culmorum. Protein content had a low negative
correlation with FHB incidence (R2 = -0.2, p = 0.04). The DON content was moderately,
positively correlated with kernel infection of C. sativus (R2 = 0.7, p <0.0001); DON was also
weakly, positively correlated with the isolation frequency of all Fusarium spp. (R2 = 0.2, p =
0.06) and with isolation frequency of F. avenaceum (R2 = 0.2, p = 0.03) from wheat leaves. On
the contrary, FDKs of wheat were weakly, negatively correlated with C. sativus (R2 = -0.2, p =
0.07) from leaf samples.
Fusarium head blight severity was moderately, positively correlated with F. graminearum (R2 =
0.5; p <0.001) and there was a low, positive correlation with F. poae (R2 = 0.3; p <0.001) isolated
from wheat kernels; the frequency of F. poae isolated from leaves was also positively correlated
with FHB severity, but the correlation was low (R2 = 0.2, p =0.03). Regarding spot leaf
pathogens, C. sativus was weakly, but positively correlated with the frequency of Fusarium spp.
and F. poae (both R2 = 0.3, p <0.001) isolated from leaf samples. Frequency of Septoria spp.
isolated from leaves was weakly, negatively correlated with frequency of isolation of F. poae (R2
= -0.4, p <0.001) from wheat kernels (Appendix F).
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Table 4.5 Maximum (Max), minimum (Min) and average (Ave) monthly temperature (°C)
during the growing seasons of 2018 to 2020 at Brandon (MB).
Month

2018

2019

2020

LTA†

Max.

Min.

Ave.

Max.

Min.

Ave.

Max.

Min.

Ave.

May

23.2

4.5

13.9

17.3

0.4

8.9

17.3

3.0

10.2

11.2

June

25.7

11.5

18.6

23.9

8.7

16.3

25.0

9.6

17.4

16.5

July

26.2

10.8

18.5

25.7

11.8

18.8

26.1

13.7

20.0

19.1

August

26.8

7.9

17.3

24.0

8.8

16.4

25.8

10.8

18.3

18.2

†LTA: 1981- 2010, 30-year long term average. Environment Canada, 2020. Data obtained from Environment
Canada.

Table 4.6 Average precipitation (mm) received during the growing seasons of 2018 to 2020 at
Brandon (MB).
Month

LTA†

2018

2019

2020

May

2.2

31.9

15.1

52.7

June

9.1

85.7

242.8

78.8

July

8.6

92.5

93.2

69.1

August

5.7

92.1

47.9

63.4

†LTA: 1981- 2010, 30-year long term average. Environment Canada, 2020. Data obtained from Environment
Canada.

Figure 4.13 Effect of 2019 crop stubbles on the FHB index of bread wheat at Brandon in 2020.
FHB host crops are shaded and non-host crops in diagonal stripes; values above columns are the
means of the host and non-host crops. Data are the means of three replicates. The p values are for
the H/N test and differences among 2019 crops stubbles individually. W: bread wheat, B: barley,
M: maize, C: canola, P: pea, and S: soybean.
48

Figure 4.14 Effect of 2019 crop stubbles on the frequency of isolation of F. graminearum of
bread wheat kernels at Brandon in 2020. FHB host crops are shaded and non-host crops in
diagonal stripes; values above columns are the means of the host and non-host crops. Data are
the means of three replicates. The p values are for the H/N test and differences among 2019
crops stubbles individually. W: bread wheat, B: barley, M: maize, C: canola, P: pea, and S:
soybean.

Figure 4.15 Effect of 2019 crop stubbles on leaf spot severity of bread wheat at Brandon in
2020. FHB host crops are shaded and non-host crops in diagonal stripes; values above columns
are the means of the host and non-host crops. Data are the means of three replicates. The p values
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are for the H/N test and differences among 2019 crops stubbles individually. W: bread wheat, B:
barley, M: maize, C: canola, P: pea, and S: soybean.

Figure 4.16 Effect of 2019 crop stubbles on yield (kg/ha) of bread wheat at Brandon in 2020.
FHB host crops are shaded and non-host crops in diagonal stripes; values above columns are the
means of the host and non-host crops. Data are the means of three replicates. The p values are for
the H/N test and differences among 2019 crops stubbles individually. W: bread wheat, B: barley,
M: maize, C: canola, P: pea, and S: soybean.
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Figure 4.17 Effect of 2019 crop stubble on TKW (g), TW (kg/hL), and protein content (%) of
bread wheat at Brandon in 2020. FHB host crops are shaded and non-host crops in diagonal
stripes; values above columns are the means of the host and non-host crops. Data are the means
of three replicates. The p values are for the H/N test and differences among 2019 crops stubbles
individually. W: bread wheat, B: barley, M: maize, C: canola, P: pea, and S: soybean.
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5
5.1

DISCUSSION
Fusarium head blight and Fusarium spp.

The present research was conducted to investigate the effect of previous crop sequences on
Fusarium head blight. Observations from Lethbridge, Saskatoon and Brandon were consistent
with past research (Parry et al. 1995; O’Donell et al. 2008; Yli-Mattila et al. 2009) and showed
that growing continuous cereals increases the risk of FHB, whereas using non-host crops reduces
FHB index and the associated pathogenic species.
Of the durum wheat sites, Lethbridge was the only experiment with irrigation and suitable
conditions for disease development, which occurred during 2019 and 2020. The experiment at
this site proved that intensive cereal cultivation promoted greater kernel infection by Fusarium
spp., particularly F. poae, than sequences that included non-host crops. Even if FHB index of
durum was not statistically different among previous crop stubbles at this site, the conditions for
disease were suitable for pathogen proliferation due to irrigation. In 2020, F. poae was highest
when durum was grown on barley stubble, which was associated with pathogen preference for
barley and oat. In Western Canada, high frequency of F. poae is usually found in barley surveys
(Banik et al. 2019), in Ontario F. poae was isolated from 76.8% of barley kernels and 93.1% of
oat kernels in affected fields (Xue et al. 2019; Xue and Chen 2019); however, it can also jointly
proliferate with F. graminearum (Tekauz et al. 2000). Reduced isolation frequency of F. poae
from durum or bread wheat grown after non-hosts was expected since none of the pulses and
oilseeds are know to be major hosts of Fusarium spp.
Among the non-host crops at Lethbridge, durum wheat grown on pea stubble had the highest
frequency of F. poae on durum kernels (1.2%). Pathogen proliferation in pea-durum may be
related to F. poae inoculum accumulation in 2019, since durum grown on pea stubble was also
affected by F. poae (2.3%) when compared to durum-durum (2.8%). The lowest frequency of F.
poae isolation among the non-host crops was durum wheat grown on hemp stubble (0.6%);
hemp is not a host of F. poae, there was poor establishment and growth of the hemp crop during
the study.
Saskatoon was a dryland experiment, and the FHB index of the durum in 2020 (>20%) was
higher than on durum at Lethbridge (mean 4.0%) or on bread wheat at Brandon (2.1%). The high
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FHB index occurred in durum grown after previous 2019 cereal stubbles (except maize);
however, this was also recorded on durum grown on non-host crop stubbles like pea. Reduced
FHB index of durum grown on maize stubble at Saskatoon was unexpected; Fusarium spp. made
up only 6% of the fungi cultured from maize stalks. This low number of stalks infected with
Fusarium spp. did not result in increased FHB severity of durum after maize, which can be
attributed to the reduced adaptation of the crop to the short season in Saskatchewan. Certainly,
evidence exists that maize and wheat play an important role in the proliferation of F.
graminearum and FHB (Sutton 1982). Disagreement with my findings can be explained by the
F. graminearum spore deposition during corn silking, which has been reported to vary and is
dependant on interactions between year, weather conditions and sampling method (Schmale and
Bergstrom 2004). The sampling protocol of Tamburic-Ilincic and Shaasfsma (2008) suggest
several sampling times before harvest from August through September, which in my experiments
was not possible due to the amount of time and staff required.
At Saskatoon, FHB index was higher on durum grown after pea, which may have occurred due
to pea nitrogen fixation abilities and the total nitrogen supplied to the soil; severe FHB infection
in barley has been associated with high levels of nitrogen (Muhammed et al. 2010). However,
due to inconsistent reports, it is not clear that nitrogen fertilization results in an increase or
decrease in FHB severity (Lemmens et al. 2004; Heier et al. 2005; Hofer et al. 2016). This effect
was not observed at Lethbridge, where FHB severity of dry bean-durum stubble did not increase,
although dry bean is known to be a poor nitrogen fixer (Hardarson et al. 1993). However, in this
thesis, nitrogen, and phosphorus nutrients were supplied only to meet crop demand; it was not
our intent to test nitrogen effects on FHB development.
At Saskatoon, the host stubbles durum and canary seed had high frequency of isolation of
Fusarium spp. from durum kernels in 2020. Fusarium seed infection of canary seed was
confirmed in Saskatchewan in 2014 after seed testing and sample collection from commercial
fields, creating concern for growers and researchers (Cholango-Martinez et al. 2016). In my
study, canary seed disease assessment was attempted, but an accurate FHB assessment scale has
not been developed yet. However, growing durum on durum or canary seed stubbles should not
be recommended since the pathogen can sporulate on the crowns of canary seed, and it has been
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isolated from both durum and canary seed kernels (Duczek and 1994; Cholango-Martinez et al.
2016).
At Saskatoon, durum grown on flax, a non-host stubble had a high frequency of isolation of
Fusarium spp.; accumulation of Fusarium spp. could have happened on 2019 durum, which had
a Fusarium spp. isolation frequency of 4% in flax-durum. Flax has not been reported as a host
for Fusarium spp. involved in FHB, but flax residue can accumulate Fusarium spp. during the
saprophytic phase (Fernandez 1991; Fernandez et al. 2002). In addition, low consecutive root rot
symptoms were observed when flax was rotated with spring wheat (Fernandez and Zenter 2005).
Certainly, the inclusion of canary seed and flax in crop rotations should be examined to
determine their contributions to the development of FHB.
Examination of plating results also showed that at Saskatoon the frequency of Fusarium spp.
isolated from durum kernels grown after canola and barley stubbles was not consistent with
observations of FHB index. Isolation frequency of Fusarium spp. from durum kernels was >2%
among all previous stubbles with the exception of canola, barley, and oat. Contrary to these
results, the expectation was to find a higher frequency of infected durum kernels after barley and
oat, since both cereals are Fusarium spp. host crops (McMullen et al. 1997; Clear et al. 1996).
The low isolation frequency of Fusarium spp. from durum kernels grown on these stubbles was
associated with the 2019 stubble conditions. The 2019 durum grown on barley and oat stubbles
had reduced (<2.5%) frequency of isolation of Fusarium spp. compared with other crop stubbles.
Oats are also considered less susceptible to FHB, compared to wheat and barley; the lack of
visual FHB symptoms and long pedicels between spikelets, impede the spread of Fusarium spp.
mycelia within the panicle (Tekauz et al. 2008).
Observations at the bread wheat site, Brandon, resembled the results observed at Lethbridge and
Saskatoon. At Brandon, FHB index of wheat increased after continuous cereals; it was reduced
when a non-cereal crop was included in the rotation. Among the cereal stubbles, wheat grown on
barley had the highest FHB index (3%) and as discussed barley is a host crop that increases the
risk of FHB in wheat. The 2020 wheat that was grown on wheat stubble had a lower FHB index
(2.5%).

54

Wheat kernels had a high frequency of infection by F. graminearum when grown on barley
stubble. It is well known that barley is highly susceptible to FHB compared to wheat (Langevin
et al. 2004), and barley stubble was observed to harbour a significant number of Fusarium spp.
as determined from isolation frequency from durum kernels in 2019 that had been grown on
barley stubble from 2018 (1.6%, the highest that year was 1.9%). Similar to FHB index, the
frequency of isolation of F. graminearum from wheat kernels was higher (>1.5%) when grown
on wheat stubble than other stubbles. Low kernel infection of wheat grown on wheat stubble may
have been due to the variety used in the experiment, AAC Brandon, which is moderately
resistant to FHB. This may account somewhat for the low FHB index and low frequency of
isolation of Fusarium spp.
At Brandon, bread wheat grown on canola stubble had increased isolation frequency of F.
graminearum from wheat kernels; this was possibly due to poor canola development in 2019; the
canola was re-seeded and its development delayed throughout the season. Fusarium
graminearum has not been reported as a host of canola but it has been isolated from nongramineous plants and can survive as a saprophyte (Fernandez 1991). In this study, whether
canola stubble led to an accumulation of Fusarium spp. is not clear; a drought in year 1 and flea
beetle damage in 2019 resulted in low stubble development, which could had allowed the
accumulation of F. graminearum. Chongo et al. (2001) showed that inoculations with F.
graminearum under controlled conditions caused root rot in Brassica rapa canola but were not
significant in Brassica napus canola. However, such effects have not been shown to affect FHB
development and required further evidence. Canola residue (or any other crop residue) was not
collected for FHB pathogen isolation.
The predominance and proliferation of the Fusarium spp. isolated from cereals kernels fluctuated
and varied among sites and years of the study. At Lethbridge, two species: F. graminearum and
F. poae predominated in the experiment. After the hot summer of 2018, F. poae was frequently
isolated from barley and durum samples, which agrees with the report that it is adapted to warm,
dry conditions (Xu et al 2008). A similar trend was observed in 2019 in wheat and durum as a
result of the accumulation of F. poae during 2018. The second most common species was F.
graminearum, which was only observed frequently in barley kernels in 2019. Fusarium
culmorum was found only on wheat kernels in 2018 and its frequency declined thereafter; this
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pathogen prefers cool, wet weather and humidity (Doohan et al. 2003; Xu et al 2008). My results
are consistent with the low frequency of F. graminearum described in wheat fields in Alberta
since 2018 (Hafez et al. 2021); certainly, F. graminearum more aggressively colonises host crops
than F. culmorum or F. poae (Wong et al. 1992). However, the fluctuation between these
pathogens was associated with weather conditions and irrigation at Lethbridge.
In Saskatoon, F. graminearum was routinely isolated throughout the experiment. Fusarium
graminearum was commonly isolated from barley kernels in 2018/2019 and from durum kernels
in 2019, while F. poae was more common from oat kernels in 2019 and durum kernels in 2020.
Fusarium graminearum predominates in Saskatchewan and Manitoba (Henriquez et al. 2019),
but this study demonstrated that due to dry conditions during 2018-2020 and the inclusion of oat
in the rotation, that changed the prevalence of F. graminearum, especially during the last year of
the study. Generally, F. poae increased at the sites in my study in comparison to other FHB
pathogens. This phenomenon has been observed before; Rohácik and Hudec (2005) and Xu et al.
(2008) associated the high incidence of F. poae with warm, dry environments, suggesting that
this species can adapt to a wider variety of agro-environmental conditions than F. graminearum.
At Brandon, the wet and warm conditions during the study created another environment for the
FHB pathogens. The species F. graminearum and F. poae predominated at this site. During the
dry season of 2018, F. poae was commonly isolated from wheat kernels, while F. graminearum
was frequent in barley kernels. Both Fusarium spp. were isolated from wheat kernels in 2019; F.
graminearum was only predominant in barley in 2019 and F. poae in wheat in 2020. In southern
Saskatchewan and Manitoba F. graminearum is widely distributed (Banik et al. 2019). The
conditions at Brandon were suitable for the proliferation of F. graminearum due to the warm,
humid conditions (Xu et al. 2008), which likely affected my findings on Fusarium spp.
fluctuation. My thesis results agree with the fact that abiotic factors can influence not only
pathogen proliferation but also the saprophytic/ pathogenic phases during the FHB disease cycle
(Bakker et al. 2018); such relationship between weather and pathogens is complex and still only
partially understood (Xu 2003). However, the fluctuation of species reported here are based on
pathogen isolation and morphological characterization from cereal kernels.
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The most common Fusarium spp. isolated from cereals during the study was F. poae, and its
presence in non-cereal crops has been observed before (Moparthi et al. 2021). Usually, F.
avenaceum is frequently isolated from pulse (lentil and pea) residue and roots (Fernandez 2007;
Fernandez et al. 2008); however, in my study F. avenaceum was isolated infrequently compared
to F. poae and F. graminearum, and was the least common of the four species at the three sites.
Similar to F. culmorum, F. avenaceum generally proliferates in cool, wet niches (Xu et al. 2008).
In 2020, F. poae was abundant at two of the three sites; this underestimated and adaptable
species contributes to the severity of FHB symptoms and produces DON (Chelkowski 1989). My
findings of F. poae on cereals grown after non-cereal stubbles agrees with recent research by
Moparthi et al. (2021), who described the prevalence of F. poae at 15% of the isolates recovered
from dry pea and lentil seeds. Fusarium poae was reported to be weakly aggressive and nonpathogenic on pulses and cereals, however, these results indicate that F. poae can survive as a
saprophyte in non-cereal crops, especially on pulses. Additionally, F. poae is superior in crop
residues for having greater competitive abilities as a saprophyte compared to F. graminearum
(Pereyra and Dill-Macky 2008).
Fusarium graminearum has been extensively described as the major cause of FHB in Western
Canada (Clear et al. 1996; Clear and Patrick 2000), while F. poae is only considered weakly
pathogenic and does not cause significant FHB yield losses in Western Canada (Singh 2021).
However, evidence exists that F. poae is an important pathogen and needs more attention in the
prairies. First, this pathogen can produce all the trichothecenes of the sci-pentriol subgroup of
toxins (Type A and B trichothecenes) (Schollenberger et al. 2007), contributing to grain
contamination. Second, there is an interaction between F. poae and F. graminearum that
contributes to disease symptoms; when F. poae is present asymptomatically, it can induce the
production of salicylic and jasmonic acid (plant defenses), which hampers subsequent infection
by F. graminearum (Ameye et al. 2015; Tan et al. 2021). In addition, F. poae infection of wheat
results in much less mycotoxin production than infection by F. graminearum (Tan et al., 2021).
However, there is a lack of information on the infection process for F. poae on small grain
cereals. The sexual stage has not been observed in the field, and its survival characteristics on
cereal residues are not well documented under different cropping systems (Bateman and Murray
2001; Xue et al. 2004; Fernandez et al. 2008; Xue et al. 2019).
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My results on Fusarium spp. demonstrate the variability found when host and non-host crops are
seeded in three different environments, one irrigated and two drylands. However, more
information on F. poae is required to understand its relationship with FHB and with the weather
conditions that are suitable for disease development in the prairies.
5.2

Leaf spot diseases

The previous crop stubbles on which durum and bread wheat were grown during this study
affected other cereal diseases such as the leaf spots. Leaf spot disease severity was observed in
years with frequent precipitation and warmer temperatures, which was year 2 for most sites. At
Lethbridge, irrigation provided suitable conditions for leaf spot diseases and higher leaf spots
occurred in the non-host stubbles. The selection of crops in the study at Lethbridge led to the
inclusion of stubbles like hemp, quinoa, and dry bean that were categorized as minimal risk for
promoting leaf spots in cereals, however, my analysis showed the contrary. The findings of high
leaf spots in durum grown on hemp and quinoa stubbles may have been related to extensive
weed growth in these crops; even if hemp and quinoa were adapted to the prairies, their
management continues to be a struggle for growers. At initial stages, quinoa usually focuses
most of its energy in the root system, and good establishment is crucial to compete against weeds
as no selective herbicides are registered (Jacobson and Christiansen 2016). As with any other
crop, quinoa and weed development are affected by fertilization, tillage system and other
agricultural practices (Kakabouki et al. 2015). Hemp, on the contrary, is a good weed competitor
(depending on the variety), but no herbicide products are yet registered for intensive field
production, and weed management also depends on agronomic practices (Sandler and Gibson
2019). Lack of weed control in quinoa and hemp caused a rapid increase in weed biomass, thus
not only affecting the yield of cereals, but the grassy weeds likely hosted leaf spot diseases
(Duczek and Jones-Flory 1994). Grassy weeds were not collected or analyzed for pathogens in
this study.
Another non-host stubble with an unexpected result was dry bean at Lethbridge. The effect of
dry bean in a crop sequence with wheat was studied by Krupinsky et al. (2006), and the cereal
pathogen Pyrenophora tritici-repentis was reduced in the sequence that included dry bean
compared to continuous spring wheat. In that experiment, conidia of P. tritici-repentis were
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trapped daily from air (0.2 conidia/m3) in the flax-dry bean-wheat sequence. Yet the amount of
conidia was less than that trapped in continuous wheat (0.8 conidia/m3) (Krupinsky et al. 2006).
Certainly, at Lethbridge, the frequency of Pyrenophora spp. isolated from 2020 durum leaves
was higher when the durum was grown on cereal stubbles compared to non-cereals; the high
frequency found in durum grown on barley resembled the results of Krupinsky et al. (2006).
Pyrenophora spp. were the only leaf pathogens that differed among stubbles at Lethbridge and
by morphological characterization it was not possible to distinguish if the Pyrenophora spp.
isolated were P. tritici-repentis (wheat pathogen) or P. teres (barley pathogen). Still, the
possibility that P. teres was the pathogen isolated from leaves is consistent with the barley-wheat
sequence and with the survival of the pathogen on crop residues (Liu et al. 2011, Backes et al.
2021). A DNA barcoding method might be used to identify the species in question.
At the other durum experimental site, Saskatoon, leaf spot severity was greater after continuous
durum, while the host stubbles barley and oat did not result in increased leaf spot severity during
the experiment. Even though barley and durum (or bread wheat) are susceptible to some of the
same pathogens, these pathogens may compete to cause disease among themselves. In fact,
Krupinsky (2004) showed that barley grown after wheat consistently resulted in less severe
barley leaf spots than barley after barley, indicating that wheat pathogens on wheat residue can
create a competitive environment and affect the severity of leaf spots on barley.
The durum and bread wheat leaf spot pathogen that varied the most among previous stubbles at
Saskatoon was C. sativus. Higher frequency of C. sativus was found on durum leaves when
durum was grown on oat and canary seed stubbles (>10%). Duczek et al. (1996) mention that C.
sativus from wheat does not sporulate on grasses such as canary seed, even though canary seed
has been reported previously as a host of other the wheat pathogens such as S. tritici and S. triseti
Speg. (Bailey et al. 2000). The transmission of some leaf spot causing pathogens from canary
seed to wheat is not well studied and needs further research. The frequency of C. sativus from
durum leaves was not consistent with the leaf spot severity found in the field, which was >30%
from durum leaves when grown on durum stubble. Inconsistency between the frequency of
isolation of each pathogen and leaf spot ratings cannot be explained since not all the pathogenic
symptoms on leaves are distinguishable by eye. In my study, leaf spot evaluation occurred once
in the season at BBCH 85; cereal leaf spots can develop throughout the season and multiple
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ratings during the season are necessary for a better understanding of the effects of previous crop
stubbles and further diseases (Krupinsky 2004).
At Brandon, leaf spot severity of bread wheat was similar among stubbles (>75%) with the
exception of soybean stubble. In particular, high leaf spot severity was observed in bread wheat
grown on canola stubble; thus, the result is related to the poor canola development in 2018 and
2019. In rotations, any cereal (wheat or barley) preceded by canola usually presents less leaf spot
severity when compared to continuous cereals (Bailey et al 1992; Krupinsky et al. 2004);
however, evidence exists that there is no difference in leaf spot severity when canola is added to
a cereal rotation (Bailey et al. 2000). In my study, the field conditions were not suitable for
canola development and a poorly developed stubble affected these results. On the contrary, lower
leaf spot severity (70%) occurred when wheat was grown on soybean stubble, supporting my
diversity hypothesis. This outcome was expected since soybean and wheat do not share any
common leaf spot pathogens, previous studies of wheat and soybean have proven that there is a
low risk of transmission of leaf spot diseases to wheat when soybean is included in the rotation
(Krupinsky et al. 2004).
Throughout this study, Fusarium species were occasionally isolated from durum, bread wheat
and barley leaves at Saskatoon and Brandon (especially in years 2 and 3). However, the amount
did not vary among previous stubbles. Conidia and mycelium of Fusarium spp. can spread to
stems, leaves, and spikes after pathogen sporulation on lower leaves (Zinkernagel et al. 1997),
although Fusarium spp. have limited ability to infect leaves, causing symptoms only on wounded
leaves (Imathiu et al. 2009). An explanation for poor infection and symptom development in
leaves may be due to competition with other ascomycetes like Alternaria spp., Epicoccum spp.,
and Cladosporium spp. These ascomycetes share the same niches as the Fusarium spp. and can
be found on mature heads or harvested grain (Schiro et al. 2018).
The predominant durum and wheat leaf spot pathogen among sites and years was C. sativus
(especially on penultimate leaves), which was affected by crop sequence only at Saskatoon. This
fungus was frequently observed after continuous cereals, as well as canary seed. Even though
there are other diseases that cause greater yield loss, the presence of C. sativus on the prairies
should be a matter of concern. Prairie farmers generally follow intensive rotations that may
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include continuous cereals, which creates the perfect environment for the selection of more
virulent strains of C. sativus (El-Nashaar and Stack 1989). Thus, strains that are more aggressive
can contribute a greater amount of inoculum to the soil and their conidia are viable at least for
four years after a susceptible host is grown (Ledingham 1961). All of the above are evidence to
support continued research on leaf spot pathogens, especially C. sativus and its development
under various environmental and agricultural conditions.
5.3

Yield and grain quality

This research was conducted to investigate the effect that previous crop stubbles have on FHB of
cereals but also in crop performance. My results indicated that besides differences among sites,
yields from cereals were impacted by previous crops. Among the sites, a general tendency was
higher for yield of durum and bread wheat when seeded on pulse stubbles than other stubbles.
Consequently, a similar trend was observed for protein content of durum and wheat. These
findings were consistent with past research, where only a one-year break crop with any of these
pulses (pea, lentil, or soybean) was enough to increase wheat yield and quality (Krupinsky et al.
2006; Williams et al. 2014).
At Lethbridge, yield of durum was definitely higher when grown on non-host stubbles and
durum grown on canola had the highest yield. Seeding durum on canola stubble increased durum
yield by 8.9% compared with seeding durum on durum stubble in 2020. A similar result was
observed in 2019 when yield of durum on canola stubble was 6303 kg/ha compared to the best
yield of durum on pea stubble (6328 kg/ha) or on dry bean stubble (6341 kg/ha). The high yield
of durum grown on canola stubble can be explained by the amount of snow and water
accumulation at Lethbridge, but the amount of snow and water storage was not measured during
the experiment at any site. Some studies claim reduced use of soil water by canola, which results
in higher yield for the following crop (Bourgeois and Entz 1996). Certainly, soil water maintains
crop health throughout the season, in particular, in regions where crop yields depend on stored
soil water. Larney and Lindwall (1994) found that after a 10-year study, the availability of soil
water for winter wheat was less after growing canola. Nonetheless, canola is a high nutrient and
a water-consuming crop, and other reports show that growing wheat on canola stubble resulted in
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lower yields compared to rotations that include pulses (Brisson et al. 2010); observations at
Lethbridge may be an exception since the site was irrigated during the study.
Yields at Lethbridge in 2020 also proved that the worst crop sequence was growing continuous
durum. Although there was no correlation with FHB index, a weak negative correlation with
FDK was detected; the lack of diversity was a factor that reduced durum yields at this site.
Protein content of durum was higher when grown after non-host crops and lower when grown
after host crops, as indicated by the negative correlation between protein content and leaf spot
severity on penultimate leaves. Lethbridge grain quality in terms of TW and TKW were
positively correlated with yield; no differences were found for TW or TKW in the H/N analysis.
Irrigation was likely the main influence on yield, although differences in yield are not always
found under irrigation (Carefoot and Major 1994: Mohammadi et al. 2012)
Yield at the non-irrigated durum site, Saskatoon, showed that increased crop diversity benefited
yield of durum, particularly when rotated with pulses. Pea and lentils increased yield of durum
due to its soil water conservation and nitrogen accumulation abilities (Arshad et al. 2002;
Krupinsky et al. 2006). Even if yield seemed to increase when Fusarium spp. infects the kernels,
the FHB index was low in 2020 and the moisture in 2020 was beneficial for both yield and
pathogen proliferation.
The diversity effect was also observed in durum for protein content at Saskatoon; a pulse crop
was the best to increase milling quality. Despite a weak correlation between yield and protein
content (R2 = 0.3) TW was negatively correlated with protein content; TW was greater after hostcrops. Commonly, TW and kernel texture (hard or soft kernel texture) positively influenced
protein content (Schollenberger and Kyle 1928; Schuler et al. 1995). Still, a negative correlation
has been reported before (Tkachuk and Kuzina 1979) and there is evidence that there is no
significant relationship between TW and protein content; sometimes the TW will not account for
the lightweight and shrivelled kernels that are low in starch but rich in protein (Bailey and
Hendel 1923, Altaf-Ali et al. 1969). High TW of durum grown after host crops was only 0.1%
superior to non-host crops, yet the difference was significant (p ≤0.05); durum grown on stubbles
like canary seed, oat and maize resulted in higher durum TW, but the effects of these stubbles
were not significant on durum yield, TW, and TKW during 2019.
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Similarly, results for TKW were opposite those for yield and not significant in the H/N analysis;
even if TKW was higher on pea stubble, there was no difference with maize and barley. At the
same time, FDK, DON content and FHB index were associated with decreased TW and TKW;
such results did not affect the yield and protein of durum because there was no correlation
between yield and TW, yield and TKW, or protein and TKW. Besides yield, TW, TKW and
protein content, there was another important factor for cereal milling quality, which was DON
content. The DON content was only detectable at Saskatoon with differences among previous
stubbles. The amount of DON measured in durum at Lethbridge and bread wheat at Brandon was
less than 0.3 ppb and therefore not detectable. Even if this method is reliable and sensitive, its
limit of detection for cereal samples varies between 0.3 to 10 ppb (AB SCIEX 2010). One can
argue that low mycotoxin detection was a consequence of low disease levels during the study.
Moreover, at Saskatoon, durum grown on the 2019 cereal stubbles had high DON, particularly
durum on oat stubble and durum on canary seed stubble (both FHB hosts). The DON content of
durum grown in 2020 was high, as was FHB index, FDKs, total frequency of Fusarium spp., and
F. graminearum. Opposite to Saskatoon, at Brandon and Lethbridge the frequency of isolation of
F. poae from wheat and durum kernels was higher than the frequency of isolation of F.
graminearum. Fusarium poae is less aggressive and although it produces DON, it produces
much less than F. graminearum (Xue et al. 2019). At the same time, mycotoxin content on
infected grain depends on distinct factors including the FHB pathogens, interactions with other
organisms, and environmental conditions (Bakker et al. 2018).
The other non-irrigated site was Brandon, which shared the trend to greater bread wheat yield
and protein content after non-host crops; at this site, yield was positively correlated with TW and
TKW. Soybean and pea were the crops most likely to be associated with increased wheat yield.
Soybean is the preferred non-cereal crop in Quebec and Manitoba (Statistics Canada, 2019);
soybean is considered a legume, which improves soil nitrogen and increases cereal yields
(Crookston et al. 1991; Morrison et al. 2017). Protein content was higher in bread wheat grown
on non-host crops, but the highest protein content occurred in bread wheat grown on canola
stubble. Knowledge of the site conditions at Brandon (Appendix I) was insightful for an
understanding of the results for wheat following canola. Drought in 2018 and flea beetle
infestation in 2019 resulted in a poor canola establishment, thus reducing canola nutrient and
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water uptake from soil. However, soil moisture, nitrogen and water uptake were not measured
from any of the stubbles.
Maize was another non-pulse stubble that induced higher values in wheat TKW and TW at
Brandon; wheat grown on maize stubble had TKW of 0.1 g less than the best sequence (wheat
grown on soybean stubble) and TW of 0.1 kg/hL lower than wheat grown on soybean stubble. At
Brandon, it was possible to harvest maize in 2018 but the crop was not harvested in 2019 due to
low growth and delayed maturity. Generally, maize yields best under warmer and longer seasons
similar to Quebec and Ontario; Manitoba usually has weather conditions suitable for maize
growth (Hamel and Dorff 2011). Unfortunately, the weather conditions during the crop sequence
at Brandon were not ideal for maize in 2019 and this had an influence on the water uptake.
Another possible factor that influenced TKW and TW of bread wheat was the precipitation that
occurred at Brandon in 2020; precipitation higher than the LTA was recorded during July (93.2
mm, LTA was 69.1 mm). Thus, the critical period for TKW is usually around mi-July to early
August and is associated to the grain filling on the spike, which may be the reason it was not
affected by the previous maize stubble (He et al. 2013). However, I did not measure the water
uptake from the preceding crop.
Lastly, this study showed that the best option for improving cereal yields and protein content is
to include at least a one–year break crop with any legume like pea, lentil, or soybean. However,
producers cannot rely only on rotations that include only one year of pulses or canola.
Continuous legume systems need supplemental plant nutrients to maintain soil productivity
(Mitchell et al. 1991); continuous legumes can also increase the risk of diseases and a diverse
crop rotation is recommended. Pulses have been suggested to be key crops to increase crop
diversity and are an important addition to increase yield of cereal grains. Even if research
corroborates this, their effect on diseases, especially on FHB, remains unclear, which is why
more evidence is needed in order to understand their effects on FHB of cereal crops and in
integrated crop management.
5.4

General Discussion

The benefits of crop rotation have been extensively documented in the literature and the results
from this thesis provide evidence of the effects on diseases, yield, and quality of cereal crops.
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Certainly, along with the benefits come disadvantages, especially for growers who face
environmental, management, and profitability challenges. How can growers be convinced of the
long-term effects and benefits of diverse crop rotations then? Crop rotations have been adapted
to human needs; producers world-wide adapted their crop choices to manage diseases and other
agronomic factors for maximum profitability. Generally, intensive crop rotations have become
the current practice, which has resulted in negative consequences for the production system,
including frequent problems with diseases. In the Canadian prairies, cropping systems usually
include only three to four crops, the most popular of which are wheat, barley, canola, and field
pea (Statistics Canada 2020). Even with disease resistant varieties and fungicide applications,
diseases such as FHB and leaf spots remain a threat to cereal production.
In this thesis, I have observed that diverse crop sequences mitigate FHB. To study FHB of
cereals in the prairies, I relied on natural field conditions; Lethbridge, Alberta was the only
irrigated experiment, while Saskatoon, Saskatchewan, along with Brandon, Manitoba were
dryland experiments. Fusarium inoculum was not applied during the study and I expected
variability among the Fusarium species and within sites and years. Unfortunately, working under
natural field conditions meant that weather conditions caused variable disease development;
these factors affected the 3-year experiment and only the second year (2019) was conducive for
diseases at all sites.
To achieve crop diversity, up to nine crops were included in this study: cereals, oilseeds,
legumes, and grasses. Attempting to test the effect of these crops was challenging due to
differences in management, adaptation, and nutrient/weather requirements. The combination of
nine crops in the crop sequence study at Saskatoon allowed me to analyse the challenges that
growers face with management of these crops in the prairies. Many crop choices and concerns
nowadays are related to tight rotations of canola and wheat. Research is mostly focused on the
consequence of these tight rotations on future development of diseases in these two crops. To
deal with FHB, diverse crop rotations are suggested, however, there is little experimental
evidence of the benefit of a diverse selection of crops.
Continuous cereal rotations proved to be the worst for FHB index and frequency of isolation of
Fusarium spp. My study provides more evidence that higher kernel infection and FHB index
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occur when host crops are included in a rotation. Although, my study can be considered shortterm (only 3 years for crop sequences) when compared with long-term rotations (~10 years) and
under such mentioned conditions, the previous stubble effects start to show. Even though, the
present crop sequence study has provided evidence that non-diverse rotations may result in an
increase in cereal pathogens. In terms of yield and quality improvement, cereal sequences
(without maize) after a 3-year crop rotation proved to be the least productive after continuous
cereals, with yield reductions that varied between 11 and 13% at Lethbridge, Saskatoon, and
Brandon.
The inclusion of non-host crops, in particularly legume crops, increased crop yield and protein
content, which was associated with reduced severity of FHB and leaf spots, although there were
likely additional benefits from nitrogen fixation and other agronomic management factors. Crop
diversity has been documented to be a major strategy to reduce diseases, although experts have
differing opinions regarding crop sequence or rotation recommendations. Some experts suggest
that an ideal crop rotation should be at least 4 –7 years long with 50% cereals and the remaining
crops divided among pulses, oilseeds, and forages (Bailey and Duczek 1995). The Canola
Council of Canada (2010) recommends at least a one-year break between canola crops, with
inclusion of a cereal or pulse crop. The wheat-canola rotation is popular in the prairies, although
profitability can vary from region to region. Disease factors in either crop must be considered
when accounting for high yields and crop characteristics are crucial for crop rotation success
(Turkington et al 2003; Schillinger and Paulitz 2018). Including canola in a short-term rotation at
Lethbridge did not show the expected low yield of durum. However, over the long-term, the
frequent inclusion of canola in a rotation may result in pest management problems (Harker et al.
2015).
A one-year break between spring wheat crops has been reported to be enough to manage FHB in
low epidemic years, but two years may be necessary when weather conditions are favorable for
leaf spot diseases like Septoria leaf blotch (Luke et al. 1983; Pedersen and Hughes 1992).
Compared to some of the high FHB epidemic years during the 2010 to 2016 period, the
conditions during my study would be considered low risk of FHB. However, even at low levels
of disease, and under the conditions of my study, there were clear benefits to including one-year
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(or more if possible) of non-host crops like oilseeds and pulses to reduce FHB and leaf spots in
the prairies.
Among other factors, crop choices made by farmers are guided by market prices and trends.
Worldwide, wheat production is as much as 749,467,531 tonnes per year, of which Canada (in
the top five of wheat producing countries) contributes 30,486,700 tonnes (Food and Agriculture
Organization 2020). The incentive to increase cereal production will continue as long as high
demand and high wheat prices continue. However, in 2021, total wheat production was projected
to decrease by 38.5% to 21.7 million tonnes due to drought; in Saskatchewan, wheat production
fell 48.1%, in Alberta production decrease 42.9%, and in Manitoba fell 28.9% (Statistics Canada
2021). These expectations are concerning, researchers know that in a non-distant future more
agro-ecosystems will likely be modified due to changing environmental conditions, this event
will create new and unexpected effects that producers and researchers must face. There are
economic benefits of growing more wheat in the prairies but the effect of increase production in
agro-ecosystems should not reduce crop diversity, we must explore new options that are
sustainable and profitable.
In this study, we included another popular crop, maize (or corn). Maize is grown worldwide like
wheat and the top producer is the United States. In 2021, US growers produced an estimated 400
million tonnes of maize, which was far greater than Canadian maize for grain (13.7 million
tonnes) (Barrett 2022). In Canada, most of the maize is grown in Quebec (3.5 million tonnes)
and Ontario (9.1 million tonnes) (Statistics Canada 2021). On the prairies, breeders have
developed short season varieties, and maize production has been slowly increasing on the
prairies. Most of the maize in Western Canada is grown in Manitoba; the number of farmers
growing maize increased from 152 to 713 (period 1971 - 2011), and this cereal production was
projected to increase 0.8% in 2021 (Hamel and Dorff 2011). In my study, the intention was to
demonstrate the effects of increasing maize production on wheat and durum production in the
prairies. However, growing maize in the sites was arduous, the dry conditions and short growing
seasons during my study were not conducive to successful maize production. Perhaps for this
reason I did not see increased risk of FHB in durum or bread wheat when grown on maize
stubble, compared to other crop stubbles; no increase in Fusarium inoculum accumulation was
detected in maize stalks and cobs. Certainly, this could be a beneficial scenario for maize
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growers across Western Canada, especially in Saskatchewan, and we must be aware that this
could be an exceptional event under the conditions of my study; there is no doubt that more
research is urgent to prevent future FHB outbreaks in maize-wheat rotations in the prairies.
Other crops that were included due to their growing popularity were hemp and quinoa.
Nowadays, prairie farmers are considering growing these crops for the food and medicinal
industries; so, their effect on this study needed to be explored since there is little knowledge of
their effects on subsequent crops in rotations. Still, the area seeded to hemp (<22,000 ha) and
quinoa (~4802 ha) was low compared to other crops in the prairies in2021 (Shumsky 2018;
Statistics Canada 2021). Moreover, before these crops become profitable, weed management in
hemp and quinoa needs to improve; the lack of effective in-crop herbicide treatment is a matter
of concern not only in terms of yield, but also for possible pathogens that cause disease in other
crops, especially in a crop rotation with durum or bread wheat.
Pulses in the prairies are usually considered crops that have benefits for disease management and
yield improvement in cereals. Although the area seeded to pulses is much less than that seeded to
cereals, pulse production is expected to increase due to its popularity in gluten-free foods and in
meat-replacement products. However, warm conditions are a constraint. In 2021, pea production
decreased 51% to below 2.3 million tonnes, soybean was expected to fall 8.4% to 5.8 million
tonnes, lentils decreased by 44% to 1.6 million tonnes, and dry bean fell 21% to 386 thousand
tonnes; this was due to the drought in 2021 (Statistics Canada 2021). Despite this, demand for
gluten-free and meat-replacement products is projected to grow 9.1% at a compound annual
growth rate in Canada during the forecast period (2020-2025) (Wang 2021), which may raise the
interest of producers across Western Canada.
After summarizing the present crop trends and expectations, it is important to notice the effect of
the crop sequence on the diversity of Fusarium spp. in the prairies. Under this study, all durum
and bread wheat sites, F. graminearum and F. poae were isolated from durum or bread wheat
kernels at similar frequency when these crops were grown on cereal stubbles. Both pathogen
fluctuations were dependent on the crops involved and the field conditions at each site; F. poae
predominant in cereal kernels at Lethbridge and Brandon, whereas F. graminearum was frequent
in Saskatoon.
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The unexpected proliferation of the pathogen F. poae indicates how much populations of a
species may differ after a three-year crop sequence under warm conditions. Variation in this
pathogen population needs closer inspection. Fusarium poae has been described as weakly
pathogenic in wheat (Xue et al. 2019); however, this fungus is a cause of FHB (Boot 1971).
Furthermore, F. poae has great competitive saprophytic abilities in cereal residues and in some
pulse residues (Pereyra and Dill-Macky 2008). In Europe, F. poae has caused high yield loss and
grain contamination (Stenglein 2009); it is time researchers in Canada focused more on this
pathogen as the summer temperatures increase. Weather conditions are changing worldwide, and
the global trend is to increased temperature. The global mean temperature for 2021 (from
January to September) was 1.09°C above the 1850-1900 average (Merlone et al. 2019). This is a
concern for the development of heat tolerant and adaptable pathogens like F. poae, and one can
argue that these problems should be addressed sooner than later to better understand this
pathogen, its effect in the FHB complex, and to take precautions with suitable crop management
strategies.
Finally, this study confirmed the importance of diverse crop rotations across Western Canada in
order to reduce FHB and leaf spot diseases of wheat. Continuous cereal production increased the
risk of FHB, greater frequency of multiple Fusarium species, and more severe leaf spot diseases,
along with low yield and low grain quality. Including a one-year break with legumes or oilseeds
was sufficient to manage FHB in a three-year crop sequence. However, inclusion of pea and
canola are some of the aspects to be studied in future. New crops in the Canadian prairies like
maize, hemp and quinoa will require more attention with regard to weed management and
disease transmission in the prairie environment. As temperatures increase and the worldwide
pressure for cereal production increases, it is necessary to develop new perspectives for disease
management. Use of double-stranded RNA fungicides may be an option to control plant
pathogens. These fungicides are composed of exogenous double-stranded RNA that targets
fungal proteins that are responsible of further infection and trichothecene production (Koch et al
2016; Tretiakova et al 2022). However, double-stranded RNA fungicides are in development and
will need to be used in combination with other management strategies such as a diverse crop
rotation to reduce FHB in cereals.
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Approaching farmers with a solution to increase crop diversity in the prairies will be challenging;
however, farmers acknowledge the benefits of crop rotation, and with research, mechanisms for
better management of cereal diseases are possible.
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6
6.1

CONCLUSIONS AND FUTURE WORK
Conclusions

In conclusion, the current study indicated that a diverse crop sequence (host and non-host crops)
reduced the incidence and severity of FHB and leaf spots of durum and bread wheat, compared
to less diverse crop sequences of only host crops or monoculture of durum or bread wheat.
Continuous cereals proved to be the treatment with the greatest risk of increased FHB and leaf
spot diseases on wheat. Including pulses and oilseeds in a rotation had different results to what
was expected. Their effect could be positive or negative; in the reduction of FHB, stubbles like
pea, lentil, hemp, quinoa, and canola seemed to decrease the severity of FHB, but their effect
was not the same for leaf spot severity at Saskatoon and Brandon, which could be considered a
negative result. Yet, pulses and oilseeds reduced some leaf spot pathogens like C. sativus and
Pyrenophora spp.
Pulses and in some cases canola, increased yields, protein content, TKW, and TW of cereals; this
effect could be considered positive and is a benefit for cereal producers. However, it is important
to emphasize that the results obtained during this study varied among years and sites. In addition,
during the study (2018-2020), FHB was not severe in the prairies when compared to past years; a
continuous analysis of diverse crop sequences under high disease epidemic years is necessary.
This study highlighted the importance of including diverse crops in a rotation, and showed how
these crops influenced disease development of cereals. The continued inclusion of pulses and
oilseeds in rotations should be examined as the rotations and the agro-environmental conditions
change in the prairies.
6.2

Research required

In Canada, the importance of management strategies to reduce FHB has been studied in recent
years; however, the research did not focus on diverse crop rotations. Research is required on the
use of novel management strategies like double-stranded RNA fungicides, this novel technique
may reduce the risk that the pathogen will develop resistance to the products under field
conditions (which has happened with conventional fungicides) (Werner et al 2020; Tretiakova et
al 2022). Although, double stranded RNA-based fungicides will remain for at least one week on
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the plant, their shelf life is unknown. Additionally, once applied to the plant, a side effect of nonspecific gene silencing can occur, especially in large-scale applications (Song et al 2018).
For proper management of FHB, my results suggest the following research:
- Screening of the natural occurring inoculum of Fusarium spp. at different sites/years across the
prairies. Specifically, explore how the coexistence of F. poae and F. graminearum can affect or
change disease development across the prairies.
- Test residue to identify the Fusarium spp. and the pathogens responsible for leaf spots,
especially from pulses, canary seed, and flax, under field and controlled conditions.
The objectives of the present thesis did not include examination of pulse and oilseed diseases,
which are a matter of concern when suggesting crop choices and diversifying crop production
systems in the prairies.
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APPENDICES

Appendix A Crop sequence effects of cereal crops assessed on each crop stubble (from 2018) at Lethbridge, AB in 2019. Data are
mean and standard error of three replicates. Isolation frequency from wheat kernels for Fusarium spp. (FUS, FG, FC, FP), LS Flag
(leaf spot severity of flag leaf) and LS Pen (leaf spot severity of penultimate leaf).
2018
Stubble

Yield
(kg/ha)

TW
(kg/hL)

TKW
(g)

FHB Index
(%)

FDK
(%)

All FUS
(%)

FG
(%)

FC
(%)

FP
(%)

LS Flag
(%)

LS Pen
(%)

Bread wheat – AAC Brandon
Wheat

3824 ± 288.2

73.5 ± 0.95

36.7 ± 0.67

0.1 ± 0.08

2.8 ± 0.17

2.1 ± 1.83

0.8 ± 0.62

Durum

3520 ± 440.7

70.6 ± 3.52

35.6 ± 2.40

0.3 ± 0.32

3.2 ± 0.72

1.7 ± 0.16

0.8 ± 0.06

Barley

4264 ± 166.9

72.7 ± 1.62

36.0 ± 1.00

0.1 ± 0.04

2.2 ± 0.44

3.4 ± 1.06

1.1 ± 0.55

Canola

4746 ± 202.1

76.6 ± 0.44

38.0 ± 1.00

0.5 ± 0.12

1.3 ± 0.44

2.4 ± 1.84

0.9 ± 0.71

Pea

4793 ± 252.1

75.3 ± 1.14

35.7 ± 0.67

0.2 ± 0.12

3.2 ± 2.17

2.3 ± 1.39

Maize

4295 ± 282.9

76.5 ± 0.59

38.0 ± 0.58

0.2 ± 0.21

1.8 ± 0.83

2.2 ± 1.10

Dry bean

4793 ± 290.9

76.5 ± 0.88

35.3 ± 0.88

0.3 ± 0.19

1.7 ± 0.60

LSD (0.05)

329.9

1.6

1.3

0.2

p value

0.011**

0.010**

0.724

0.1 ± 0.09

1.2 ± 1.10

7.8 ± 1.56

12.5 ± 3.13

0.7 ± 0.14

15.6 ± 10.94

18.7 ± 9.37

2.2 ± 0.61

6.2 ± 1.56

7.8 ± 1.56

0

1.4 ± 1.03

4.6 ± 0

9.4 ± 0

0.9 ± 0.42

0

1.4 ± 1.00

6.2 ± 1.56

7.8 ± 1.56

0.3 ± 0.22

0
1.8 ± 0.89

0

1.6 ± 0.82

4.7 ± 0

7.8 ± 1.56

0

0

0

0.00

7.8 ± 1.56

10.9 ± 4.14

0.9

1.2

0.4

0.3

0.7

3.8

3.7

0.811

0.515

0.374

0.442

0.010**

0.161

0.550

0.274

Durum wheat - AAC Spitfire
Wheat

5257 ± 188.6

74.0 ± 1.1

47.3 ± 1.20

0.4 ± 0.15

2.2 ± 0.72

3.3 ± 2.53

1.1 ± 0.77

0

1.6 ± 1.24

7.8 ± 1.6

9.3 ± 0

Durum

4569 ± 406.7

76.5 ± 0.95

48.3 ± 0.80

0.4 ± 0.29

3.3 ± 1.58

3.8 ± 1.31

0.9 ± 0.17

0

2.8 ± 1.34

18.7 ± 9.38

21.8 ± 8.27

Barley

5012 ± 391.5

74.3 ± 0.90

43.0 ± 4.51

0.6 ± 0.35

1.2 ± 0.67

3.8 ± 1.72

0.8 ± 0.35

0

2.8 ± 1.24

15.6 ± 3.12

18.8 ± 0

Canola

6303 ± 229.2

76.4 ± 0.65

33.7 ± 16.37

0.6 ± 0.22

2.3 ± 0.88

5.3 ± 1.05

1.6 ± 0.25

0.2 ± 0.19

2.5 ± 1.13

7.8 ± 1.56

18.7 ± 9.37

Pea

6328 ± 212.9

74.2 ± 1.67

44.7 ± 2.85

0.3 ± 0.17

1.5 ± 0.76

5.4 ± 1.31

2.4 ± 0.90

0.1 ± 0.09

2.3 ± 0.57

7.8 ± 1.56

15.6 ± 3.12

Maize

5763 ± 159.4

74.3 ± 2.14

42.3 ± 4.41

0.2 ± 0.18

2.8 ± 0.67

3.6 ± 2.14

1.4 ± 1.30

0.2 ± 0.15

1.7 ± 0.83

4.7 ± 0

9.4 ± 0

Dry bean

6341 ± 116.6

75.9 ± 0.15

45.0 ± 4.00

0.3 ± 0.20

1.7 ± 0.93

9.4 ± 0

18.7 ± 9.38

LSD (0.05)

313.0

1.4

3.6

0.2

p value

0.010***

0.820

0.661

0

0

0

0

1.1

1.5

0.6

0.1

0.9

3.5

5.4

0.652

0.775

0.021*

0.221

0.635

0.050*

0.175

0.725

0.1 ± 0.09

0.5 ± 0.24

4.6 ± 0.01

6.2 ± 1.57

0.9 ± 0.09

4.6 ± 0.01

5.4 ± 2.07

1.2 ± 0.55

6.2 ± 1.57

12.5 ± 3.12

Barley - AAC Synergy
Wheat

5088 ± 794.1

63.7 ± 0.47

49.0 ± 0.00

0.2 ± 0.08

1.7 ± 0.44

1.4 ± 0.74

2.2 ± 1.76

Durum

6049 ± 254

72.1 ± 4.99

41.3 ± 4.33

0.1 ± 0.05

2.0 ± 0.00

3.6 ± 2.21

2.6 ± 2.20

Barley

5864 ± 359.8

66.4 ± 3.00

45.3 ± 4.41

0.4 ± 0.20

1.3 ± 0.44

2.7 ± 1.21

1.1 ± 0.32
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0
0.5 ± 0.34

Canola

5973 ± 226.3

68.0 ± 4.35

46.7 ± 3.84

0.3 ± 0.05

2.8 ± 1.58

2.9 ± 0.94

1.7 ± 0.59

0.3 ± 0.16

0.7 ± 0.41

4.6 ± 0.01

6.2 ± 1.57

Pea

4099 ± 249.7

67.0 ± 4.08

Maize

6245 ± 296.8

64.2 ± 1.34

45.6 ± 4.37

0.1 ± 0.14

2.0 ± 0.76

1.9 ± 0.74

0.7 ± 0.38

0.4 ± 0.25

0.9 ± 0.53

44.7 ± 6.84

0.05 ± 0.04

1.0 ± 0.57

2.6 ± 1.87

0.6 ± 0.56

Dry bean

6823 ± 475.1

66.1 ± 3.78

44.0 ± 4.51

0.1 ± 0.00

2.3 ± 1.30

LSD (0.05)

823.7

3.7

4.4

0.1

0.8

3.8 ± 0.77

4.6 ± 0.01

0

0

3.8 ± 0.77

7.8 ± 1.57

4.7 ± 0.01

7.8 ± 1.56

0.8

1.8

0

0

0

0

1.2

1.0

0.2

0.3

p value
0.512
0.350
0.641
0.152
0.634
0.391
0.564
0.202
0.142
0.381
0.032*
TW: test weight, TKW: thousand kernel weight, FDK: Fusarium damaged kernels, All FUS: all Fusarium spp., FG: F. graminearum, FC: F. culmorum, FP: F. poae, LS Flag: flag leaf spots, LS Pen:
penultimate leaf spots. P values are *, **, ***: significant at 0.05, 0.01, 0.001, respectively; (.) no data.
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Appendix B Crop sequence effects of cereal crops assessed on each crop stubble (from 2018) at Saskatoon, SK in 2019. Data are
mean and standard error of three replicates. For each Fusarium spp. (FUS, FG, FC, FP) and LS Flag (leaf spot severity of flag leaf).
2018 Stubble

Yield (kg/ha)

TW (kg/hL)

TKW (g)

FHB Index
(%)

FDK (%)

All FUS

FG

FC

FP

LS Flag

Durum wheat - CDC Desire
Durum

1020 ± 452.4

75.8 ± 1.99

43.1 ± 5.92

5.1 ± 2.03

7.2 ± 2.90

2.9 ± 1.62

0.4 ± 0.44

2.7 ± 1.33

Barley

2023 ± 483.9

79.9 ± 0.88

42.4 ± 1.81

6.2 ± 3.64

9.3 ± 4.15

2.0. ± 1.33

0.7 ± 0.67

2.0 ± 1.23

Canola

2167 ± 505.7

80.7 ± 1.17

46.5 ± 1.37

6.6 ± 3.47

4.0 ± 1.44

1.9 ± 1.07

0.9 ± 0.89

0.4 ± 0.44

0

5.6 ± 3.81

Pea

1028 ± 300.4

76.2 ± 1.68

38.9 ± 2.33

6.5 ± 2.60

7.3 ± 1.42

1.9 ± 1.48

2.7 ± 2.67

1.3 ± 1.33

0

5.7 ± 4.00

Maize

1014 ± 255.8

77.9 ± 1.00

41.4 ± 1.12

4.3 ± 3.49

8.0 ± 1.80

4.8 ± 2.40

1.6 ± 0.80

1.8 ± 1.17

0

2.6 ± 1.44

Oat

1485 ± 664.3

77.2 ± 3.41

44.0 ± 4.22

7.0 ± 1.42

5.3 ± 2.48

2.4 ± 0.46

2.2 ± 1.17

0.4 ± 0.44

Canary seed

1531 ± 831.1

78.5 ± 1.69

41.8 ± 1.63

5.3 ± 1.35

4.7 ± 1.36

3.2 ± 0.92

1.8 ± 0.97

2.2 ± 0.97

0

3.8 ± 1.95

Flax

1668 ± 492.7

78.6 ± 2.92

43.1 ± 2.56

2.6 ± 0.95

6.5 ± 0.76

4.0 ± 0.80

2.0 ± 1.15

2.3 ± 0.84

0

3.1 ± 1.73

Lentil

1979 ± 711.7

78.6 ± 1.37

44.0 ± 3.72

3.0 ± 1.05

6.3 ± 0.83

9.9 ± 3.24

5.1 ± 1.73

1.3 ± 0.67

0

1.7 ± 0.85

LSD (0.05)

551.0

9.6

0.6

2.4

2.2

1.7

1.9

1.4

0.5

p value

0.311

0.511

0.472

0.464

0.020*

0.314

0.762

0.532

0.682

0
0.4 ± 0.44

0.9 ± 0.89

11.3 ± 5.63
3.7 ± 1.88

2.8 ± 1.83

2.4
<0.010***

Barley - CDC Austenson
Durum

2218 ± 371.9

68.2 ± 0.42

46.3 ± 1.79

2.2 ± 0.92

3.5 ± 2.02

0.7 ± 0.33

Barley

2948 ± 571.7

69.0 ± 0.91

49.8 ± 0.67

3.2 ± 1.58

1.5 ± 0.76

0.7 ± 0.67

0.7 ± 0.67

Canola

2444 ± 155.8

68.5 ± 1.03

47.8 ± 2.60

4.7 ± 2.02

4.3 ± 2.96

1.3 ± 0.67

0.3 ± 0.33

Pea

2652 ± 614.2

66.9 ± 1.41

48.7 ± 2.34

2.5 ± 1.69

1.8 ± 1.59

0.3 ± 0.33

0.3 ± 0.33

Maize

2328 ± 273.7

67.4 ± 1.20

50.5 ± 1.61

2.7 ± 1.60

1.5 ± 0.76

0.7 ± 0.60

Oat

2317 ± 661.9

67.0 ± 2.16

53.1 ± 1.46

2.8 ± 1.62

4.0 ± 2.65

Canary seed

2747 ± 626.8

68.0 ± 1.23

51.2 ± 2.55

4.9 ± 1.82

1.7 ± 1.01

Flax

2400 ± 401.5

68.2 ± 2.88

51.7 ± 0.44

2.8 ± 1.08

3.8 ± 3.11

Lentil

4105 ± 934.2

70.0 ± 0.73

51.2 ± 1.47

1.4 ± 0.75

4.5 ± 3.12

1.3 ± 0.66

0.7 ± 0.67

LSD (0.05)

558.5

7.3

0.4

1.5

2.2

0.3

p value

0.321

0.692

0.285

0.615

0.792

0

0
0

0

8.9 ± 4.23
3.7 ± 1.88

0.2 ± 0.17

5.6 ± 3.80

0

0.3 ± 0.33

5.7 ± 4.00

0

0

0.7 ± 0.67

2.6 ± 1.44

0

0

0

2.9 ± 1.83

0

0

3.8 ± 1.96

0

0

3.04 ± 1.72

0

0

1.7 ± 0.85

0.6

0.1

0.5

0.184

0.802

0.460

0.674

0
1.2 ± 0.63
0

0.7 ± 0.67
0

0.2 ± 0.17

0.7 ± 0.67

2.7
0.070

Oat - CDC Ruffian
Durum

2868 ± 333.3

54.8 ± 1.34

37.7 ± 1.13

.

.

2.0 ± 0

0.1 ± 0.09

0

0.8 ± 0.40

.

Barley

3072 ± 260.0

53.3 ± 0.10

37.9 ± 0.10

.

.

0.7 ± 0.60

0.2 ± 0.20

0

0.2 ± 0.15

.
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Canola

2722 ± 380.1

54.3 ± 0.51

38.9 ± 0.27

.

.

1.3 ± 0.71

0.3 ± 0.28

0

Pea

2858 ± 387.5

53.9 ± 2.99

38.7 ± 1.44

.

.

Maize

2126 ± 740.7

54.3 ± 1.37

39.1 ± 1.23

.

.

1.3 ± 0.70

0

0

0.4 ± 0.20

0

Oat

2435 ± 855.5

53.3 ± 0.69

39.3 ± 0.21

.

.

1.0 ± 1.00

1 .0 ± 0.09

0

Canary seed

3230 ± 543.2

54.4 ± 1.02

37.7 ± 0.52

.

.

1.3 ± 1.31

0.4 ± 0.30

Flax

2553 ± 307.9

53.9 ± 0.78

38.9 ± 0.93

.

.

Lentil

4301 ± 779.4

54.4 ± 1.85

39.5 ± 2.53

.

.

2.0 ± 0

0

0.7 ± 0

.

LSD (0.05)

552.9

1.4

1.2

.

.

0.6

0.4

0.1

0.3

.

p value

0.112

0.919

0.941

.

.

0.492

0.921

0.532

0.365

.

0

0

0

0.2 ± 0.15
0
0

0.3 ± 0.29
0
0.4 ± 0.40
0
0.2 ± 0.10
0

.
.
.
.
.
.

Canary seed - Bastia
Durum

665 ± 240.3

65.8 ± 3.75

8.1 ± 0.25

.

.

0

Barley

953 ± 129.7

70.6 ± 0.20

7.6 ± 1.00

.

.

2±0

Canola

871 ± 252.3

69.3 ± 1.47

6.9 ± 1.10

.

.

0

Pea

288 ± 174.4

33.0 ± 18.85

8.8 ± 1.09

.

.

0

Maize

459 ± 166.3

64.9 ± 3.35

8.5 ± 0.53

.

.

Oat

601 ± 128.0

69.5 ± 1.14

8.7 ± 0.50

.

Canary seed

462 ± 117.1

60.6 ± 9.36

7.8 ± 0.60

.

Flax

514 ± 27.3

63.8 ± 5.01

8.0 ± 0.34

Lentil

842 ± 191.0

69.9 ± 1.18

9.0 ± 0.59

.

7.4

0.6

.

LSD (0.05)

171.2

0

0

0

.

0

0

.

0

0

0

.

0

0

0

.

0

0

0

0

.

.

0

0

0

0

.

.

0

0

0

0

.

0

0

0

0

.

.

0

0

0

0

.

.

0.7

0.7

0

0

.

2±0

p value
0.020*
0.020*
0.672
.
.
0.421
0.421
0
0
.
TW (kg/hL): test weight, TKW (g): thousand kernel weight, FDK (%): fusarium damaged kernels, Total FUS: total Fusarium spp., FG: F. graminearum, FC: F. culmorum, FP: F. poae, LS Flag: flag
leaf spots, LS Pen: penultimate leaf spots. ANOVA values are *, **, ***: significant at 0.05, 0.01, 0.001 respectively; (.) No data available.
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Appendix C Crop sequence effects of cereal crops assessed on each crop stubble (from 2018) at Brandon, MB in 2019. Data are mean
and standard error of three replicates. Isolation frequency from wheat kernels for Fusarium spp. (FUS, FG, FC, FP, FA) and LS Flag
(leaf spot severity of flag leaf).
2018 Stubble

Yield (kg/ha)

TW
(kg/hL)

TKW
(g)

FHB Index
(%)

FDK
(%)

All FUS
(%)

FG
(%)

FC
(%)

FP
(%)

FA
(%)

LS Flag
(%)

Bread wheat - AC Brandon
Wheat

3250 ± 284.1

79.1 ± 0.21

30.2 ± 0.11

0.3 ± 0.10

7.3 ± 0.44

0.7 ± 0.31

0.3 ± 0.20

0

0.3 ± 0.20

0.1 ± 0.11

50.2 ± 6.81

Barley

3355 ± 245.5

80.0 ± 0.30

31.0 ± 0.22

0.4 ± 0.11

7.0 ± 0.76

1.6 ± 0.70

0.9 ± 0.70

0.1 ± 0.09

0.5 ± 0.11

0

42.7 ± 10.8

Canola

4798 ± 136.9

81.1 ± 0.12

34.0 ± 0.50

0.3 ± 0.10

9.0 ± 1.89

1.3 ± 0.50

0.5 ± 0.10

0.2 ± 0.20

0.5 ± 0.30

0

45.9 ± 4.20

Pea

4377 ± 114.7

80.0 ± 0.8

34.2 ± 0.70

0.3 ± 0.10

9.5 ± 1.50

1.9 ± 0.91

0.6 ± 0.40

0

1.3 ± 0.50

0

48.4 ± 6.04

Maize

4163 ± 81.4

80.1 ± 0.21

33.1 ± 0.70

0.5 ± 0.30

11.2 ± 3.11

0.5 ± 0.30

0.2 ± 0.10

0.1 ± 0.10

0.2 ± 0.10

0

39.5 ± 5.90

Soybean

4356 ± 186.8

80.0 ± 0.20

32.0 ± 0.61

0.25 ± 0.01

7.8 ± 1.90

0.7 ± 0.20

0.2 ± 0.10

0.2 ± 0.11

0.2 ± 0.11

0

44.1 ± 4.70

LSD (0.05)

189.1

0.4

0.5

0.1

1.8

0.5

0.4

0.1

0.3

0.1

6.8

p value

0.010**

0.020*

0.010**

0.552

0.442

0.452

0.612

0.631

0.104

0.541

0.621

Barley - AC Synergy
Wheat

3053 ± 1526.5

64.2 ± 0.80

46.1 ± 1.20

0

1.5 ± 0.76

1.1 ± 0.30

0.3 ± 0.20

0.2 ± 0.11

0.5 ± 0.31

0

1.3 ± 0.32

Barley

4887 ± 863.7

63.1 ± 1.10

46.3 ± 0.30

0

2.7 ± 1.42

0.7 ± 0.21

0.5 ± 0.10

0

0.2 ± 0.11

0

2.4 ± 0.84

Canola

4502 ± 712.1

65.2 ± 0.40

46.2 ± 0.31

0

1.5 ± 0.57

1.9 ± 0.51

1.3 ± 0.20

0

0.7 ± 0.31

0

1.6 ± 0.31

Pea

4631 ± 585.3

65.3 ± 0.62

47.0 ± 1.11

0

3.0 ± 1.01

2.0 ± 0.30

1.2 ± 0.21

0.2 ± 0.11

0.7 ± 0.31

0

2.4 ± 0.50

Maize

4674 ± 716.4

64.1 ± 0.90

46.1 ± 0.62

0.20 ± 0.11

1.5 ± 0.20

1.7 ± 0.60

0.5 ± 0.31

0.3 ± 0.20

0.8 ± 0.20

0

1.7 ± 0.81

Soybean

4561 ± 326.8

64.2 ± 0.90

47.0 ± 0.40

0

1.7 ± 0.33

2.4 ± 0.20

1.2 ± 0.20

0

1.1 ± 0.30

0

2.3 ± 0.51

LSD (0.05)

870.4

0.8

0.7

0.03

0.1

0.4

0.2

0.1

0.3

0

0.6

p value

0.510

<0.010**

0.710

0.460

0.550

0.040

0.011**

0.384

0.371

0

0.652

TW: test weight, TKW: thousand kernel weight, FDK: Fusarium damaged kernels, All FUS: all Fusarium spp., FG: F. graminearum, FC: F. culmorum, FP: F.
poae, FA: F. avenaceum, LS Flag: flag leaf spots. P values are *, **, ***: significant at 0.05, 0.01, 0.001, respectively; (.) no data.
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Appendix D Pearson’s correlation coefficients (R2) for the crop sequence experiment at Lethbridge (AB) 2020.
TKW FDK Prot FHBi FHBs FHBin FLAGs PENi PENs FUS

TW
TKW
FDK
Prot

Yield TW
0.6
0.5
0.5
-0.1
ns
-0.2
-0.3

FP

FFUS

FCS

FFG FFP

ns
ns

ns

FHBi

ns

ns

ns

ns

ns

FHBs

ns

ns

ns

ns

ns

0.5

FHB in ns
FLAGs ns

ns
-0.1

ns
-0.1

ns
ns

ns
ns

1
0.2

0.4
ns

0.2

PENi
PENs

ns
ns

ns
ns

ns
ns

ns
0.2

-0.1
ns

-1
-0.1

-0.3
-0.1

-1
-0.1

-0.2
0.4

0.1

FUS
FG

ns
ns

ns
ns

ns
ns

0.1
ns

ns
ns

ns
ns

ns
ns

ns
ns

ns
ns

ns
ns

ns
ns

0.2

FP
FS
FA
CS

ns
ns
-0.1
ns

ns
ns
-0.1
ns

ns
ns
ns
ns

ns
ns
ns
ns

ns
-0.2
ns
ns

ns
0.4
ns
ns

ns
ns
ns
ns

ns
0.4
ns
ns

ns
ns
ns
-0.2

ns
-0.4
ns
ns

ns
-0.1
ns
-0.2

0.9
ns
0.4
ns

ns
0.1
ns

FFUS
FCS

ns
ns

ns
ns

ns
ns

ns
ns

ns
-0.1

ns
ns

ns
ns

ns
ns

0.2
ns

ns
ns

ns
ns

-0.1
ns

ns
ns

ns

FFG
FFP

ns
ns

ns
ns

ns
ns

ns
ns

ns
ns

ns
ns

ns
ns

ns
ns

ns
0.2

ns
ns

ns
ns

ns
ns

ns
ns

0.4
0.8

ns
ns

0.2

FMN
FSEP

ns
ns

ns
ns

ns
ns

ns
ns

ns
ns

ns
ns

ns
ns

ns
ns

-0.1
-0.2

ns
ns

ns
-0.1

ns
ns

ns
ns

0.3
-0.2

0.1
ns

ns
ns

Positive R2
Negative R2
ns

not significant

ns
-0.2

Correlation is significant at p<0.05, R2: correlation coefficient, ns: non-significant at p<0.05, Yield (kg/ha), TW: test weight (g), TKW: thousand kernel weight
(Kg/hL), FDK: fusarium damaged kernels, Prot: protein content (%), FHBi: FHB incidence, FHBs: FHB severity, FHB in: FHB index, FLAGs: flag disease
severity, PENi: penultimate leaf disease incidence, PENs: penultimate disease severity, FUS: All Fusarium spp., FG: F. graminearum, FP: F. poae, FFUS: flag
leaves Fusarium spp., FCS: flag leaves C. sativus, FFG: flag leaves F. graminearum, FFP: flag leaves F. poae, FMN: flag leaves M. nivale, FSEP: flag leaves
Septoria spp.
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Appendix E Pearson’s correlation coefficients (R2) for the crop sequence experiment at Saskatoon (SK) 2020.
Yield

TW

TKW

FDK

Protein

DON

FHBi

FHBs

FHB in

FUS

FG

FP

FFUS

FCS

TW
TKW

ns
ns

ns

FDK

ns

-0.2

-0.1

Protein

0.3

-0.6

ns

0.2

DON

ns

-0.2

-0.1

0.1

0.2

FHBi

ns

ns

ns

ns

ns

ns

FHBs

ns

-0.5

-0.3

ns

0.3

0.3

0.5

FHB in

ns

-0.5

-0.3

ns

0.2

0.3

0.6

1.0

FUS

0.2

-0.2

ns

0.5

0.2

0.2

ns

0.2

0.2

FG

ns

-0.2

ns

0.3

0.3

0.2

ns

ns

ns

0.7

FP

0.1

ns

ns

0.3

ns

ns

ns

ns

ns

0.6

ns

FFUS

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

0.2

ns

FCS

ns

0.2

-0.1

ns

ns

0.2

-0.3

ns

ns

0.1

0.1

ns

ns

FFG

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

0.2

ns

0.9

ns

FFP

0.1

ns

ns

0.1

ns

0.3

ns

ns

ns

ns

ns

ns

0.4

ns

FFG

FFP

Positive R2
Negative R2
ns

2

not significant

ns

Correlation is significant at p<0.05, R : correlation coefficient, Yield (kg/ha), TW: test weight (g), TKW: thousand kernel weight (Kg/hL), FDK: fusarium
damaged kernels, Protein: protein content (%), DON: deoxynivalenol (ppm), FHBi: FHB incidence, FHBs: FHB severity, FHB in: FHB index, FUS: All
Fusarium spp., FG: F. graminearum, FP: F. poae, FFUS: flag leaves Fusarium spp., FCS: flag leaves C. sativus, FFG: flag leaves F. graminearum, FFP: flag
leaves F. poae.
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Appendix F Pearson’s correlation coefficients (R2) for the crop sequence experiment at Brandon (MB) 2020.
Yield

TW

TW
TKW

0.7
0.4

0.6

FDK

ns

ns

ns

Prot

0.3

0.2

ns

ns

DON
FHBi

ns
ns
ns
ns
ns
ns
ns
-0.2
ns
ns
ns
ns
ns

ns
ns
ns
ns
ns
ns
ns
-0.4
ns
ns
ns
ns
ns

ns
ns
ns
ns
ns
ns
ns
-0.2
ns
ns
ns
ns
ns

ns
ns
ns
ns
ns
ns
ns
ns
ns
-0.2
ns
ns
ns

FHBs
FHBin
FUS
FG
FP
FC
CS
FCS
FFUS
FFP
FSEP

TKW

FDK

Prot

DON

FHBi

FHBs

FHBin

FUS

FG

FP

CS

FFUS

Positive R2
Negative R2
ns
-0.2
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

ns
ns
ns
ns
ns
ns
ns
ns
0.7
ns
0.2
0.2
ns

0.4
0.9
ns
ns
ns
0.2
ns
ns
ns
ns
ns

0.6
ns
0.5
0.3
ns
ns
ns
0.2
0.2
ns

ns
ns
ns
ns
ns
ns
ns
ns
ns

0.5
0.2
ns
ns
ns
ns
ns
ns

0.2
ns
ns
ns
ns
ns
ns

not significant

ns
ns
ns
ns
0.4
-0.4

ns
0.3
0.3
ns

0.9
ns

Correlation is significant at p<0.05, R2: correlation coefficient, Yield (kg/ha), TW: test weight (g), TKW: thousand kernel weight (Kg/hL), FDK: fusarium
damaged kernels, Prot: protein content (%), DON: deoxynivalenol (ppm), FHBi: FHB incidence, FHBs: FHB severity, FHB in: FHB index, CS: C. sativus, FUS:
All Fusarium spp., FG: F. graminearum, FP: F. poae, FC: F. culmorum, FFUS: flag leaves Fusarium spp., FCS: flag leaves C. sativus, FFG: flag leaves F.
graminearum, FFP: flag leaves F. poae, FSEP: flag leaves Septoria spp.
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Appendix G Site conditions during the three-year experiment at Lethbridge, AB.

na: No information available, GR*: glyphosate resistant variety, LS: leaf spots assessment, FHB: Fusarium head blight assessment.
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Appendix H Site conditions during the three-year experiment at Saskatoon, SK.

na: no information available, GR*: glyphosate resistant variety, LS: leaf spots assessment, FHB: Fusarium head blight assessment.
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Appendix I Site conditions during the three-year experiment at Brandon, MB.

na: No information available. LS: leaf spots assessment, FHB: Fusarium head blight assessment.
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Appendix J Isolation frequency (%) of F. graminearum, F. poae, F. culmorum, and F. avenaceum by year, host crops, province and
city during the crop sequence study. Frequency of Fusarium spp. in canary seed was <0.001% and the isolation frequency of F.
sporotrichioides was <0.02% throughout the study.
Year
2018

Crop
wheat
barley

durum
oat
2019

wheat
barley

durum
oat
2020

wheat
durum

Province
Alberta
Manitoba
Alberta
Saskatchewan
Manitoba
Alberta
Saskatchewan
Saskatchewan

City
Lethbridge
Brandon
Lethbridge
Saskatoon
Brandon
Lethbridge
Saskatoon
Saskatoon

F. graminearum
1.6 ± 1.62
0
0
4.3 ± 2.84
0.7 ± 0.66
0
1 ± 0.1
0.3 ± 0.31

F. poae
0.3 ± 0.60
0.3 ± 0.13
2.7 ± 2.18
3 ± 2.07
0
1.3 ± 0.67
1.3 ± 0.33
1.6 ± 0.31

F. culmorum
3 ± 2.90
0
0
0.3 ± 0.43
0.3 ± 0.12
0
1.7 ± 1.67
0

F. avenaceum
0
0
0
0
0
0
0
0

Alberta
Manitoba
Alberta
Saskatchewan
Manitoba
Alberta
Saskatchewan
Saskatchewan

Lethbridge
Brandon
Lethbridge
Saskatoon
Brandon
Lethbridge
Saskatoon
Saskatoon

0.6 ± 0.13
0.5 ± 0.14
1.1 ± 0.32
0.3 ± 0.13
0.8 ± 0.12
0.9 ± 0.22
1.9 ± 0.45
0.4 ± 0.28

0.9 ± 0.23
0.5 ± 0.13
0.5 ± 0.12
0.2 ± 0.10
0.6 ± 0.11
1.5 ± 0.32
0.1 ± 0.11
0.2 ± 0.19

0.2 ± 0.13
0.1 ± 0.04
0.1 ± 0.05
0
0.1 ± 0.05
0.1 ± 0.02
1.6 ± 0.31
0.2 ± 0.15

0
0
0.1 ± 0.02
0.1 ± 0.08
0
0.2 ± 0.10
0.4 ± 0.21
0.2 ± 0.18

Manitoba
Alberta
Saskatchewan

Brandon
Lethbridge
Saskatoon

1.4 ± 1.5
0.2 ± 0.36
1.1 ± 1.25

1.5 ± 1.4
1.1 ± 0.9
1.3 ± 1.31

0
0
0.03 ± 0.18

0
0.2 ± 0.41
0.1 ± 029
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Appendix K P values from the analysis of variance for the host and non-host test and the effect of each 2019 stubble for each
parameter measured at Lethbridge (LE), Saskatoon (SK), and Brandon (BR) in 2020. Values were declared significant at p ≤0.05 and
non significant (ns) at p >0.05.
Test
H/N
test
2019
stubble

Site
LE
SK
BR
LE
SK
BR

Yield

TW

TKW

0.010
<0.001
<0.001
<0.001
<0.001
<0.001

ns
0.030
0.004
<0.001
0.020
<0.001

ns
ns
0.02
0.04
<0.010
<0.001

Protein
content
0.020
0.040
<0.001
<0.001
<0.001
<0.001

DON
content
.
ns
.
.
0.010
.

FHB
index
ns
ns
0.040
ns
0.010
ns

Leaf
spots
0.010
ns
ns
<0.001
0.001
0.030

FUS

FG

FP

0.010
ns
ns
<0.001
0.020
ns

ns
ns
ns
ns
ns
0.020

0.020
ns
ns
0.020
ns
ns

CS
ns
0.030
ns
ns
<0.001
ns

PYN
0.010
ns
ns
ns
ns
ns

(.) not detected, DON: deoxynivalenol content, FHB index: Fusarium head blight index, isolation frequency of FUS: total Fusarium spp., FG: F. graminearum,
FP: F. poae, CS: C. sativus, and PYN: Pyrenophora spp.
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