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Abstract

Leaf spot diseases and, to a lesser extent, fusarium head blight (FHB), are a serious threat to
wheatproduction in AlbertaTo manage leaf spots, some growers apply fungicidesnaed

with herbicidesor plant growth regulator GR)at early growth stage$hese practices

however conflict with previous research suggagtlater fungicide applicatisto be more
effective.In fact, overtime these practicasayincreasehe risk of fungicide resistancaaking
current fungicide tools ineffectiv&@welvefungicide treatments were tested in 8@hd 2019
across eight sitgears in Alberta, to determinke yield and quality benefits of fungicide rates
multiple fungicideapplicatims(single, dual and tripleand the performance of single and
multiple fungicide modes of action (MOA) at four different growth staB8CH 22-23

(herbicide timing), BBCH 32 (PGR timing), BBCH 3915 (flag leaf), BBCH 6463 (head
timing). Treatments werapplied to two Canadian Western Red Spring cultivars, AAC Brandon
and AAC Viewfield and compared with a nd@reated control. Bth cultivarshave

60i nt er medi #tleaf8pots and differenageretic resistance to BElfdrding to the
Alberta seed guide 202T0hese commonly grown cultivasse recently registereahd have
improved genetic disease resistanEeurof eightsite-years showed significant yield responses
to fungicide treatments. Overall, earlier fungicide applications (BBGB3and BBCH 3€B2)
had lower yield and quality versus the later fungicide applications (BBCA453hd BBCH 64
63). Foliar and flag leadiseasdevels, at the end of the growing seaseeate also highewhen
fungicides were applied at early growth stagesuswhenfungicide treatmentaereapplied at
later growth stagesThis is due to the fungicide applications at later growth s{@gSH 3945
and BBCH 6163) protectng the top yielding leaves in the upper candpgnerally, single

fungicide applications had 3% (0.2 thdower yields and 45% higher foliar disease compared



with dual or triple fungicide applicationdt most sitesthere were no significant differences
between AAC Viewfield and AAC Brandonmith respect tdeaf spot severity, fusarium damaged
kernels,or mycotoxin levelsThere was no difference among fungicides rates (recommended
versusl.5xlabel rate) and single v&us multiple fungicide MOAlikely due to thdimited

disease pressure observed at earlier growth stages. Bathesistady,singlefungicide
applications at BBCH 385 (flag leaf) and BBCH 6863 (head timing)or dual fungicide
applications at thesers®& growth stagesre recommended to maintain productivity and
profitability. However resultswere highly dependent on whether notthe environmental
conditionswereconducive for disease development. Four site years in this study had conducive
conditions for disease development and fungicide applications were economically justified.
contrast at the other four sites, conditions were not favorable and fungicide applications were

unnecessary.
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Chapter One: Introduction

1.1. Background

1.1.1. Wheat production in westernCanada

Wheat {riticum aestivuni..) is one of the leading cereal grains produseddwide. It
is a membepf the Poaceae family and is usually grown for its sesith provides over 2@ of
the caloriedor theglobal population(Bushuk and Rasper 1994; Oleson 199dsticide Risk
Reduction Program Canada 2013ince the 1920s, wheat has played a major role in western
Canadabds financi al .ThePririecdPovincgsManitoba,dSaskatchewvgnme n t
and Alberta, are responsible fogarly allo f  C a spaird)whéat productionas they have
productive, arable land thatugell suitedto this crop(Campbell et al. 2002; McCallum and
DePauw 2008 In 2018, aboub3% of theharvestedcres of wheat were Baskatchewan, 30
in Albertaand12% in Manitobg with the remaining% in theeastern Canadian provinces
(Statistics Canada 2018)here are three main types of wheat produced in Canada, hexaploid
springwheat . aestivunil.), hexaploid vinter wheat . aestivunL.) andallotetraploiddurum
wheat(T. turgidumL. ssp.durum(Desf.) Husn. T h e 0 sspresowngndhe $psing and
harvestedinthefgivh er eas &6éwi nter & types athedollowiege ded i n
summer or early fallMcCallum and DePauw 2008; Pesticide Risk Reduction Program Canada
2019) Of these three, spring breadheat a subclassof spring wheatis the most producedith
an average of 2268,007metric tonnegMT) overfive years (2015 2019; durum wheats
second with about 5,766,900T of productionand winter wheat comes third with 2,607,800
MT from 2015 to 2019Statistics Canada 2019)

The popularity of spring wheats attributed to i$ capacity to meetomestic and export

markd needsUnder this category, the Canadian Western Red Spring (CWRS) cuéreging



mostcommon as they have a wide range of adaptation quabtneyood flour milling
characteristicandcan be usetb makea variety of baked good$herefore CWRS cultivarsare
sought out and priced afpremiumon world markets Thus CWRS cultivargepresengood
economic choicefor western Canadn wheatfarmers(McCallum and DePauw 2008h 2017,
Canadavasamongthe top 10 countries for wheat productenmd third for wieat exportation
(about 22,061,500MT) (FAOSTAT 2017a; FAOSTAT 2017b; FAOSTAT 2017c)
1.1.2. Wheat diseasein western Canada and associated yieldsses
1.1.2.a Foliar diseases

Survey @ta collected in 2B4, 2015 and 201khdicatedthat the main foliawheat
diseases of concemn theCanadiarprairiesare spot blotchRipolaris sorokiniangSacc.)
Shoemaker), tampst (Pyrenophora triticirepentis(Died.) Drechsler)stripe rustRuccinia
striiformis Westend), leaf rusPuccinia triticinaErikss) and the multiple pathogens associated
with theseptoria leaf spot compleXhesencludeZymoseptoria triticsyn Mycosphaerella
graminicola(Fuckel) J. Schrét. which is a causal agent 8tptoriatritici blotch (STB) and
Parastagonospora nodoru(Berk.) Quaedvlieg, Verkley, & Crous, whichtrse causal agent of
stagonosporaodorum blotch (SNBfMacLean et al. 2018; Murray et al. 2015; Pesticide Risk
Reduction Program Canada 20I®eincidence and severityf each diseasearies across the
Prairies but all of the diseases avéidespread and occannually For example, in Manitohadan
spot,the septoria leaf complex, leaf and stripe rust henaderate incidence and severity
comparison, spot blotch, tan s@otdstripe rustareof concern in Albertaand theseptoria leaf
complex occurs yearly butith generallyiow incidence and severityn Saskatchewarthe
septoria leaf complex and tan s@wethe main diseases of whe€Bailey et al. 2000; Pesticide

Risk Redution Program Canada 2019)



Under suitablenvironmental conditionghese diseaseanincrease the risk of yield
loss.Field trials in the US and Australia reported tlzat $pot may lead @50-70% yield loss
and in severe cases there camBe20% reductionin thousandernel weigh{ TKW) (MacLean
et al. 2018; Shabeer and Bockus 1988ptoria tritici blotch(STB) andSNB are responsibléor
a range of yield losses from-8B%. Specifically,SNB infections tend t@auseminor yield loss
of about 1815% but this is highly variabld-or bothdiseasesthe worldwide loss in 1982 was
estimated to be 9 millioMT with a value of over U.S. $1Ibon. In severe epidemics, wheat
kernels of susceptible cultivansay shrivel up and cannot be mill¢Byal et al. 1987)

Yield losses associated witte leaf spotgdlependon the yearlocation, environmerdand
cultural practicegEyal et al. 1987; MacLean et al. 2018)hen there is ample rainfall or dew
combined with high humidit moisture on the leaf surfaceeates a perfect environment for
pathogens to thriveesulting inmajor lossedn susceptible anlibsser losses iresistantcultivars
(Hosford and Busch 197450r exampleEvans et al(1999)found thatinoculated plotsawa 15
to 16 reduction inyield in Oklahoma due to leaf spotmilar findings were reported by
Shabeer and Bock{$988) who reporteda 17% yield loss from infections early in the season
on winter wheain KansasWheatyield losses were almost Bin Australia in untreated plots
(Rees et al. 198\lacLean et al. 2018)
1.1.2.bFusarium damaged kernels (FDK) anddeoxynivalenol(DON) levels andFusarium
risk

Fusarium head blight (FHByauseé by Fusarium graminearurchwabesensu lato
(syn.Gibberella zeadSchwein.) Petch)s anothemajor diseasef cereals commoanthe
CanadiarPrairies The disease causes {tnature senescence of the whole spike or plaeteof

ultimatelyresulting inyield lossegfMacLean et al. 2018Additionally, infected heads are



known to contairFusariummycotoxins that are associated with chronic or acute mycotagicos
in livestock and human@Bottalico and Perrone 200Xy urrently, F. graminearumis established
in Manitoba wherét is widespreaédndcausinghigh FHB severity The disease has been a
problem since its first appearance in 1923 on stubbk, where it overwinterand produces
spores in favorable conditiorSince thenFHB has been increasing imcidence In 1997
fusarium damaged kerndlBEDK) wereidentified from21.9% ofManitoba bread wheat
acreageAs the yearviavepassedl. graminearumhas become increasingly common, vitie
Manitobagovernmentreatinga fusariumrisk report to predicthefuturelikelihood of fusarium
infections(Canadian Grain Commission 2019@yer the perioduly 1317,2019, Manitoba
saw an extreme risk #8fHB andmost of the southern raan was forecadb beat a high-HB
risk (Manitoba Agriculture 2019)

In the mid to late 19808HB wasfirst observedn Albertad srigated areasin 1996,F.
graminearumwasdetectedat extremely low levels in irrigated areasd in a few whedteldsin
southern Alberta, near Edmont@md in northwestern Saskatchew@mce then, Saskatchewan
and Alberta have segenerallylow, but increasindgevels ofFHB. In 1993 and 294, southern
Saskatchewan and crop districts bordering Manitoba begpamtingF. graminearumin durum
wheat, barley, and oatim Alberta in 2009, over 2@ of the CWRSand durum wheat was
downgradediueto FDK and associateahycotoxinslevels wereaboveacceptedevels
Nonetheless,@art from southern Alberta, there are few reported cadeslBfin the rest of the
province(Canadian Grain Commission 20194)comprehensive disease management program
will aid growersin limiting exposureof their cropgo FHB andthe associategield and quality

losses



1.1.3. Wheat disease management in western Canada
1.1.3.a Crop rotations in western Canada

Crop rotations are defined growing a planned sequence of crops on the same land in
reoccurring successi (Bullock 1992) It requiresanintegration of management practices and
diverse plant genotypes pooducecrops andachieveenvironmental benegt(Bullock 1992;
Cook 2006; Kutcher et al. 2013jleally, a sustainable croppirgystem willalso help tacontrol
soil erosion and maintain soil hea(tkutcher et al. 2011)A diverse mix of cropwvill increase
biological diversity while maximizig profits.

Crop rotations are a fundamental sty to mitigatehe impact ofesidue borne plant
pathogns. These pathogens use deasttissues to reprodeanddisseminatepores to infect
incoming host crop(Cook 2006) The risk is greater whesrop residegre left unburieen the
soil surfacewhich is commonwith no-tillage farming Crop rotations provida gapbetween
susceptible host cropallowing more time forsoil or residue borne pathogeto die outEven a
1-year break, in some cases, can provide significant relief in pest préSsoke2006)
Nonethelessshort crop rotationsiay not provide sufficient control for some pathogesnst is
ultimately recommended iacludeacomplex diversity of host crops in3ayear or longer
rotation(Bullock 1992; Cook 2006)

In western Canada, due to current competitive global commodity markets, faphass
primarily growtwo crops, canolaBrassica napus.) and wheatT. aestivunlL.). Thesewo are
the most economically profitable crogsd n the last 1612 years, canol& grownmore
frequently than once in four yeamsaking cereatanola rotatioesand canola monocultures more

common(Kutcher et al. 2013)According toStatistics Canad@017) in 2016 canola was the



most widely growrfield crop in Canada whit20.6 million acresThe £cond was Wweat which
wasseeded od5.7million acres

In Albertain 2019 7.4 million acresvere seeded to allheatvarieties(spring, durum,
and winter wheatyith 7.2 million acres harvested@iotal wheatproductionwas 103 MT,
representing about3% of the total crop production in Albertin comparison5.9 million acres
of canolawere seeded iAlberta 2019 of which 5.8 million acres were harvested. Canola
production was 5.®81T, representin@2% of thetotal Albertacrop productiorin 2019
(Government of Alberta 2019; Statistics Canada 2@®m 2016 to 2020, an average of 6.3
million acres of canola and 7.4 million acres of wheat (spring, durum, and wieterseeded in
the province.

A 12-year (2008 2020)rotationalstudyconductedy Harkeret al (2015) documented
anincreasean pest problemsThe highest disease levelscurred inthe continuous canola
rotations.Thetwo-year wheatanolarotatiors did not have adverse effects on wheat or canola
yield in the short ternfBarker 2018) Howeverovertime, shortrotatiors result inyield
reductions and increag@roducticn/management costs diseasesuild up (Kutcher et al.
2013) Another concerning factas that higher disease presslgadsgrowersto rely more
heavily onfungicidesfor diseaseontrol Asfungicideapplicationancrease, the risk of
fungicide resistance alsocreases.

As these problems surface, growers need to effectivelfungecidesfor disease
managementhile maintainingthemasviabletoolsfor thelong term. Tls requies managing
fungicide timings, fungicide modes of acti(OA) and frequency of use. For example, to
manage most foliar diseasésngicide applicatiorat growth stag8BCH 39 (flag leaf

emergencels recommendetb protect the green of the leak the tp three leaves in wheat are



responsible for grain fillingTurkington et al. 2015) The optimal timeor the application of
fungicides forFHB control isat BBCH 60 (beginning of anthegigWiersma and Motteberg
2005) There are also studies thatvefoundthatmultiple applications of fungicide with
differentMOA providesimprovedcontrol. Wiersma and Motteber@005)reportecthat
applying propiconazolplus trifloxystrobinat BBCH 15 followed by a tebuconazoée BBCH
60 provided the best leaf spot disease contesultingin a 1:31% yield increasen hard red
spring wheat

Avoiding sublethalfungiciderates is keyo reducing the risk of fungicide resistance
Unfortunatelymanycereal growerapplya half rateof Tilt 250E(62.5g propiconazolka?)
tank-mixed with herbicides at early growth gés BBCH 13-23). This is usuallyanattractive
option to famerslue to lover fungicidecost and conveniee, as one pass over the figithy
provide bothweed andlisease controHowever, many previous studies have found that this
practicehaslittle, or no yield benefitattributed to disease contrél study conducted with
spring wheatn Saskatchewasuggested thdtingicide applications &@BCH 41-75were

optimal compared witkarlier timinggDuczek and Joneslory 1994)
1.2. Researchobjectives

The overall objective of the projecttis identify the optimum fungicide application practices for
achieving yield, qualit, and profitability in GVRSwheat.
My specific objectivesvere

1.2.1.To determine the yieldjualityand economic advantages of single fungicide
applications at BBCH 223 (23 tillers) [herbicide timing], BBCH 3@2 (stem elongation)
[plant growth regulator (PGR) timing], BBCH 3% (flag leaf), and BBCH 663 (1030% of

anthers are maturen twoCWRScultivars AAC Brandon and AAC Viewfield.



1.2.2.To determine the effects of single fungicide applications timings at BBC2B22
[2-3 tillers (herbicide timing)], BBCH 332 [stem elongation (plant growth regulator (PGR)
timing)], BBCH 3945 (flag leaf), ad BBCH 6163 [10-30% of anthers are mature (head
timing)] on diseas@cidence andgeverityon AAC Brandon and AAC Viewfield

1.2.3.To determinethe yield, quality, and economic benefits associated with the
application of multiple fungicide MOAs, high#ran label rates, and multiphengicide

applicationson AAC Brandon and AAC Viewfield
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Chapter Two: Literature Review

2.1. Fungicide groups used in Alberta
2.1.1. What are fungicides?

Fungicides are chemical agents that kill or inhibit the growth of funfyiragi-like
organismgMueller and Bradley 20Q08Fungicides come in many different forms such as foliar
fungicides, seed treatmenfsngigatiors, and infurrow treatmentsFoliar fungicides are
commonly used in field crops to manage surface lesiaraboveground plant tissu&eed
treatments mvide protection fronsoil or seed borne fungi that can cafisearium head blight
(FHB), rotting, damping offind/orseedling blightFungicide seetreatmers may help the seed
to establish in an unfavorable environment such as cold, wet weathénesetd isof poor
guality (Mueller and Bradley 2008Fungigation is a applicatiormethod where fungicides are
applied througla sprinklerirrigation systen, while in-furrow treatmentsarewhen the soil is
drenchedvith the fungicidethrough drip irrigation aplanting(McGrath 2004Mueller and
Bradley 2008.

Fungicices have a long histogoing back tadhe 1800swhenlime sulphur sprays were
usedto control plant pathogens. The discovery of the Bordeaux mixture in 1885 and the use of
copper compounds on downy mildew of grapes accelefatgiciderelated researcand the
discovery ofmore novel ways of controlling pathoggiollomon 2015) As the years
progressedmore specific modes of actighlOA) were discovered such as the benzimidazoles,
carboxamides and primitive sterol biosynthesis inhibitors (SBIs). Eventhallyicides with
specificMOA and systemic properties wetevelopedrepresenting &rue progression in

fungicide technology.
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As more fungicidewere developed, thdyave beemrlassifiedaccording tcsix
categoriesmobility in the hostrole inplantprotection, metabolic activityylOA, chemical
group and the Fungicide Resistance Action Committee (FRAC) gfeyeller and Bradley
2008)

2.1.2. Fungicide classification
2.1.2.a Mobility

There are two different types of fungicidebility. First are the entactor protectant
fungicidesthatremain on the surface of the plant whrey wereapplied andio not penetrate
the leaf. Repeated applications of the fungieiderequired to provide continuous protection
especially if there is the chance of fungicide degradation through sunlighfrrarigaton.
These types of fungicides do not offer aamgtectionafterinfection

The second aregystemic fungicideshatpenetrate or are absorbed by the plant tissue and
may offer some after infectiqorotection These fungicides can move upwanashe plant via
the xylem tissu¢Mueller and Bradley 200&nd when applied to the root zone they are
absorbed by the roots and move upward through the plant with the transpiration &theam.
applied to the foliagehe fungicide moves through the leaves where it was depesitidfords
those leaveprotecton. Leaves that do not have fungicide deposition will not be protected. If
there are fungicide droplets on the stem, then the fungicide will be able to move uipvwheds
plant and protect new leaves. However, no fungicide will move towards the rooty sodHeft
unprotectedMcGrath 2004) Phloem mobile systensa r e fit r ueo or sasmphi bol e
they have bidirectional mobility where fungicidactivesmove towards the roots tre leaves

regardless of where they were depositaxtally systemic or translaminar fungicides only move
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asmall distancérom the deposition point tother parts of the ledMcGrath 2004Mueller and
Bradley 2008.
2.1.2.b  Role inprotection

There are threeategorie®f fungicideprotection activity preventive, earinfection, or
antisporulantPreventive actity is when the fungicide acts as a protective baagginstplant
pathogens. Tése fungicides shield thmant from potential pathogens that arrbefore infection
takes holdMueller and Bradley 20Q8Contact fungicidearean example of areventive
fungicidebecause they come into contact with the leaf surface to provide prot@dtiGnath
2004) Some fungicide in this category include Br&@0, Bravo ZN or Dithane DG 71®lberta
Agriculture and Forestry 2020a)

Early-infection activity is when the fungicide penetrates the plant and stops the pathogen
in the plant tissues. These fungicides are ussghyemic an@ffective 2472 h afterinfection.
Theyalso have preventive propertigmtprotect the plant before infean happengMueller and
Bradley 2008 Some examples of this type of mobility include Quilt, Caramba and Blanket AP
(Alberta Agriculture and Forestry 2020a)

Anti-sporulant activity is when the fungicslprevent spore production. These types of
fungicides are effectivan preventingurtherdisease develapentor thelesionsfrom getting
larger.Prevening spore productiofimits inoculumat the time of infectiorthus reducing the
risk of future infectiongMueller and Bradley 2008Some of these fungicide are Quadris and
Quilt (Alberta Agriculture and Forestry 2020a)
2.1.2.c Metabolic activity

Metabolic activity refers to whether a fungicide is single site or multisite. Single site

fungicides tend to be systemic and are active against a single critical enzyme or protein. Multisite
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fungicides affect a number of different metabolic sites witHfumgus or pathoge{Mueller and
Bradley 2008)
2.1.2.d  Mode ofaction (MOA)

Mode of actiorrefers to the mechanism by whicliuagicide kills or suppresses fungi
eitherby damaging cell membmas, inactivating critical enzymes or proteioisby interfering
with essential biochemical pathways such as respir@tioieller and Bradley 20Q8Each
fungicide has its own unigdOA which targets specific pathogefiRAC 2019).

Currently, there are 56 specific fungicide MOA that are available for use and classified
under the FRAC coddHermann and Stenzel 201®8)owever, there are only a few fungicides
that are appropriate for each crop region and are restricted in others due to small market size or
the fungicide not being register@dermann and t&8nzel 2019)Of the56 MOA, afew dominate
the market. For example, SBipresenbver 30% of the marke®4% ofwhichare
demethylation inhibitor (DMIs) fungicides. The quinone outside inhibitQrdg) hold over 20%
of the global market and the sutate dehydrogenase inhibitors (SDHIs) have quickly become
populat representing ver 8% of the market in 2015 which ¢
(Hermann and Stenzel 2019)

Additionally, knowledge ofMOA can help in developingdiversedisease management
program(McGrath 2004)FRAC usesheseMOA to classifyfungicides along withtheirtarget
sites, groumames based on chemical structure, chemical groups accorditng boternational
Union of Rure andApplied Chemistry(IUPAC), and theicrommon name and risk of resistance
(FRAC 20D).

2.1.2.e Chemicalgroup
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Chemicalgrouping is based ahe chemical nature of the compouithe homenclature
is according to the IUPAC and Chemical abstract ndfRAC 2019) Each group camclude
one or more chemicaulgroups.For example, the group SDHksdivided into eleven
sulgroupsincluding thephenytbenzamides, pyrazekécarboxamides, pyridine carboxamides
and so on
2.1.2f FRAC group/code

Numbers and letters are assigned to fungicide groups depending to theresrsisae
behavior(FRAC 2019). This is the code usediefine the group number on product labels. It is
usually assigned according to the time of product introduction to the madiee of thdetters
usedare@6(host plant defense inducerdy)6(chemical nulti-site inhibitors),dJ6(unknown
MOA and risk of resistance), adBM 6 (biologicals with multiple MOA)Whenthe products in
thedJdgroupare definedthey areeclassifedinto a new code-or example, the SDHIs are
assigned the | etter @QGdentifeentdemuondenthecategoryaf. The |
fungicides that target cell respiration azah be shared with other fungicide groupsthat
number 0706 uniquelSPHIgrauent i fi es them to the
2.1.3. Most common tungicide MOA: Demethylationinhibitors (DMI), quinone outside
inhibitors (Qols) and thesuccinate dehydrogenase inhibitor¢SDHI)
2.1.3.a Demethylationinhibitors (DMI)

The DMIsare the largest sufroup within the SBfungicides Theyare categorized as
group 3 under the FRAC codEhesefungicides are low cost araffective against a broad range
of fungi (Mueller and Bradley 2008; Price et al. 20IR)ey were first introducenh the1970s
as imazalil and triadimefofPrice et al. 2015DMIs inhibitt h e s t-égemaihylasé 4 U

cytochrome P450QYP5]) in fungi, which is a regulatory enzymeviolved inthe ergosterol
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biosynthetic pathwagFRAC 201&; Mueller and Bradley 2008; Price et al. 20IR)is results in
abnormal fungal growth and ultimately cell death.

However, each DMI fungidie acts slightly different on biochemical sterol production to
achieve cell death. For example, triazdl@sazoles)part ofthelargestchemical group under
the DMIs, have no effect on spore germination because the spores contain enough sterol to
produce germ tubeand somevenhave enough tproduce infection structurédueller and
Bradley 2008 Some triazoles have argporulant properties where they can inhibit spore
produdion and slow disease developmednit if the fungus begins to produce spores then the
triazoleswill not have any effectDMI fungicides may be used as preventive fungicides when
applied early in the season or before early fungal infectibleverthelesgheyare usually
locally systemiandreadilytaken upby the plant, having residual period of about 14 days
(Mueller and Bradley 2008Some common DMI fungicides used in AlbernaludeQuilt, Tilt
250E, TrivaprandPivot 418 EQAlberta Agriculture and Forestry 2020a)
2.1.3.b  Quinone outside nhibitors (Qols)

Categorized as group 11 under the FR&@ing systenthesebroadspectrum
fungicides include three familiethe strobilurins, fenamidone and famoxaddrtee strobilurins
are an important sufproup of fungicides in agricultundinclude a variety of fungicides
registered for use on field crops such as ggwbin, fluoxastrobin, pyraclostrobin, and
trifloxystrobin (Mueller and Bradley 2008 hese werdevelopedrom a naturally occurring
fungalderivative b-methoxyacrylic acidwhich isfound ina range of Basidiomyceteood
rotting fungi In contrast fenamidone and famoxadone are synthetic fungidiflaglett & al.

2002;Mueller and Bradley 2008
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These fungicides inhibinitochondrial cell respiration by binding to the €)e of
cytochrome bocated in the inner mitochondrial membrgBartlett et al. 2002)The fungicide
blocks electron transfeéo cytochromee which disrupts the energy cycle and halts adenosine
triphosphate (ATP) productigiBartlett et al. 2002)Cell functions dependent on respiration,
such as spore germinatiandmycelial growth, are very sensitive to strobilurins and will not
proceed normallyGewehr and Sauter 2019)

Group 11fungicidesshould be applied as early as possible to prevent infectioos
they prevent spore germination. They will not have any effect when the fungus is growing inside
the plant tissue. These fungicides are usually locally systaithoughsome camove through
the xylem. They have a residual period of abeff aygMueller and Bradley 2008Some
commonQol fungicides in AlbertancludeTrivapro, Elatus, Evito, AcapendTwinline
(Alberta Agriculture and Forestry 2020a)
2.1.3.c  Succinatedehydrogenase inhibitors(SDHI)

Succinate dehydrogenase inhibitors (SDHI), classdiggioup 7 under the FRAC
system are one the fastest growing classes in terms of new products launched in the market
(Sierotzki and Scalliet 2013y heir popularity is attributed to their high level of activity and
diversechemical structureAdditionally, they are a great alternatite DMIs andQols aspart
of anintegrated pest management progitanauseheyare at dowerrisk of fungicide
resistancéSierotzki and Scalliet 2013karly SDHIs(generation)lincluded carboxin and
oxycarboxinand werantroduced irnthe 1960s. They are highly effective agaiRkizoctoniasp.,
rusts antherbasidiomycete pathoge(venot and Michailides 2010; McKay et al. 2011)
Newer SDHIggeneration Il) that includenovelcompounds (adepidynghodanil,

benzovindiflupyr, bixafen, boscalid, carboxin, fenfuram, fluindapyr, fluopyram, flutolanil,
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fluxapyroxad, furametpyr, inpyrfluxam, isofetamid, isopyrazam, mepronil, oxycarboxin,
penflufen, penthiopyrad, pydiflumetofen, sedaxane, thifluzamide)zdegorized as broad
spectruntor controllingfungal activity on a variety of crogé&venot and Michailide 2010;
FRAC 201®; McKay et al. 2011)

The SDHI fungicide targetsuccinate dehydrogenase (SDH) in thiéochondrial electron
transport chainOncethe fungicidebindsto thetargetsite, it blocks fungal respiratiorso thecell
eventuallyis starved of energgnddies(Avenot and Michailides 2010; Sierotzki and Scalliet
2013) These fungicides can range frémeally system to systemic and tiremovement is
usually translaminar and upwar@dueller and Bradley 2008Some SDHI fungicides in Alberta
includeTrivapro, Lance Ag, Aprovia TopandPriaxor(Alberta Agriculture and Forestry 2020a)
2.2. Fungicideresistance

Theroutineuse of fungicides has allowed fanintensification of moderngaiculture
boosing crop yields improvng quality and ensumg stable productiofHollomon 2015; Lucas
et al. 2015)However,in any population therarerare distinct genetimdividuals that will
survive fungicide application&ince fungicides are tools that disrfyphgalmetabolism, it is
inevitable thasomepathogen populations will contaiasistanor insensitivandividuals
(Hollomon 2015)Not until the 1970s did these resistant individuals become more common and
result in the rapid loss of fungicide efficacy.

Some chemical classes of fungicides srore prone tdevelopment ofesistance. FRAC
has developed a list of fungicide groups that indethterisk of resistance. For example,
fungicidegroup 1 the methyl benzimidazole carbamat®¥Cs), is at a high risk of resistance,
DMis areat a medim riskwhile multisite fungicides (chlorothalonil, coppers etc.) are at a low

risk (Brent and Holloman 2007; FRAC 201®dditionally, there are a veinstances where

21



resistance risks are shar&ar instanceif a new fungicidgroductis from ahigh resistance risk
class then the highisk of resistancextends to the nefungicide products well. This is also
possible if two fungicides have closely related target sites but are from different classes. This is
known ascrossresistancéBrent and Holloman 2007a

2.2.1. Fungicideresistancean Europe

Fungicide resistance is more apparent in Europe, compared to North Amenuar,ea
intensivefungicideprogramsvereadoptedearlierto increaserop yields(Lucas et al. 2015)
The yield increasereated an incentive for growers to use fungicides regulavntually,
nearly 100%of cereal crops the UKreceivedtwo to three fungicidapplications per seaspon
including seed treatmentsnd even more if there was high disease pressheeintroduction of
new single site inhibitors such as DM@ols and SDHIs further accelerated the usage of
fungicides as they were more effective irrgating plant pathogens and protecting crop yield
and quality Eventually,many regions of Europgegan taeport the occurrence of fungicide
resistam pathogernisolates.

A classic examples thedevelopmenbf resistance tonethyl benzimidazole carbamate
(MBCs) in eyespot of cereajsaused byOculimacula yallundaandO. acuformis in
northwestern Europ@reviously these fungiere thought to be at low risk déveloping
resistance due to their monocyclic (one generation per sezeomg¢andshortdispersal
distancewia rain splash However studies in Germany found that MB@Gngicide treatments
resulted ina small population afesistant individuals The UK alsobegan toreportresistant
Oculimaculaspp. at much higher leveld.ucas et al. 2015Bierman et al(2002)looked at the
proportions othe fungal populatiosensitiveto MBC (carbendazimyvhen this fungicide was

applied in isolation vs. in combination witither fungicide®ver five season3.hey found that
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treatmentvith MBC or MBC + DMI resulted in almost 100% resistant population withiane
or two seasondn contrasttreatmentsvith a DMI or afungicide tankmix that includedviBC
hadresistage levels of >80% afterfive seasonssuggestinghat the use afiversefungicides
mixturesdelays fungicide resistance

Septoria tritici blotch (STB) ia common wheat disease worldwide that can also be
controlled withMBC fungicides However, its causal age®ptoriatritici, has alsaleveloped
resistanceéo MBCsin Europeand had to be controlled witol fungicides.Unfortunately, the
pathogersoondeveloped resistance @ols, andoy 2004,neitherfungicide waseffective Qol
resistant isolatesf S. tritici have also beefound in New Zealand and Oregon, USA(Lucas et
al. 2015)

Fusarium head blight, caused by a complekufariumandMicrodochiumspeciesis a
threat to food safety arglobalcereal prductiondue toproduction oftoxic substancesr
mycotoxins in infected graifLucas et al. 201550meF. graminearunstrainsareinsensitive to
Qol fungicidesandsomeareresistant to SDH in Europe anthe USA. Hence MBCsand some
triazoles wereused to controFHB, soon leading tavidespread resistanod this fungugo
MBCs. This is problematic as theegelimited fungicideoptionsto manage-HB.

2.2.2. Resistancemechanisms

Fungicide esistance is usually due an alteration at the site of action in the target
pathogenModern fungicides are usually single sithibitorsor target a specific proteirSince
singlesite fungicides target a single proteiney are ga high risk ofcausingresistancgesince
only one change is needed for the pathogendorberesistantAdditionally, sngle site
inhibitorskill or inhibit mostsensitivepathogengn a populatiorfrom completing their lifecycle,

creatingstrong seleabn pressure foresistant individualsThis is ausually aqualitative change
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or resistancewhere two distinct populations are present with a bimseasitivity (discrete
pattern of resistance)

Severaimechanisms are observed in the development staeseto singlesite
fungicides First is the alteration of the target protein due to mutations. This mechanism has been
found inresponse to seversinglesite fungicides such as MBCs, DM@pls and SDHIs.
Second, efflux of the fungicidey transporte pumpscanoccurin many plant pathogens. Third,
overexpression of the target site/protein increases the concentration of fungicidefoeaded
effect Fourth, the synthesis of an alternative enzyme that can subfiittite target protein
may also result in fungicide resistance. Lastly, fungicides may, in some cases be dagraded
metabolic enzymef.ucas et al. @15; Ma and Michailides 2005)

Multi-site fungicides, which anesuallyolder contact fungicides, act on a range of
cellular processe@rentand Holloman 2007; Lucas et al. 2018ultiple change# the fungus
are requiredo confer resistana® multi-site fungicidesand a unimodal distribution (multistep
pattern of resistanceften is observed in the pathogen populati®esistance cdpe intrinsic or
acquiredlntrinsic resistances a natural (inert) ability of thpathogerto resist microbial or
bacterial action through existing characterisfeg., life cycle, abundance of sporulation, ability
to distribute spores, ability to magjetc.) Acquired resistands when the pathogen has to be
exposed tdhe fungicideover time, such that it developssistage (Brent and Hollomon 200y
Lucas et al. 2015)

2.2.3. Resistanceaisk in DMIs, SDHIs and Qols

Because ofheirwidespread use¢hee has been a slow, quantitatiaad progressive

development of resistance to th#lis (triazoles and imidazoles)he pathogen sensitivity and

decline in disease contrbas ber gradual(Brent and Holloman 2007a
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The FRAC code list describes SDHI@Eing atmedium to high risk of fungicide
resistance sincgingle site mutations are required in the target enzyme for insensitivity.
Resistance was firseportedn the earlySDHIs (carboxamidesh the 1970sThereare avariety
of mutationsin the target proteithat result in SDHinsensitivity(Stammler et al. 2015)
complicating effort to understand thisensitivityin particular casesSomemutationsresult in
complete loss of control to all SDHMshereas othenesult in reducedensiivities to different
SDHIs Sometimesmutations can have different effects in different pathogEms. makes it
difficult to detect which mutations are occurring in the field. For example, there are several
mutationsin laboratory mutants @. tritici that confer resistanc&he introduction of new
SDHI-based fungicid@roductsto the market can further complicate the detection of mutations

Since their introductiorQol fungicides have been popukmong farmerbeause of
their broadspectrum activitfFernandeOrtufio et al. 2008 Hence they are registered many
countries for use idifferent crops ranging from turf grasssssdornamentals to field crops.
Resistance wadetected withirtwo yearsof commercial gefor downy mildew controbf
grapesunderscoring the high risk of resistance associated with these pr@errcidndez
Ortufioet al. 2008; Sierotzki 2015)

2.2.4. Resistancananagement

Without successful fungicide resistance managemengfticacyand number of modern
fungicides available to producers will decreakmng withcropyield and qualityFRAC was
established in 198btprovide advice to producemmanufacturers arsupplierson best
management practices to avoid or delay fungicide resistaredbeater 2012Brent and
Holloman(2007)identifieda number obtrategies to manage fungicide resistafaest wasnot

to useoneproduct exclusivelyWhen using dungicide, it should beappied asa mixture with
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one or moretherfungicidesthathavedifferentMOA. Mixing of thefungicideswill dilute the
selection pressulienposed bythe atrisk fungicides. The companion fungicide can be a low
resistance riskmulti-site fungicide or any other singéite fungicidewith aMOA tha is not
related to its partneandthus is not prone torossresistanceSecondvas the recommendation to
restrict the number of treatments per season or to apply fungicides only when strictly necessary.
This reduces the exposureasfat-risk fungicideand can favothedecline of resistant strains
(Brent and Holloman 200Yarhese two recommendations aredie the high resistant risk
Qol fungicides.Specifically, for cereals, FRAC recommentiatQols be mixed with aon
crossresistant partnegsuch asan SBI or multisite fungicideand suggest a maximum twio
applications per seasohhe third recommendation w&s maintain the manufactuisr
recommended doseigtorically, many growers have used lower rates of fungicide to reduce
costs in areas where disease pressure iSHBAC promotes the use of recommended doses
because lowering the dose of afrigk fungicide can enhance mudtiep resistan¢éavoring
suvival of individualswith low levelsof resistancewhich could beeliminated with a full dose.
These individuals then can mutate further sesdilt inhigher levels of resistan¢Brent and
Holloman 2007 The fourthrecommendation was tvoiduse ofsystemic fungicides to
eradicda e or Ocur e 6 ,aadktoapplyifumgicides wheme thereiisa cestain amount of
disease presettiatwill potentially causeeconomidosses to the crofBrent and Holloman
2007a).

Chemical diversity imlsoimportantin managing fungicide resistandgsing the same
products over several years can contribute to increased risk of resistadte development of
new productss important(Brent and Holloman 2007a However, the number of registered

productsfor one crop may be limitedvhich can increase the chances of resistarittethe
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available fungicidesAdditionally, legislation changes affecting registration and competition
amongmanufactures analso affecthe speed at which new chemical compounds are found,
registered and usd#iollomon 2015)

The implementation of afintegrated disease managendegproach is also important in
preventing or delaying fungicide resistantais involvesusing all means of disease control
(prevention, physical, biological, resistant varieties and chenaeallable to a producer
Nevertheless, at presdnngicidesremainthe most powerfuiools forcontrollingplantdiseases
andis many cases otheontrol methods are not availaldeeconomically feasibléBrent and
Holloman 2007a
2.3. Fungicidetimin g and ratesin wheat
2.3.1. Fungicide timing to control leaf disease

Traditionally,in the US and Australidop control the septoria leaf complex and stem rust
it is recommended to spray at flag leaf emergence (Milus 1994, Beard 2018). Beard (2018) found
that deiying fungicide application by two weeblier leaf rust was detected not provide
effectivediseaseontrol astheleaves were left unprotected and lesions were already present.
Leaf rust was best controlled two weeks after flag(BBICH 55) or whersymptoms were
detectedleadingBeard (2018jo recommendpraying for foliar leaf diseases between flag leaf
(BBCH 39) and head emergence (BBCHS3). Thesame recommendatiasn madefor tan spot
since the pathogen has a short latent period and the plant needs to be protected as soon as it
emerges to avoidield loss due lesion formation on the upper candpygensen and Olsen
2007)

2.3.2. Fungicide timing to protect wheat yield
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The optimum growth stagéor protecting yield and preventing diseas@sometimes
differ. It has been found that spraying fungicti@sed on the plant structure ntaymore
effective tharspraying when disease thresholtbs been reachet@he disease threshold is the
level of disease or damage to the crop where the financial behedihtrolexceeds the cost of
fungicide applicatiorfJgrgensen et al. 201'However, in most cases, when the crop reaches this
threshold, it is far too late for the fungicides to be effective. Therdiargicide thresholds are
often defined according to the growtlages that are critical for yield and quality protection
(Jorgensen et al. 2017)

It is crucial to know which leavesre responsible fanaximizingyield. Generally, the
top threeleaves contribute about 70% of the grain fill{®pole and Arnaudin 2014
Specifically, in winter wheafpur leavesthe flag leaf (43%of grain filling), flag leatl (23%),
flag leaf-2 (7%) and flag leaB (3%) contribute to #yield and quality. The green areas on the
head then contribute another 22Poole 2009)Thetop fourleaves begin to emergkiring early
stem elongationrHowever it can bedifficult to deternine the emergence of these top four
leaves.Nodal growth on the main stecanhelpto determine when the crucial leaves have
emergedIn Europethe followingfungicide application timeare usedTiming 1 (T1) is
spraying between the first and second node emergBiseH 31-32), timing 2 (T2) is at flag
leaf BBCH 39) and timing 3 (T3) is during head emerge®BCH 59) (Poole and Arnaudin
2014; Poole 2009)

Previous research conducted on spring wheat in Saskatchewan found that the optimal
time to apply fungicide on spring wheat is between the flag leaf and medium milk growth stages
(BBCH 41-72) (Meier 2018;Duczek and Joneslory 1994) Sometimes, fungicide applications

at BBCH 6163 (start of flowering: first anthers visible to 30% of anthers mature) can reduce
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head and foliar dease levels, and reduce deoxynivalenol (DON) in the grains, thus also
protecting yield and qualitfMacLean et al. 2018; Wiersma and Motteberg®00
2.3.3. Fungicide timing to protect wheatquality from Fusarium Head Blight (FHB)

Conventionally, the time to sprégr FHB has been at flowerin@BCH 59-69) since
this iswhenthe infection occursA study byEdwards and Godle§2010)lookedattiming of
prothioconazol@pplicationgo reduce the FHB and DON levels. They found that FHB and
DON weregreatly reducedavith a single fungicide applicaticat BBCH 65 and least at BBCH
31-32. Multiple fungicide applications did noeduce FHB or DONProthioconazole application
atBBCH 65 resulted inran83% reduction in FHB and57% reduction in DON levels.

Wiersma and Motteber@005)found that a fungicide applicationBBCH 39
significantly reduced DON levels by 40% in aofethree trial yearsThis was attributed to the
fungicide applicationsat this stageeducingFusariumon youngplants, debrisor sheaths. The
fungicide deposited on the upper canopBRCH 39 could also protect flag, flag-1, and flag
leaf due to the systemic properties of prothioconaxdbéch mayalso translocate to the wheat
heads if the fungicide applicatios within 714 days of head emergence.

Edwards and Godley (2016portal thatwheat grairguality was greatest athead
timing fungicide applicatiorand yield was greatest aflag leaf timingfungicide application
The increase in yield at flag leaf timingaybe due to the suppression of leaf spots such as STB
on the flag leaf, which iakey leaf in protecting yieldwvhile improved quality may reflect FHB
control
2.3.4. Fungicidetiming to protect both yield and quality

Theremaybe someoverlapof when fungicides can provide bd#af spot and FHB

control MacLean et al(2018)looked at whether it is possible to control leaf spot diseases
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(septoria leaf complexoy spraying fungicide at anthesBRCH 61-63), when optimal FHB
control is achievedrhey found thatungicide application at anthegisovided adequate control
of led spots. However, the severity of leaf diseases was higher than at flag leaf &Biabl
39), butthis was only true for areagth high disease pressure antimately the yields were
similar. In fact, test weights and thousand kernel weights (TKW) wepeovedwith fungicide
application at anthesi$his is a similar response to wh&fiersma and Motteber@005)
reported, and thegoncluded that the optimum timing to control leaf spott BBCH 60 rather
than aBBCH 39 across eight cultivar3.he change in timing did not reduce grain yieldeaf
spotcontrol.Overall both studies show that a single fungicide application at anthesis will
provide sufficient control of leaf diseases, have equivalent yield and improved grain quality
comparedvith fungicideapplications at flag leafThis application timinds also beneféial since
FHB isstill controlled(MacLean et al. 2018; Wiersma and Motteberg 2005)
2.3.5. High versus low rates of fungicide

A study by Poole anwvylie (2011) in New Zealandlookedat the economic benefits of
variousfungiciderates.In that reporthigh fungiciderates gave significantly better disease
control (87% control over the intermediate) three of four fungicide producevaluatedThe
intermediate rates (below label rategremore effective (76%liseasecontrol) than the lower
fungiciderates (46 61%disease&ontrol).At one site, there was no significaattonomic
difference between the treatments. Other sites saw ecobemeditsand the lessostly products
hadbettereconomic profitmargins.It is also important teaonsiderthe dynamimature of the
disease trianglar{teraction of thénost, pathogeandenvironmentwhenestablising a holistic
spray program (Poole adnaudin 2014)as this could have an impact of the development and

severity of disease
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2.4. The Cereal Leaf Spots and Fusarium Head Blight
2.4.1. Zymoseptoria triticisyn. Septoria tritici(teleomorph Mycosphaerella graminicola

Septoria tritici blotch (STB),lso known as speckled leaf blotdt caused by the fungus
Zymoseptoria tritic(formerly Septoria tritic). This diseasés associated with the development
of necrotic lesionainddark pycnidiaon affected leave3hedisease is severe in wheat
production areas of the worldharacterized bgool, wet growing season®ver the yearghe
Canadian Prairiesave seemanincreased incidence 8k tritici infections, especiallyn
Manitobg wheredaytimetemperatures a22-25 °C (Chungu et al. 2001)

The frst symptoms of infection atieregularly shapedhlorotic lesions. If the conditions
are conducivéor the pathogefwarm temperaturesnd high relative humiditgRH)), necrosis
develors at the chlorotic sites. The lesions now appear sunken andjgregishAs they age
the lesions become light tan and blaslexuafruiting bodies (pycnidialpegin to form; these are
visible as black dots or specks on the lesmmeither side of theehf. Speckled leaf blotch starts
to developon the loweicanopyof the cropand gradually progresses to the flegf. In severe
infections the disease can spread to lleads and cause lesionstbaglumes and awngiume
blotch) (De Wolf, Erick 2008; Eyal et al. 1987)

Thepycnidiosporegasexual spores) areleased from the pycnidia when the plant is wet.
Usually, they germinate after 12 hdapenetrate the host tisswéhin 24 hoursThe sexual
spores (ascospores) are produced early in the season from infected stubble and are responsible
for primary infections; ascospores spread via wind under high humidity (Brennan et al. 2019).
Moisture is needed at all stages of the infectionsateble moisture fo72 to 96 hresults ina
considerable amount of diseasemibisture is present famly 24 h then the disease levels are

much lower but symptomstill develop(Eyal et al. 1987)The maximum temperature for
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pycnidiosporegiermination is 3387 °C, the minimum 23 °C andthe optimaltemperature i20-
25°C. If the pathogen experiences temperatdgréSC for two consecutive nightthen
germination can be haltedreventingmycdial growth,andlesion and pycnidiadevelopmentin
general, the optimal conditions foatritici infection is when it is cloudy, rainy and
temperatures are between2® °C (Eyal et al. 1987).

Infection bysS. tritici consists of two broad phases.dFiis a latent phase or symptomless
phase, where the pathogen transitions from the leaf surface to the substomatal ce8/ii@gs(1
after inoculation). The pathogen then penetrates the host tissue via the stomata and colonizes the
apoplastic spaces ofdlmesophyll. In the second or necrotrophic phase, the pathogen begins to
feed on the efflux of nutrients released by the host cells as they start to die. At this point,
symptoms begin to appeafhe environment, host resistance anavinglence of thepahogen
are key factoraffecting disease developmelitthere is a susceptible cultivdine period of
humidity is shortbut temperatures are optimal (Z5), then there caatill be severe levels of
diseaseSimilarly, if temperatures are low artdere are long periods of moistutieen high
disease levelmay also be observed
2.4.2. Stagnospora nodoruniteleomorph Phaeosphaeria nodoruin

Stagonosporaodorumis another important pathogen of wheat, and Witkritici forms
what is sometimes referreddos ¢elpd o0d¢ i a (Maceap ét @.2@)80n its own, it
causeseptoria nodorum blotch (SNBMWhile S. nodoruns most closely associated with
wheat it also occurs on barleWild grasse€an servas alternative hos{Solomon et al. 2006)
Thepycnidicspores germinate readily in watafter4-36 h)andmultiple germ tubes penetrate
the cuticleor enterthrough the stomatalbening (within 24 h)lnitially, chlorotic lesions

develop and expand to form oval shaped lesions on the leaf. Necrotic mhtchakgpwithin the
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chlorotic lesions and after a weekder optimal conditiongycnidia will begin to formThe
pycnidiaare initially hyaline (clearhutas hey agethey turn a darker pale brovinue The
pycnidiospores are released in a poitkhus (mucousbound ribbon like mass of sporet)at
ruptures the cuticleeventually,severely affected leaves may die and the fumgliscontinue to
sporulateasexuallyon the necrotic tissu¢Shipton et al. 1971; Solomon et al. 2006)

S. nodorums a particularlyimportantpathogernn warm, moisttonditions(Eyal et al.
1987) The fungal sporegerminate within a temperature of3% °C with an optimum
temperature of 2@5 °C. Symptoms appear within¥4 daysafterinfection In Wales, infection
occurred when thBRH was> 63%. Pycnidiummaturation takes about 6 ddysm infection but
can extend to 10 days if the crepperiencesemperaturesf 20 °C with RH between 880%. If
there is an interruption to the latent periad.(dry period) then disease development dzn
delayed Under field conditionsoptimal or higher temperatures, long pesiofileaf wetness and
high sporadensitiescan shorten the lant period and increase disease development

Infecteddebris andseed arethe primary sourceof SNBinoculum Seednfection rates
as high as 80%ave been reported Beorgia, USA In the southeastern USA, seed infection
can range from 480%in suseptible cultivarsOnly 10% seed infection is needed to provide
sufficientinoculum to cause a severe epidefygal et al. 1987; Shipton et al. 1971; Solomon et
al. 2006) The release of sexual ascospores from stubble and crop debris is initiated by low
temperatures, rainfalhind highRH. The ascosporesan trael long distances via wind dispersal.
Secondary spread occurs by the dispersal of aspyoaidiosporewia rain splash and usually
2-4 cycles of asexual infectiareneeded for the pathogen to prodacagnificant amount of
diseasdShipton et al. 1971; Solomon et al. 2006)

2.4.3. Pyrenophoratritici -repentis(anamorph Dreschlera tritickrepentig
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Tan spot of wheat ia destructivdoliar diseaseaused by the fungu®yrenophoratritici -
repentis(anamorpltDreschlera triticirepentig. The diseaseccurs frequently on the Prairies
andhaslikely increasedn recent decadedue to theadoption ofno-till practicesand the
cultivation of susceptiblesheatvarieties(Aboukhaddour et al. 201.3Jan spotdevelops in the
spring and summer on both the lower and upper surfaces of theikesthe septoria complex,
tan spot can also infect the wheat spikes and eventually the keanedtng the development of
0r ed s(Wegdlg201d)The pathogen is known to have a wide range of hoslisding
bread wheat, durum wheat, barley, rye and several other grass $pecisif et al. 1998;
Wegulo 2011)

On susceptible wheat cultivai®, tritici-repentiscause®val to diamond shaped necrotic
or chlorotic lesionslnitially, theseappear as tanoloredspots that eventually turn intar
colored,lens shaped lesions with yellow bordérke chlorotic borders are often described as a
0 h a bube¥entually lesions may coalesce togetBerWolf, E. D. et al. 1998; Wegulo 2011)
When lesion development is sevdte leafmaydie prematurelylf the lesions are exposed to
wetnessthen they can darken in the center due to the productithre éfsexual sporespnidia
and conidiophores dhe fungusThe sexual fruiting structures Bf tritici-repentisare known as
pseudotheciavhich develop on mature wheat straw in the fall and wiiwérgulo 2011)In the
spring, sexual ascospores are released from the pseudothecia, serving as the primary inoculum.
Their discharge is favored by rainfall, high RH, and temperatures above 10 °C. Secondary
infections are initiated by conidia produced in lesions. Conidia on infected residue, seed and
volunteer crops can also serve as primary inoculum. Since these gpdigktar than
ascospores, they can be dispersed over large distances and in large numbers by wind. Therefore,

they are usually considered to be more important than ascogpérgalo 2011)Once a spore
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(conidia or ascospore) lands on the leaf surface, it germinates in the presence of moisture and
produces a germ tube withiri @4 hours at 20 °C.

The pathogenicity oP. tritici-repentis(PTR)is mediated largely by the activity tifree
hod-selective toxingPtr ToxA, Ptr ToxB and Ptr ToxGStrelkov and Lamari 2003Ptr ToxA
andPtr ToxB caus@ecrosisand chlorosisrespectively, on sensitive wheat. Ptr ToxC also
causes chlorosis, but on differg@notypes that Ptr ToxB. The eight knokaces of the tan spot
pathogen are defined by the ability to produce the-$elsictive toxins, alone or in combination/:
race 1 (ToxA+ToxC), race 2 (ToxA), race 3 (ToxC), race 4 (avirulent, no toxins), race 5 (ToxB),
race 6 (ToxB+ToxC), race 7 (ToxA+To¥Bnd race 8 (ToxA+ToxB+ToxC) (Strelkov and
Lamari 2003; Lamari and Strelkov 2010Dn resistant cultivars, the lesions can be smaller, and
chlorosis and necrosis may be abg& Wolf et al. 1998; Wegulo 201 Iparticularly if the
cultivar is insensitive to the pathogproduced toxins.
2.4.4Fusarium head blight (Fusarium spp)

Fusarium head bligfFHB), also known as scals a disease of wheat, barley, oaisd
various othegrass specte Itis caused by several pathogéamduding Fusarium avenaceum
(syns.F. herbarumvar. avenaceunfFr.:Fr.) Wollenw.;Fusisporium
avenaceuntrr.:Fr.;Gibberella avenaceR. J. Cook) F. culmorum (syns.Fusisporium
culmorumWm.G. Sm.F. culmorumvar. leteiug, F. poae(syns.F. tricinctumf. sp.poae(Peck)

W. C. Snyder & H. N. Hanse®porotrichum anthophiluReck;S. poaePeck)andF.
graminearum(syn.Gibberella zea€Schwein.)Petcl). However, among these causal agefats,
graminearums considered most importanthree ofthe fungj F. culmorumF. avenaceumand
F. graminearumcause fusariurdlamagedkernels(FDK), while only F. culmorumandF.

graminearunmproduce the mycotax deoxynivalenol (DON)which is a threat to human and
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livestockhealth.The pathogen can produce up torB@ DON kg in wheat and barley. On
average, 1% of FDK will producerig DON kg (can range from 0.6 4 mg DON kg™)
(Alberta Agriculture 2003)Vomitoxin or DON in high concentratiomesults inreduced feed
intake, weight gain and vomiting in animals. Nausea, vomiting, diarrhea, abdominal pains,
headaches, dizziness diesters have been reported in humamen they consume high
concentrations of DOKEdwards and Godley 201.ome beef cattle can tolerate up tonig@
DON kg and norruminants (ie.,pigs) @n tolerataup tol mg DON kg*. Dairy cows can
tolerate up to 8ng DON kg withoutan effect ormilk production Younger animals (calves,
ewes, lambsjlo notshow any symptoms at g DON kg™ or more while adult cows, sheep
and poultry can tolerate up 15mgDON kg in feed grainAccording toAgriculture and Agri
Food Canadguidelinesno more than ing DON kglis permitted irswine, dairy andhorse
feed while up to5 mgDON kg?is allowed forbeef cattlesheepand poultry(Alberta
Agriculture 2003)

Given it is importance in causing FHB, graminearunwas adeclaredpestunder the
Alberta Agricultural Pests A¢Alberta Agriculture 200Buntil June 2020when it was removed
following consultation with industry and government stakehold®vsr the past few yeark.
graminearumhas been isolatedlith increasing frequency southern Albertaln 2001 the
number of countiem Alberta reporting the presencefafgraminearunwas 9,increasing td. 3,
22, and 26 in 2010, 2015 and 20Qié&spectivelyBy 2017, most of southern and someehtral
Alberta wasconsidered to bat high riskof FHB (Alberta Agriculture and Forestry 2020b; Blois
2018)

In wheat, gmptoms of FHHirst appeaimmediately after floweringBBCH 61-63).

Infected spikeletpresenpremature bleaching and ouene, theentire headcanbecome
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bleachedIf conditions are optimal (warm and humidy the diseasdhen pinksalmon coloured
spores [froduced in asexuaporodochiajlevelopon the glumes and rachis of the spikefes.

the diseaseontinues talevelop, small lneishblack spherical bodiamayappearand these are

the sexual structures (peritheciey) Canada, sexual reproduction by the fungus is relatively rare,
and hence it is routine referred to by the anamorph n&wentually, the pathogen attacks the
gran, cause it to shrivel and wrinkle and turn pstkgrey or light brownresulting in the typical
fusarium damaged kernel s ( s o(8chmale anel Bergstamh | e d
2003. Infections are favored by long periods of high moisturBld(>90%) and moderately

warm temperatures (130 °C). If these conditions are present before, during and after flowering
then inoculum production, infections tbfe florets and grains are favoredhe small window of
infectionassociated with FHBanthesisBBCH 61-63) makesforecasting of thislisease easier
(Schmale and Bergstrom 2003)

F. graminearunoverwinters on crop residue (wheat straw, alternate hosts) and moduce
asexual spores (macroconidiahich are dispersed to susceptible hosts via rain splash or wind.
When conditions are warm and humid, the sexual s@Gifpberella zeagdevelops on the debris
and produces perithe¢ihich discharge ascospores into the laithe wind picks upthe
asceporesantravel long distancesnfections occur when the ascospsand asexuatonidia
land on wheat heads. The anthers present during flowering are thought to be the gutrgary
point for the fungus into the host theanthersdbecomeanfectedimmediately aftethey emerge
then kernel development will notcur,as the funguwill be able tocolonize the florets.

Infected florets will produce tombstone kern&lsrnels that are infected late in their
development may not show symptoms imaty stillbe contaminated with DOfschmale and

Bergstrom 2003)
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2.5. Genetic resistance of different wheat cultivars
2.5.1. Canadianwheat breeding

The deployment ofesistantvheatcultivars isgenerallythe most economical and
simplestapproach to mitigatinthe effects of foliar diseases and FHB. Howetbe availability
and type of resistance éach pathogewaries, and in some cases no effective resistance sources
are availableResistanceéo STB (S. tritici) can be qualitativéoften confers complete resistance)
(Kushalappa et al. 2016y quantitative(often confers partialesistance in the plant reducing
pathogen multiplication or symptom severi()letNayel et al. 2017)Thirteenmajor
gualitative genes for resistance to Si@/e been mapped apdblishedo date, with several
others noted but ngket published(PiletNayel et al. 2017; Ponomarenko et al. 20RBsistance
to SNB(S. nodorunis partial andassociated with quantitative trait lo&esistance ttan spot
(P. tritici-repentig is also available but only in durum and bread wheat cultiredra et al.
2019; Wegulo 2011)Considerablefforts have been made to introgressistance against FHB
into wheatputat present, there are tines with complete resistandéonetheless, some
guantitative trait loci (QTLhavebeen used to confer partial resistance in w{teeltmale and
Bergstrom 2003Brar et al. 2019)

Martens et al(2014)examined45 historical Canadian wheat cultivars registered between
1870 and 200and foundhat older cultivars (Red Fif@d885) Marquis(1909) Thatche(1935)
were highly susceptible tfoliar diseases, specifically leaf ruandsuffered significant yield
losses comparedith newer cultivarsThe leaf rust susceptibility in the older ¢cudrswas
attributed to th@bsence of specific resistance genes, suth3dsLr16, Lr21, Lr22 effective
against leaf rusiThese resistance germ®present in newer cultivars such as AC KE296)

AC Cadillac(1996) AC Minto (1991) Pasqug1991) andAC Cora(1994) The results of
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Martens et al. (2014) highlight the progress made in Canada over the past century in improving
disease resistance in wheat. Nonetheless, resistance bregésgearsf effort and

sometimes there can be field performaisseies withresistant cultivarg-or exampleKumar et

al. (2019)looked at the yield responses of wheat and bawéywarsthatvariedin stipe rust
resistanceThey found one of theultivars Harvest, did poorly (40% yield loss) under severe
disease pressyrdespite its designation essistant to moderately resistant to stripe rust.

The level of diseaseesistancén a crop can help to terminewhenfungicide application
may be the most effectivef.a crop is susceptible to moderately susceptthlenthe application
of fungicide based othe hostevelopmerdl stageis effective whereador aresistant or
moderately resistant cultivar, fungicide applications baseadiseas¢hreshold may be more
successful (Poole and Arnaudin 2014).

2.5.2. AAC Viewfield

AAC Viewfield is a hardred spring wheat cultivar developbd Agriculture and Agri
Food Canadat the Swift Current Research and Development Centre (SCRegistered in
2017 It is a doubld haploid (DH) genotype from the cross of two cultivars, Stettler and Glen.
This cultivar hasntermediate resistand¢e FHB. It is classified as resistatt yellow rustand
stem rustandhasmoderate resistance to leaf rust and common (@uthbert et al. 2018)
According to the Alberta seed guide (2020), AAC Viewfield is ratsldavingd i nt er medi at e (
resistanceo leaf spotsin 2019, about 6% of CWRS acres were seeded to AAC Viewfield
(Canadian Grain Commissi@©19).

2.5.3. AAC Brandon
AAC Brandon is a slightly older cultivdahanAAC Viewfield, having been registered in

2014.Like AAC Viewfield, however AAC Brandon is a harded spring wheat cultivar
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developed athe SCRDC.It was derived from a cross betwe®aperb/CDC Olser//ND744 in
2003.AAC Brandonis resistant to thprevalent races oéhf, stemand yellow rust. Its
moderately resistand loose smuandsusceptible to common burthis cultivar has moderate
resistance to FHBCuthbert et al. 2017Additiondly, like AAC Viewfield, AAC Brandon is
rated adavingd i nt e r rasgsthncéotleaf @potaccording to the Alberta seed guide (2020).
In 2019, about 42% of CWRS acres were seeded to AAC Brg@ioradian Grain Commission
2019).

While therehave been great strides in breeding for disease resistance, yield andiguality
Canadian wheat, there is a lack of recent information regatiggperformance ohewer CWRS
cultivars such as AAC Viewfield and AAC Brandoin, intensive management croppi

systems.
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Chapter 3: Cultivar specific yield and economic advantages associated

fungicide timing in Canadian Western Red Spring wheat

3.1 Introduction

Wheat {riticum spp) is the leading cereal grain produced, consumed, and traded
globally. Canada was among the top 10 producers of wheat worldwide in 2018, growing about
32,201,10(MT, and was also one of the top three exporting countries in @MASTAT 2017,
Statistics Canada 201%yanadian Western Red Spring (CWRSkatT. aestivuni.) has high
protein levels and is valued for its superior milling and baking qua(ifiaradian Wheat 2019)

In 2019, the top five CWRS cultivars grown on the Canadiairifs included AAC Brandon,
AAC Elie, CDC Landmark, CDC Viewfield, and CDC Plentif@anadian Wheat 2019)

The most common fungal diseases of spring wheat across western Canada ase leaf r
(Puccinia triticinaErikss)(Murray et. al 2015)stem rustPuccinia graminisPers.:Pers. f.
sp. tritici Erikss. & E. Henning)stripe rust Puccinia striiformisWestend) fusarium head blight
(FHB) [Fusarium graminearur®chwabesensu latdsyn. Gibbeella zeae (Schwein.) Petch], tan
spot [Pyrenophora triticirepentis(Died.) Drechsler], the septoria leaf complex [septoria tritici
blotch gymoseptoria triticeyns.Mycosphaerella graminicoléFuckel) J. Schrét.)] and
stagnosporum nodorum blotdAdragagonospora nodorurgBerk.) Quaedvlieg, Verkley, &
Crous](Manitoba Agriculture 2020; Pesticide Risk Reduction PangCanada 2019
Alberta, Canada, yield loss in CWRS wheat is often primarily due to the leaf spot fungi. Under
suitable conditions for disease development, trials in the US and Australia found that tan spot can
cause yield losses of 5% (MacLean et al. 2018; Shabeer and Bockus 198&jitionally, in

severe epidemics, the septoria leaf complex can lead to yield losse8%#}Eyal et al. 1987)
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Previous research conducted on spring wheat in Saskatchewan found that the optimal
time to apply fungicide on spring wheat is between the flag leaf and medium milk growth stages
(BBCH 41-72) (Meier 2018;Duczek and Joneslory 1994) Sometimes, fungicide applications
at BBCH 6163 (start of flowering: first anthers visible to 30% of anthers mature) can reduce
head andoliar disease levels, and reduce deoxynivalenol (DON) in the grains, thus also
protecting yield and qualitfMacLean et al. 2018; Wiersma and Kdterg 2005)However,
there are many anecdotal reports of farmers applying fungicides much earlier (i.e., herbicide
timing), presumably in an attempt to manage cereal diseases proactiyehlyeasons of
convenience or habit.

Traditional fungicideiming strategies may also need to b@valuated periodically as
new cultivars are registered. A study by Igbal et al. (2016) examined the effect of breeding on
grain yield and agronomic traits (i.e., disease resistance, maturity, height and, lodgiagce}i
and found that newer cultivars had improved yield, quality and other agronomic traits. The
research found that older CWRS cultivars were more susceptible to leaf rust than new cultivars,
suggesting that new cultivars may show less response taigmgipplications. However, there
has been no research to identify the optimum fungicide timing on current CWRS spring wheat
cultivars with improved disease resistance packages.

In addition to genetics, the environment plays a major role in determinimgctience
and severity of disease. A detailed disease triangle developed by McNew in the 1960s indicates
that the interaction of the host, pathogen and environment can be used to determine how an
epidemic might be predicted, limited or control(&tholthof 2007) Mc Newds di sease

emphasized that the environment is one of the most important contributors to plant disease, but it
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is undervalued. Others agree that disease isgiehighly influenced by changes in
environmental condition@Agrios 2004)

In light of the new wheat cultivars and recent incremental changes in climate and
weather, repeated evatigns of fungicide effects at different wheat developmental stages on
yield and quality were justified. Therefore, the objective of this study was to determine the yield
and economic advantages of single fungicide applications at: BBE23 223 tillers) [herbicide
timing], BBCH 3032 (stem elongation) [plant growth regulator (PGR) timing], BBCHI39
(flag leaf), and BBCH 653 (1030% of anthers are mature) [FHB timing]. Two of the most
commonly grown CWRS cultivars, AAC Brand{@uthbert et al. 2016nd AAC Viewfield
(Cuthbert et al. 2018Were tested. The effects of fungicide application timing oeavdisease

incidence and severity are provided in a separate report (Asif 2020).
3.2 Materials and methods

3.2.1 Field setup

Field experiments, designed as a split piggpendix1), were conducted in Alberta,
Canada, over two growing seasons in 2018 and 20th®est rairfed sites (Barrhead, Bon
Accord, and Red Deer) and one irrigated site (Lethbridge). Precipitation, temperature, and
relative humidity (RH) were obtained from the nearest Alberta Climate Information System
(ACIS) station from seeding date to plofsgical maturity based on days to maturity (DTM).
For the Barrhead 2018 (54N, -114.2°W) and 2019 (54.IN, -114.3°W) field sites, the
Barrhead CS weather station was used, which was approximately 20 km and 11 km away from
each site, respectivelyh& St. Albert weather station was about 48 km away from the Bon
Accord 2018 site (53.8\, -113.3°W) and about 11 km away from the Bon Accord 2019 field

site (53.7°N, -113.6°W). The Lethbridge Farm IMCIN weather station was used for the
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Lethbridge field site in 2018 and 2019 (49, -112.7°W), which was located 400 m from the
site. For the Red Deer 2018 site (52\2-113.8°W) and Red Deer 2019 site (5212, -113.9
°W), the Red Deer regional station was used as the source of RH and temperature data. Both sites
were between 12 and 16 km away from the station, respectively. However, this weather station
did not have FHB risk values, or observed precipitation data, so toenb& CDA station was
used to collect these data. The Lacombe CDA station was approximately 47 km away from the
Red Deer sites.

Trials were seeded into canola stubble at a deptkbadid on fields with a history of
short wheat rotationgvheatcanolawheatcanola), to increase chances of cereal leaf disease and
to mimic the typical rotations used by many farmers in this region of western Canada. Certified
seed was treated with tebuconazdlé4-chlorophenyb4,4-dimethyt3-(1H-1,2,4triazol-1-
ylmethyl)pentar3-ol), prothioconazole2:[2-(1-chlorocyclopropyh3-(2-chlorophenyh2-
hydroxypropyl}1H-1,2,4triazole 3-thiong and metalaxylNlethyl N-(2,6-dimethylpheny)N-
(methoxyacetyl)alaninatédrmulated as Raxil PRO at a rate of 325 mb k@* of seed. Pre
seed or pr&merge herbicide applications were 900 gai T biglyphosate (N
(phosphonomethyl) glycine) tank mixed with Saflufenacil formulated as Heat LQ at a rate of 18
g ha' rate. Two herbicide products were appliegtiop for weed control. The first included
florasulam (N(2,6-difluorophenyl}8-fluoro-5-methoxy (1,2,4triazolo- (1,5¢) pyrimidine2-
sulfonamide), fluroxypyrX-methylheptyl((4aminc3,5-dichloro-6-fluoro-2- pyridinyl)oxy)
acetic acijland MCPA formulated as Stell4t at rate of 988 mL h& The second product was
pinoxaden formulated as Axial BIA at a rate of 1.2 X HBhese herbicides wen®t tank-mixed

but wereapplied to coincide with early fungicide applications at BBCH232The PGR
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trinexapaeethyl was aplied at a rate of 100 gai f#o all plots at BBCH 32 (stem
elongation) at 100 L hia
3.2.2 Fungicide treatments

The data reported herein is a ssdi of a larger data set resulting from an experiment with
additional objectives. The study was set up sli&plot design with four blockéAppendix 1)
In each block, there were two main plots for the two CWRS cultivars and 13 subplots per main
plot for the 12 fungicide treatments and control. This paper will focus on the five single
fungicide treatmentsral the nortreated control{able 3.) applied to two CWRS wheat
cultivars. The fungicide products represent three fungicide groups: the triazoles (group 3),
carboxamides (group 7) and the strobilurins (group 11).
3.2.3 Datacollection

Ten main stem heads were collected from each plot at 30% (thumbnail does not dent
kernel) to 40% (moisture comes out of kernel) grain moisture to determine the DTM according
to Karamanos et al. (2008). Grain was harvested using Wintersteiger Delta sinadinpbines
(Wintersteiger Inc., Saskatoon, Canada) equipped with a 2012 classic grain gauge automatic
weigh system. Thousand kernel weight (TKW) was measured on an individual plot basis by
weighing 500 kernels and multiplying by two. Test weight was detexd either automatically
by the combine weigh system or measured with a GAC 2100 Djokeygrain moisture tester
(Churchill Industries, Minneapolis, MN@rain protein concentrations were determined with a
DS2500 near infrared reflectance (NIR) spetieter (FOSS, Eden Prairie, MN 55344, USA)
and adjusted to standard grain moisture corgedtfinal protein levels were adjusted to 14.5%

moisture. Plant heights were measured at BBCH 83 by taking the height of the main tiller from
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ground level to the topf the spike, not including the awns. Lodging was assessed at BBCH 89
onal9 scale, where 1 = no |l odging or O6erecto
The economic analysis compared yields achieved with fungicide applications at various
crop growth stags. Fungicide costs were based on the fee structure of a typieahagrical
retail company in northcentral Alberta. Yield required to break even was calculated as: (total
fungicide application cost + cost of fungicide) / (current wheat p€enell 2020)
3.2.4 Statistical analysis
Data from the eight environments (site x year combinations) were analyzed using PROC
GLIMMIX of SAS Studio v.3.8 (SAS Institute Inc. 202018). Cultivar, fungiade treatments,
site- year combinations (SiteYr) and their interactions were treated as fixed effects. Blocks and
their interactions with all fixed effects were considered random effects.
Yang (2A0)st at es that | ocation effects shoul d
represent a physical property (e.qg., soil type of a location) or aésngaverage (precipitation,

temperature, RH, etc.). Bo@'Donovan et al. (201BndYang (2010)state that if a factor has

greater than 10 levels and there is no structure to these levels, then it is best to declare the factor

d andomo6, but i f it has | ess than 10 | evel s,

b

t

woul d be better to consider the f-yetfactorad f i xed

60fixedd since it h aefectonmél for cembiged splplotexperiments A mi X

is as follows,

@ ‘0 6 0 00 006 0 00 00 00 O -,
where' is the overall mearQ is the effect ofth environment (site yeard, , isthe effect of
jth block withinith environmentd is the effect of théth whole plot (cultivar), 66 is the

interactions between the effects of kile cultivar andth block withinith environmentor the
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whole plot errorg is the effect of théh split plot (fungicide treatment)p6  is the
interaction between the effectskih cultivar andth fungicide treatmentsg O s the
interaction between the effects of Ith fungicide treatmedtith environment, andd6 O is
the interaction between the effectskih cultivar,|th fungicide treatment arith environment,
and- is the split plot error.

DON data followed a Poisson distribution and wereaded into a new disete variable
where the value was multiplied by 100,a0Ccreate an integer valuehich can beanalyzed via
PROC GLIMMIX. The Ismeans were then bacansformed fromlog cal e using the 6
option.

3.3 Results anddiscussion

3.3.1 Effect of environment

Sites were separated into those that showed a significant yield response to fungicide
treatments, and hence are referred to as fAres
t o as efsrpoomsi ve siteso. ediBarehead 20dpBRABANAGEOrds i t e s |
2019 (BA19) Red Deer 2018 (RD18) and Red Deer 2019 (RD19). Theesponsive sites
includedBarrhead 2018 (BR18Bon Accord (BA18)Lethbridge 2018 (LB18)andLethbridge
2019 (LB19)

Average observegrecipitation from seeding to physiological maturity at the responsive
sites was 273 mm (194364 mm), which was approximately 96% of the ldagn average
(LTA) (6971 128% of the LTA) Table 3.2. Of those sites with a significant yield response to
fungicide treatments (responsive sites), the highest observed precipitation (364 mm) was
recorded at BA19 and the lowest (194 mm) at RD18. Theegponsive sites received an

average of 175 mm (121214 mm) of observed precipitation, which was approximat@¥p of
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the longterm average (LTA) (55 96% of the LTA). Of those neresponsive sites, Barrhead
2018 received the highest amount of precipitation (214 mm), with the lowest at LB18 (121 mm).

Relative humidity, on average, at the responsive sites wa% {68221 74.0%) and the
nonresponsive saw an average of 61.1%. (5%63.7%)(Table 3.3. The temperature difference
between sites was minimal. The A@sponsive sites had, on average, only 1.6°C higher
temperature versus the responsive sites.

The weter environment at the responsive sites affected plant height. At these sites, plants
were about 17% taller than the plants at them@ponsive sites (data not shown). Lodging was
also significantly greater (54%) at the responsive sites than at thresmonsive sites (data not
shown). Previous studies have indicated that lodging is often associated with wetter summers
(Berry et al. 2004)

3.3.2 Agronomic, yield and quality trends at responsive ad non-responsive sites

SitesinTable3.3ar e referred to as fAires@Bdnasvadnent e
responsive siteso.

For the norresponsive sites, yields varied between sites (Ta)e The highest was at
LB18 (7.8 t ha), followed by LB19 (6.9 t hd), BA18 (6.6 t ha) and finally BR19 (5.9 t hg
(Table 3.4. These sites had an average of 2.7% lower yields (0:3 tthan the responsive sites.
Significant yield differences were also observed between the responssvédReiteDeer 2019
had the highest yield (7.4 t fgfollowed by BA19 (7.1t hd), BR19 (7.0 t hd) and RD18 (6t t
ha') (Table 3.3.

Both the norresponsive sites and responsive sites showed significant differences in
DTM. At the responsive sites, DTNVaxied from 108.4 d at RD18 to 131.0 d at BA19 (average

120.3 d) Table 3.3. At the nonresponsive sites, DTM ranged from 103.4 d at BR18 to 120.0d
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at LB19 (average 109.3Té&ble 3.4. Responsive sites took 11 days longer to mature because of
the generajl better growing conditions (i.e., higher precipitation levels), which likely
contributed to higher disease pressure and significant responses to the fungicide treatments.

The nonresponsive sites showed significant test weight differences betweernTaibés (
3.4). LB18 had the highest test weights at 85.5 kg Wiith the lowest at BA18 with 76.0 kg hL
! For a grade No. 1 CWRS, the test weight needs to be at least 75, kgpltest weights at the
nonrresponsive sites met the minimum No. 1 grade reqment(Canadian Grain Commission
2019) The responsive sites also saw significant test weight differehabte(3.3. BA19 had
the highest test weight at 77.2 kg-héand RD18 hd the lowest with 69.1 kg ht. Test weights
at RD18 and RD19 would result in a No. 3 CWRS grade. On average, the responsive sites had
about 9% lower test weights than the wieaponsive sites. Lower test weights are usually due to
stresses such as diseassects, or unfavorable soil or environment conditions that can disrupt
grain filling (Davidson 2018)The responsive sites had 25% higher foliar disease (Asif 2020)
versus the nomesponsive sites during grain filling, which could have resulted irotherltest
weights at these sites.

For the norresponsive sites, significant differences in TKW were observed. LB18 had
the lowest TKW at 37.7 g 108@ed3d and BA18 had the highest at 41.4 g 1000 séétiable
3.4). There were significant TKW effects @itiuted to the responsive sites, with the highest
TKW (41.8 g 1000 seed¥ at RD18 and the lowest (36.5 g 1000 sé@d$ RD19 Table 3.3.
On average, the responsive sites had about 1.5% lower TKW than thesponsive sites. This
was unexpected, aswer precipitation levels or drought will reduce kernel weights (He et al.
2013). However, similar to the test weight results, the moderate to high level of foliar disease at

the responsive sites could have led to lower TKW, while not significantly affegield.
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For the norresponsive sites, protein levels were significantly different depending on the
sites. BA18 had the highest protein levels at 167 thargl LB19 the lowest at 117 m¢g g
(Table 3.4. The responsive sites also had significant diffezen protein levels between sites.
RD19 had the highest protein level at 158 mgwhile the lowest was 138 mg'@t RD18
(Table 3.3. On average, the responsive sites had about 3% lower protein than-tespomsive
sites. This can be explained thetfact that initially, when there is a lot of available N, yield and
protein increase simultaneously; however, when there is a lack of moisture (i-eesponsive
sites), the yield increase halts but protein will continue to incigases an®IlsonRutz 2012).

In summary, the responsive sites had 3.6% higher yields, 11 d longer maturity, 9% lower
test weights, 1.5% lower TKWs and 3% lower protein content than theesponsive sites.
3.3.3 Agronomic, yield and quality differences between cultivars

For the responsive sites, there was a significant cultivar x site interaction forlyaeld (
3.3). This was attributed to yield differences between the two cultivars at two of four sites
(BA19 and BR19), where AAC Viewfield averaged 13% higher yiedohtAAC Brandon. At
BA19, AAC Viewfield yielded 0.6 t tAmore than AAC Brandon, and at BR19, AAC Viewfield
yielded 1.4 t ha more than AAC Brandon. There were no significant yield differences between
cultivars at the nomesponsive sitesT@ble 3.3.

At five of the eight site years, there was no significant difference in maturity between
AAC Brandon and AAC Viewfield (Tables3and3.4). This was expected and matches the
maturity ratings of the cultivarg é@ble 3.5. The slight differences in maturities BR18, RD18
and LB19 may be attributed to a genotype x environment interaction.

All responsive and neresponsive sites showed significant differences in TKW between

cultivars. Overall, AAC Brandon had 8.1% heavier seeds compared with AAC Viewfielee¢Tab
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3.3and34). This was also expected, since AAC Brandon is rated as having a heavier seed (41 g
1000 seed? relative to AAC Viewfield (40 g 1000 seet)qAlberta Seed Guide 2020} able

3.5. AAC Viewfield is reported to have a heavier test weight relative to AAC Brafflberta

Seed Guide 2020Dur data supported this trend at BA19, BR19, LB18 and LB19 %314

and3.4).

The cultivars showed significant differences in protein content in four of eight site years,
including at two responsive sites (BA19 and BR19) and twerasponsive sites (BR18 and
LB19) (Tables3.3 and3.4). Specifically, AAC Brandon haal 5.2% and 8.7% higher protein
than AAC Viewfield at the responsive and A@sponsive sites, respectively. Again, this was
expected, as AAC Viewfield is known to have lower protein levels compared with AAC Brandon
(Alberta Seed Guide 202(Q)able 3.5.

3.3.4 Agronomic, yield and quality differences between fungicide treatments

The responsive sites had significant yield differences between fungicide treatments, but
no significant fungicide sites, or cultivar x fungicide x sites interactiomalfle 3.3. As such,
fungicide responses will be discussed based on fungicide treatment means averaged over the four
responsive sites and both cultivars.

There were no significant yieldifferences between the noreated control and fungicide
applications at BBCH 223 or BBCH 3032 (Table 3.3. This suggested there was no yield
advantage associated with early fungicide applications, and this practice provides no economic
benefit to grovers. The nofireated control and earlier fungicide treatments, applied at BBCH
22-23 and BBCH 32, had lower yields (but not always significantly less yield) relative to the
later fungicide applications at BBCH-3% and BBCH 6463. Fungicide applicatianat BBCH

3945 and BBCH 6363 yielded significantly more than the ntreated control. This suggested
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that under responsive conditions, there may be an economic benefit associated with fungicide
applications at these crop stages.

On average, there was ®2 t ha! yield decrease in earlier fungicide treatments versus
later onesTable 3.3. This trend was consistent with previous studies that have found that
applying fungicides as a protectant according to plant growth stage can be a more effective
appro&h in limiting yield losgPoole and Arnaudin 2014Jhis is based on the premise that
protecting the upper canopy (flag leaf, flag i&@aflag leaf2, flag lea$3), which contributes the
most tograin yield, from foliar diseases is key to protecting yield, whereas lower canopy leaves
that contribute very little to grain yield do not require disease protection. Our results showed that
flag leaf timing (BBCH 3945) and head timing (BBCH 6d3) for the application of fungicide
treatments resulted in higher yields (on averag®.4% increase) than any of the earlier
applications. This was likely because the flag leaf had not yet emerged during the earlier
application, whereas the later applicationst@ctedall the upper leaves, thus preventing major
yield loss from fungal leaf spots.

The later fungicide applications at BBCH-389 and BBCH 6463 resulted in
significantly greater TKWs relative to the earlier fungicide treatments and thieeatad ontrol
(Table 3.3. The significant fungicide x sites interaction resulted from three sites (BA19, RD18
and RD19) showing significant responses to fungicide treatments, with later fungicide treatments
(BBCH 3945 and 6163) having, on average, a 5% high&\W relative to the earlier fungicide
applications (BBCH 223 and 36382) (data not shown). Fungicide applications did not impact
DTM, test weight or proteirHlowever, it should be noted that higher foliar disease is not always

correlated with lower yieldand vice versa.
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3.3.5 Economic benefits of early versus later fungicide applications

The highest yield was achieved with the Prosaro XTR application at early anthesis
(BBCH 61-63). It represented a 9.73% vyield increase (or 0.72)} txer thenontreated control
(Table 3.3. The next highest yield came from spraying at the flag leaf stage with Trivapro A+B,
representing a 9.4% yield increase (equivalent to 0.69)trietative to the noitreated control.
The lowest yielding treatment was fucige application with Trivapro A+B at BBCH 382,
which was not significantly different from the ntneated control. Fungicide applications at
BBCH 2223 were 0.2 t hahigher yielding than the neimeated control, representing a aron
significant yielddifference of 3% relative to the nareated control. Overall, later fungicide
applications at BBCH 395 and BBCH 6463 were the most effective at increasing yield.

The cost of fungicides and their application costs need to be offset by increasedyields.
grower applying Tilt 250 E must achieve an additiorg?.86ha’ in revenue to breakeven,
which is equivalent to an additional 0.12 t@4t ha' of grain yield (Table8.6). A grower
applying Trivapro A+B must achieve an addition&8%&® ha' in revenue to breakeven, which is
equivalent to an additionalZBto 025t ha' of grain yield. The flag leaf (BBCH 385)
application of Trivapro A+B would be profitable for a grower since it resulted in a yield increase
of 0.69 t ha at the responsessites. In contrast, the application of Trivapro A+B at BBCF232
or BBCH 3032 would not be an economically sound decision, given that the yield increases
relative to the nottreated control were +0.09 6.14 t ha at these growth stages. A grower
applying Prosaro XTR must achieve an additional $71.46iha@evenue to breakeven, which is
equivalent to an additional 0.28 to 0.31 t'ludi grain yield. At the responsive sites, Prosaro XTR
applications resulted in an additional 0.72 1 vayield conpared with the notreated control

In this study, the Trivapro A+B treatment at flag leaf (BBCH439and the Prosaro XTR
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treatment at BBCH 663 would betwo most economical choisdor growerswhen
environmental condibns were favorable for diseasevd®pment
3.3.6 Decisions for effective fungicide use

There are several factors that should be considered prior to spraying a fungicide. First, is
the field expected to be responsive? Is there yield potential, and disease potential? If yield
potential is compmised due to severe weather, such as drought, hail, or flooding, then there is
no need for a fungicide. If there is no disease potential, then a fungicide is also not necessary.

Secondly, the relationship between the environment, pathogen and hest'ddisease
triangle) is critical in determining whether or not to use fungic{&esolthof 2007)For
example, if the host is resistant or moderately resistant to the targeggaghthen the risk of
yield loss decreases, and a fungicide may not be needed. In this study, the two CWRS cultivars
did not have sufficient genetic resistance to foliar diseases. They both exhibited a response to
fungicide application when disease @@® was high, as we observed at the responsive sites. As
such, AAC Brandon and AAC Viewfield were responsive to fungicide applications given the
disease pressure present in Alberta.

The environment also plays an important role in decigi@aking. Ovethe two growing
seasons in this study, only half the sites were responsive to fungicide application. The responsive
site years tended to have more precipitation and higher RH. Based on the present results, the best
time to apply fungicides would be at gribwstages BBCH 395 (flag leaf) and BBCH 663
(anthesis) to minimize yield and quality loss when observed season precipitation3@94nm)
and RH (65.4 74.0%) are near the lortgrm averageTable 3.3. However, if disease incidence
and severity arw throughout the growing seas@uch as we observed at the esponsive

sites (BA18, BR18, LB18 and LB19) with lower growing season precipitationi(22% mm)
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and RH (57.7 63.7%), there may not be a need to spray, since the financial benefitsxare

existent given that yield loss due to disease issignificant.
3.4 Conclusion

When fungicide applications were made at BBCH43%nd 6163, TKW was 5%
greater and yields were 8.4% greater than when fungicide applications were made at BBCH 22
23 and 3632. These data support earlier research showing that earlier fungicide apmicatio
provided no yield or quality benefits, even on new CWRS wheat varieties with improved genetic
resistance to cereal diseases. Days to maturity, protein and test weight were not impacted by the
fungicide treatments.

Our economic analysis indicated that applying propiconazole (Tilt 250 E) at BB2H 22
may be less costly, but also may not provide the best return on investment since it does not
protect yield and quality compared to later fungicide appibos.Propiconazolg
benzovindiflupyrandazoxystrobinTrivapro A+B) applications at BBCE9-45resulted in an
additional 069t hat in yield compared with the netneated control, when environmental
conditions were conducive to disease developmedt]Temnapro A+B applications at BBCH 39
45was the most profitable choice for growers. ApplicationBrosaro XTR application at
BBCH 61-63 also were profitable. Although this study found that later fungicide applications
resulted in the highest yield,ig important to note that these yield responses occurred only at
50% of the site years. Site years where environmental conditions were not favorable for disease
development, and fungicide applications were unnecessary, were characterized by low RH (57.7

- 63.7%) and an average observed precipitation of 175 mm.
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Table 3.1 Six fungicide treatments applied at different growth stages at four locations (Barrhead, Bon Accord, Red Deer and
Lethbridge) throughout Alberta, Canada in 2018 and 2019.

Fungicide FRAC* Fungicide Active Ingredient Fungicide rate Growth stage of funglmde
product Group treatment application
(gai L hat) (BBCH)
Tilt 250 E 3 Propiconazole 62.5 22-23
, Propiconazole benzovindiflupyr + 200 (TriA) + 30
Trivapro A+B 3+7+11 azoxystrobin (TriB) 2223
: Propiconazole + benzovindiflupyr + 200 (TriA) + 30
Trivapro A+B 3+7+11 azoxystrobin (TriB) 30-32
: Propiconazole + benzovindiflupyr + 200 (TriA) +30
Trivapro A+B 5+7+11 azoxystrobin (TriB) 39-45
Prosaro XTR 3 Prothioconazole + tebuconazole 200 61- 63
Non-treated i i i i
control

#Fungicide Resistance Action Committee Code
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Table 3.2 Observed precipitation, relative humidity, temperature, seeding tiareest dates and soil types for 8 site years over two growing seasons in 2018

and 2019. Barrhead 2018, Bon Accord 2018, Lethbridge 2018 and Lethbridge 2019 were considersgaomsive to fungicide treatments, while Barrhead
2019, Bon Accord 2019, Redeler 2018 and Red Deer 2019 were considered responsive to fungicide treatments.

: Physiological ; ;
Location Year Seeding Harvest ' DTM Re|?.tl.ve Air Opsgrvgd Lopg.-term Soil type
date date Maturity? humidity temperaturgé precipitatio® precipitatiort®
(days) (%) (°C) (mm)
Unresponsive Sites
Barrhead 2018 May2 Oct. 1 Aug 12 103 62.5 16.0 214 247 Solonetzic Dark
Gray Chernozem
Bon Accord 2018 May3  Oct. 4 Aug 20 110 63.7 16.0 207 250 Eluviated Black
Chernozem
1 c
Lethbridge 2018 May7  Sep.6 Aug 15 104 57.7 17.2 121 182 Dark Brown
Lethbridge 2019 Apr.15 Sep.4 Aug 12 120 60.3 14.2 159¢ 207 Chernozem
Average of nofresponsive Sites 109 61.1 15.8 175 222
Responsive Sites
Barrhead 2019 May6 Sep.30  Aug 27 114 69.1 14.2 262 269 Solonetzic Dark
Gray Chernozem
Bon Accord 2019 May6 Sep.23  Sept13 131 72.3 14.0 364 284 Eluviated Black
Chernozem
f
Red Deer 2018 May21 Oct. 16 Sept5 108 65.4 15.3 194 275 Orthic Black
Red Deer 2019 May?24 Oct. 19 Sept 28 128 74.0 134 272 305 Chernozem
Average of responsive sites 120 70.2 14.2 273 283

aPhysiological maturity was calculated by adding the recorded DTM from seeding date (ed? Mag%6days = August J7.
from Al berta CIli

bDat a wer e
maturity (DTM).

coll ected

‘Long term precipitation obtained from interpolated data.
dGrowing seasoprecipitation plus the average irrigation volume (29.5 mm) over 8 irrigation events in the growing season (MayabtAed ethbridge site.
€Soil description found via Alberta soil information viewer providedAlperta Agriculture and Forestry 2015)

fObserved rainfall data for Red Deer location obtained from Lacombe CDA station.

mat e

Il i nfor mat i omatuBtybsdeccomdafysAdcCl S)
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Table 3.3P i values and least square means for the agronomic, yield and quality responses of the Canadian Western Red Spring (CoURiI8ansheaC
Brandon and AAC Viewfield following foliar fungicide treatments at the responsive sites in Alberta, Canad®, am@®D19.

Effects DTM Yield Test weight TKW Protein
P value
SiteYr? <.0001***  0.0013***  <.0001*** <.0001*** <.0001***
(days) (t ha) (kg hL'Y (g 1000 seedy (mg g%)
Bon Accord 2019 (BA19) 131.0a 7.1a 77.2a 37.8b 140b
Barrhead 2019BR19) 113.8c 7.0a 76.3a 40.8a 139b
Red Deer 2018 (RD18) 108.4d 6.4b 69.1c 41.7a 138b
Red Deer 2019 (RD19) 128.0b 7.4a 73.2b 36.5b 158a
P value
Cultivar 0.1310 0.1274 0.2459 0.0004*** 0.0414*
Cultivar X SiteYF 0.0004***  <,0001***  <.0001*** 0.0166* 0.6584
(days) (t ha) (kg hL'Y (g 1000 seedy (mg g%)
BA19 AAC Brandon 130.8A 6.8A 76.4A 39.5A 145A
BA19 AAC Viewfield 131.2A 7.4B 78.1B 36.2B 136B
BR19 AAC Brandon 113.6A 6.3A 75.7A 43.3A 142A
BR19 AAC Viewfield 114.1A 7.7B 77.0B 38.4B 136B
RD18 AAC Brandon 107.2A 6.2A 69.9A 43.3A 141A
RD18 AAC Viewfield 109.6B 6.4A 68.3B 40.1B 136A
RD19 AAC Brandon 128.0A 7.5A 72.9A 38.3A 161A
RD19 AAC Viewfield 127.9A 7.3A 73.5A 34.8B 156A
P value
Fungicide 0.0873 0.0013** 0.9751 <.0001*** 0.3420
Fungicide X SiteYt 0.2610 0.0896 0.2808 0.0180* 0.2520
Fungicide X Cultivar X SiteYr  0.4641 0.619 0.9758 0.0858 0.5470
(days) (t hal) (kg hL'Y) (g 1000 seedy (mg gb)
Nonttreated control 119.84 6.68c 73.78 38.5b 146
Tilt at BBCH 2223 120.02 6.98abc 73.99 38.4b 143
Trivapro at BBCH 223 120.51 6.77bc 73.99 38.6b 144
Trivapro at BBCH 332 120.12 6.54c 74.04 38.7b 146
Trivapro at BBCH 35 120.30 7.37ab 74.03 40.7a 144
Prosaro XTR at BBCH 663 121.03 7.40a 74.03 40.5a 141
Adjusted CV% 1.3 9.0 1.9 1.3 6.7

aSite x Year
Significance indicated as *p<0.05, **p<0.01, **p<0.D0
Bolded letters= significance

67



Table 3.4 P values and least square means for the agronomic, yield and quality responses of the Canadian Western Red Spring rsh&ACCBitaredon

and AAC Viewfield following foliar fungicide treatments at nrogsponsive field sites in Alberta, Canada, in 2848 2019.

Effects DTM Yield Test weight TKW Protein
P value
SiteYr <.0001***  <.0001***  <.0001*** <.0001*** <.0001***
(days) (t ha) (kg hL'Y (g 1000 seedy (mg gb)
Bon Accord 2018 (BA18) 109.7b 6.6b 76.1d 41.4a 168a
Barrhead 2018BR18) 103.3c 5.9¢ 81.4b 40.6a 166a
Lethbridge 2018 (LB18) 104.1c 7.8a 85.5a 37.7c 144b
Lethbridge 2019 (LB19) 120.0a 6.9b 79.6C 39.6b 117c
P value
Cultivar 0.928 0.150 0.199 0.002** 0.027*
Cultivar X SiteYF <.0001*** 0.133 0.0001*** 0.345 0.017*
(days) (t ha) (kg hL'Y (g 1000 seedy (mg gb)
BA18 AAC Brandon 109.7A 6.5 76.4A 42.9 171A
BA18 AAC Viewfield 109.8A 6.7 75.7B 40.0 164A
BR18 AAC Brandon 102.4A 5.7 81.2A 41.6 171A
BR18 AAC Viewfield 104.3B 6.0 81.7A 39.7 160B
LB18 AAC Brandon 104.2A 7.6 85.1A 38.9 143A
LB18 AAC Viewfield 104.0A 8.0 85.9B 36.4 144A
LB19 AAC Brandon 120.9A 6.9 79.2A 40.9 124A
LB19 AAC Viewfield 119.2B 6.8 80.0B 38.4 109B
P value
Fungicide 0.862 0.232 0.241 0.078 0.582
Fungicide X SiteY% 0.466 0.752 0.951 0.943 0.611
Fungicide X Cultivar X SiteY¥ 0.134 0.530 0.459 0.977 0.715
(days) (t hal) (kg hL'Y) (g 1000 seedy (mg g
Nonttreated control 109.0 6.85 80.8 39.8 152
Tilt at BBCH 2223 109.1 6.57 80.3 39.6 148
Trivapro at BBCH 223 109.4 6.73 80.6 39.5 150
Trivapro at BBCH 332 109.6 6.88 80.6 39.5 147
Trivapro at BBCH 35 109.4 6.78 80.8 40.2 148
Prosaro XTR at BBCH 663 1094 6.89 80.7 40.3 147
Adjusted CV% 1.3 7.9 1.2 3.4 8.6

aSite x Year
Significance indicated as *p<0.05, **p<0.01, **p<0.001
Bolded letters= significance
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Table 3.5 Ratings of two Canadian Western Red Spring (CWRS) cultivars compared with AC Carbvepgréed in the spring 2020
Alberta Seed Guide
Cultivar Yield Maturity rating Protein Test weight TKW Height Lodging® Leaf spot§ FHBC

(t ha') (%)  (kghLY)  (g) (cm)
AC Carberry 6.7 104 13.9 79 40 84 VG MS MR
AAC Brandon 7.1 0 -0.3 79 41 85 G I MR
AAC Viewfield 7.4 0 -04 80 40 80 VG I I

aMaturity rating +# of days of Carberry
bLodging: VG = Very good, G = Good
‘Leaf spots: MS = Moderately susceptible, | = Intermediate, MR = Moderately resistant
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Table 3.6 Estimated economic returns for a single application of Tilt 250 E, Trivapro A+B and Prosaro XTR to Canadian Western
Red Spring (CWRSWheat in Alberta, Canada based on grain prices from 2018 and 2019.
Year Wheat pricé Application cost Fungicide co$f Total application and fungicide co Yield needed

($ thH? ($ hat) ($ hat) ($ hat) (t ha')

Single Application of Tilt 250 E

2018 259.78 17.50 14.96 32.46 0.12

2019 230.04 17.50 14.96 32.46 0.14

Single Application of Trivapro A + B

2018 259.78 17.50 41.12 58.&2 0.23

2019 230.04 17.50 41.12 58.&2 0.25

Single Application of Prosaro XTR

2018 259.78 17.50 53.96 71.46 0.28

2019 230.04 17.50 53.96 71.46 0.31

2Average cost of wheat ($)twas collected from price & data quotes (PDG) in 2018 and 2019 from SepteftoeD8tober 31 The data was averaged each year for southern
and northern regions in Alberta.

bCalculated costs ($ Hafrom retail values of fungicide and recommended label rates

CTilt 250 E retail price was $401.87/8L jug with recommended herbicide timing rate@®mL a¢ (250 mL ha or 0.25 L hd)

“Trivapro A+ B retail price was at $666.12/cais@ copack includingwo 8.1L jugs of Trivapro A andwo 2.43L jugs of Trivapro B. Recommended rates were 400 mL (@dcL
ha') of A and 120 mL aé (0.3 L ha') of B.

°Prosaro XTR retail price was $433/6.5L jug with recommended rate of 324-h(B@enL hat or 0.81 L ha)
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Chapter 4: Evaluation of fungicide efficacies on common leaf spot diseases
and fusarium head blight of wheatat different growth stages

4.1 Introduction

In Canada, there are about 20 different fungal pathogens that can infect wheat
(Aboukhaddour et al. 2020%ince thesarly 2000s, tan spaPjrenophora triticirepentis(Died.)
Drechsler](Murray et al. 2015)usarium head blight (FHBHusarium spg,and stripe rust
[Puccinia striiformisWestend] have been a major concern throughout Canada, with different
geographic a@as being at risk of different diseases. Historically, in ManitBbi& has been
widespread and has yearly incidences with high sevefiarsitoba Agriculture 2019)0ver the
years,Saskatchewan has also seen an increase in(EliBadian Grain Commission 2019a;
Canadian Grain Commission 2019Gpmpaatively, Alberta has seen an increase in FHB, but
the disease is still limited to mainly southern Alberta with only a few cases in central and
northern AlbertgCanadian Grain Commssion 2019bHarding et al. 2018

Each pathogen can cause high levels of disease depending on the year and geographic
area and are strongly influenced by weather conditions. Specifically, in Alberta, tan spot, stripe
rust, septoria nodorum blotch (SN@arastagonospora nodoru(Berk.) Quaedvlieg, Verkley,

& Crous)and septoria tritici blotch (STBEZymoseptoria tritic(syns.Mycosphaerella
graminicola(Fuckel) J. Schrot.) are diseases of concern. Surveillance for FHB is also a top
priority as the rislof infection increases in the provin(feesticide Risk Reduction Program
Canada 2019)

The disease triangle contains three main elements (host, pathogen, andrtmenemi)
that are crucial for disease development. If one factor is missing, then disease will not become

establishedlslam 2018) A more detailed disease triangle developed by McNew it 968s
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emphasizes that the environment is one of the most important causes of plant disease. Usually,
the other factors can be manipulated; a cultivar can have genetic resistance to a disease and
chemicals can be used to mitigate the disease, but themmeént cannot be
manipulated/managed for crops grown in large fields, such as (8wwedlthof 2007)
Therefore, the severity of plant disease is highly influenced by changesronemental
conditions(Agrios 2004)
The hostdés susceptibility to a pathogen is
pathogens (the three rusts (stéfagcinia graminissubspgraminisPers.:Pers]Murray et. al
2015) stripe Puccinia striiformiswestend] and leaHuccinia triticinaErikss]), common bunt
[Tilletia caries(DC.) Tul. & C. Tulland FHB Fusariumspgd,) are OPriority 106 ¢
addressed in Canadian breeding progréi®ukhaddour et al. 2020\Wheat breeding in
western Canada from 1885 onwards has led to improvemermgdarasagronomic traits and
disease resistan¢kgbal et al. 2016)The breeding for resistance to various diseases (stem, leaf
and stripe rust and common bunt) has been highly successfaktern Canada, selecting genes
that improve disease resistance, early maturity and yield for many Canadian c(ljivalret al.
2016) Specifically, the two cultivars, AAC Branda@and AAC Viewfield, are known to have
6intermedi ated resistance to | eaf spots and 6
respectively to FHEAIberta Seed Guide 2020)
Currently, there are no studies evaluating the impact of STB, SNB, tan spot and FHB on
two of the more modern CWRS wheat cultivars in western Canada, with different genetic
resistance to plant pathogens. Therefore, the objective of this study was to detieenaiifects
of single fungicide applications timings at BBCH-22 [2-3 tillers (herbicide timing){Meier

2018) BBCH 30332 [stem elongation (plant growth regulator (PGR) timing)], BBCHI3%lag
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leaf), and BBCH 6%63 [10-30% of anthers are mature (head timing)] on plant disease severity
and incidence. Two genetically different CWRS cultivars, AAC Brar@uthbert et b 2016)

and AAC Viewfield(Cuthbert et al. 2018yere tested. The effects of fungicide application
timing on yield, agronomic traits and grain quality were also measureithese results are

presented in a separate report (Asif 2020).

4.2 Materials and methods

4.2.1 Field setup

Field experiments were conducted in Alberta, Canada, over two growing seasons in 2018
and 2019 at three raied sites (Barrhead, Bon Accord and Red Daag one irrigated site
(Lethbridge). Precipitation, RH and FHB risk were obtained from the nearest Alberta Climate
Information System (ACIS) station from seeding date to physiological maturity (based on days
to maturity (DTM as mentioned in Chaptertheender 6 3. 2..1. Fi el d Setup
4.2.2 Fungicide treatments

Like Chapter three,ata reported herein are sgbt of data collected as part of a larger
study. Five fungicide treatments and a4tiegated control were comparetaple3.1). The larger
study was desigmkas a spl#plot with four block§Appendix1). The main plot was cultivar and
the subplot was fungicide treatment. The fungicide treatments represented fungicide products
from three groups: the triazoles (group 3), carboxamides (group 7) and theustrel§droup
11), applied at four different growth stages: BBCH2X? BBCH 3032, BBCH 3945 and
BBCH 61-63.
4.2.3 Data collection

Foliar disease symptoms were rated using the assessment sdaleadiden (1991)

(Appendix2). Disease ratings were conductgghttimes over the growing season, immediately
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prior to each fungicide application and two weeks after the final fungicide application. Only
plots receiving a fungicide application were rapeidr to fungicide application.

To further quantify foliar disease levels, 10 representative flag leaves were collected two
weeks after the fungicide applications at BBCHERlwhich occurred in late July or early
August. These leaves were taped to pladteets, scanned and assessed with Assess 2.0 Image
Analysis Software for Disease Quantificatidamari 20®). The calibration values were
adjusted either manually or automatically accordmgitture quality and level of leaf disease.

At each time that a McFadden visual disease rating assessment was conducted, 10
representative, symptomatic young leaves were collected. For each symptomatic leaf, a small
necrotic section or lesion was cutrftdhe leaf and run under tap water for 1 h. Then, the leaf
sections were surfaesterilized with 1% NaOCL for 1 min and plated on 1% water agar with 50
mg L Streptomycin. Plates were incubated at room temperature under 12/12h light/dark for 2
days. Samples were then examiméth amicroscope to identify the foliar pathogens of concern:
Zymoseptoria tritici causal agent &TB; Stagonospora nodorugausal gent ofSNB; and
Pyrenphora triticirepenticausal agentf tan spotaccording to physical characteristi¢®
differentiate betweea. tritici andS. nodrumthe fruiting bodiegpycnidig were examined
under a compound microscopgthe pycnidia ran parallel to leaf vejrieey wereconsidered.
tritici ; if the pycnidia did not run parallel to leaf veins, they were considgreddorumTo
determine if a sample wa#s tritici -repentj theconidiophoeswereexaminecdat under a
dissectingmicroscopelf conidiophores wererect and not branchetthen the pathogen was
considered. tritici -repenti If conidiophores werbard to identify thena slide was made to

examine spores under a compound micrpeto confirmwhether or not itvasP. tritici -repenti
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If spores were hyaline and cylindrical then it viRagritici -repenti If not, thesamples were
considered to be infected with an unknown pathogen.

Normalized Difference Vegetation Index (NDVI) was measured at BBGBS3@&arly
dough to soft dough: grain content soft but dry, fingernail impression not held) for each plot.
Healthy vegedtion reports higher NDVI values, while infected vegetation reports lower NDVI
values. NDVI can be used as an objective method to quantify canopy health, as leaves with
lesions, chlorosis and disease can present lower NDVI rgtugsar et al. 2016)

At BBCH 85, 10 heads in the ndreated control plots, for each cultivar, were assessed
using theStack and McMullen (1998)isualscale to estimate the severity of FHB. If the non
treated control plots showed symptoms, then all plots were rated. If titesated control
showed no FHB, visual ratings ceased. The Barrhead 2019 site was the only site where visual
FHB ratings were condtted on all plots.

An uncleaned 1 kg sample of harvested gdaiactly from the combineassaved for
fusarium damaged kernels (FDK) aebxynivalenolDON)/mycotoxinanalysis from each
plot. Deoxynivalenol (DONWwas analyzed via ELISA (enzyntieked immunosorbent assay)
using the VeratoxE for DON5/5 kit according t
Lansing, MI, USA). The Veratox® kits are a valuable way of detecting DON for quantitative
screening, but they cannot detect low DON concentraton can sometimes have inadequate
sensitivity to the antibodies used in the Kitangni et al. 2011)Therefore, liquid
chromatography with tandem mass spectrometry (LC/MS/MS) wasagsedeference method
to detect lower DON concentratio(iBangni et al. 2011) The LC/MS/MS analysis was
performed withan Agilent series 1260 Infinity Quaternary High Performance diqui

Chromatography (HPLC) system (Agilent Technologies, Mississauga, ON, Canada) coupled to
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an AB Sciex API 4000 hybrid triple quadrupole linear ion trap (QTRARass spectrometer
(AB Sciex, Concord, ON, Canada) equipped with a Turboionsfriayerfaceon 1 kg of
uncleaned harvested grain.

Fusarium damaged kernels (FDK) were hantked from avell-mixed,500 g sub
sample of uncleaned harvested giiraight from the combin® ensure that FDK were properly
represented in the stdample Percent FDK was calculated by dividing the weight of FDK
kernels by the total sample weight multiplied by 100. The FDK ratings were collected only on
three fungicide treatments: the Awaaed control, Trivapro A+B at BBCH 223 and Prosaro
XTR at BBCH 6163. These treatments were chosen to compare the FHB timing at BBE&3 61
with the nontreated control and an early fungicide application at BBC222vhere no FHB
protection was expected.

FDK seed samplesere therplated to identify thé-usariumspeciesAcidic potato
dextrose agaPDA) plates are used as they are ideal in growing fusarium colonigsafBR2DA
powder in 1L bottle with 800ml of water and 2.4nl of lactic acid) At most20 seeds per
samplewere collectedvith 5-10 seeds per platafter 4-5 daysthe PDA plateswvere examined
undera compounanicroscope to identify fusarium coloniéhe number of seeds that shed
fusarium growth (out of at most 2@ererecorcedto confrm FDK count data.

4.2.4 Statistical analysis

The study was conducted over eight site years{gar combinations) and was
analyzed using PROC GLIMMIX of SAS Studio v. 3.8 (SAS Institute Inc. Z01B). The site
year, cultivar, fungicide treatments, aheir interactions were treated as fixed effects. Blocks

and their interactions with all fixed effects were considered as random effects.
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DON data followed a Poisson distribution and wereaded into a new discrete variable
where the value was multiptieoy 100,000 to make an integer value which was analyzed via
PROC GLIMMIX. The Ismeans were then bacansformed fromlog cal e using the 6
option.
4.3 Results and discussion

4.3.1 Effect of environment

In 2018, the average observaecipitation was 184 mm (121214 mm), which was
about 77% of the LTA (50 89% of the LTA) Table 41). Barrhead 2018 (BR18) had the
highest observed precipitation (214 mm) and the lowest was at Lethbridge 2018 (LB18) (121
mm). Observed average precgtion at the 2019 sites was 264 mm (1584 mm), which was
99% of the longerm average (LTA) (60 98% of the LTA). In 2019, Bon Accord 2019 (BA19)
had the highest observed precipitation (364 mm) and the lowest was Lethbridge 2019 (LB19)
(159 mm).

Reldive humidity, on average, at the 2018 sites was 62.3% (56574%) and the 2019
sites was 68.9% (601374.0%) Table 4.). Temperature difference between sites was minimal.
The 2018 sites had, on average, a 2.2°C higher temperature versus the 28019 site

To determine theisk of FHB, the ACIS fusarium disease severity risk prediction tool
was used. Thwol generated a risk value for FHB based on temperature and rainfall data and
provided a risk score between5D (1-9 =low risk; 1020 = moderate risk21-30 = high risk; 31
50 = severe risk)t reporedthat the average risk score for 2019 was 23.3 (high FHB risk) and
was 56% higher than the 2018 risk score of 12.3 (moderate FHB risk) (Alberta Agriculture and
Forestry 2019). The wetter environment innBaccord 2019 (BA19) and Barrhead 2019 (BR19)

led to severe FHB risk values two weeks after fungicide application atBB&H31 The oO6dr i e
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sites, LB18, LB19 and Red Deer 2018 (RD18) sites saw very low FHB risk. FHB infections tend

to thrive in conditionghat have high RH (>90%) and moderately warm temperature30(15),

thus explaining, in part, why the 06drydé site
ri sk and infection compared wit i{Schmalelllandr e O we
Bergstrom 2003)

4.3.2 Disease development and differences between fungicide treatments for the

incidence, severity, and causal agent of leaf diseases

The average McFadden visual disease sevediiygs, prior to fungicide application,
increased throughout the seasbaklile 4.2. Averages for foliar disease severity at BBCHZR
and BBCH 3632 were very low prior to any fungicide application compared with the later
growth stages (BBCH 395 and BBCH 61-63).

The 2018 growing season saw low levels of foliar disease severity at early growth stages
because of the low amount of rainfall (683 mm) in May and Jund éble 4.). The observed
precipitation in 2018 was 16% lower than thieg-term average in May and June. Foliar disease
severity ratings at BBCH 385 were 73% and 29% higher, respectively, than at BBGR32
and BBCH 3632, prior to any fungicide applicatioidble 4.2. Foliar disease severities at
BBCH 61-63 were 78% and1% higher than at BBCH 223 and BBCH 382, respectively.

In 2019, the disease severity was low at the early growth stages, despite 19% higher
observed precipitation levels relative to the lbegn averages for May and Juri@ble 4.).

Later in the gowing season, disease severity levels increased, with foliar disease severity at
BBCH 3945 being 89% and 87% higher than at BBCH232and BBCH 382, respectively
(Table 4.3. Foliar disease severity at BBCH-63 was 97% highesompared tdoth of the

earlier growth stages (BBCH 28 and BBCH 3€82).
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The McFadden visual disease severity ratings two weeks after final fungicide application
indicated significant differences between sjiéar,cultivar x site fungicides,and fungicide x
siteinteractiongTable 4.3. BA19, BR19 and LB19 had the highest foliar disease severity (4.64,
4.74, and 4.79 respectively), with the lowest foliar disease severity found at BA18, BR18 and
RD18 (1.23, 1.87 and 1.96, respectively). On average, the 2019 growing seaaboutcsB%
higher visual leaf disease severity compared to 2018 by early tdugidst. This maye
refleced inthe higher levels of precipitation and RH in 20Talfle 4.). Most infections by
plant pathogens appear and develop during wet, warm daysgimsl(Agrios 2004)

The Tilt 250 E (propiconazole) and Trivapro A+B (azoxystrobin + propiconazole +
benzovindiflupyr) treatments at BBCH-23 along with the nottreated control had tHeghest
foliar disease severities of any fungicide treatments in early teAomgist Table 4.3.

Fungicide treatment at BBCH 28 and BBCH 382 had 34% and 33%, respectively, higher
foliar disease severity compared with the fungicide treatment at BEBE4S (flag leaf). These
results are consistent wililus (1994) who found that a fungicide at BBCH-3% is far better
at controlling leaf spots than earlier fungicide applications. Thétmso suggested that
producers should avoid early fungicide applications at BBCi22and BBCH 382, as they
do not result in significantly lower disease levels compared with théreated control.
Unnecessary fungicide applications are economicadlyise and, may contribute to the
development of fungicide resistance.

The lowest leaf disease severities were observed for fungicide applications at BBCH 39
45 (Table 4.3. The fungicide application at BBCH 4B resulted in 5% more leaf disease than
the application at BBCH 395, however, these levels of leaf disease were not significantly

different. This suggests that a fungicide application at anthesis (BB&i3)ahayalso be
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helpful in controlling foliar diseases, giving producers a wider window for effective disease
control from BBCH 395 to BBCH 6163. Previous studies found that fungicide application at
BBCH 61-63 can provide sufficient control against foliar dseaithout any reduction in grain
yield while maintaining grain qualitgKutcher et al. 2018; MacLeast al. 2018; Wiersma and
Motteberg 2005; Asif 2020)

Image analysis with the Assess 2.0 disease quantification analysis software was an
alternate method to quantify foliar diseases. The software provided an objective, quantitative
measure of the pezat flag leaf disease, whereas the McFadden ratings provided a subjective,
gualitative measure of disease severity for the whole plant. These two methods of foliar disease
ratings resulted in slightly different trends. There was a significant differarkssiess 2.0
disease levels between sites, cultivars, and the cultivar x site and fungicide x site interactions
(Table 4.3. The Assess 2.0 data indicated that BA19 had the highest percent flag leaf disease
(5.33%), while RD19 and LB19 had the lowest &706 and 0.98%, respectively.

Analysis of the Assess 2.0 data did not indicate significant differences between fungicide
treatments; however, these data followed the same trend as the McFadden foliar disease severity
ratings. Flag leaf disease in the figige treatment at BBCH 385 was34% lower than in the
nontreated control, an@8%, 23% and27% lower than in the Tilt 250 E at BBCH 23,

Trivapro A+B at BBCH 223, and Trivapro A+B at BBCH 382 treatments, respectively

(Table 4.3. Again, this can & because the fungicide treatments at BBCH3%are known to be

the optimal time to control foliar diseagg®ole and Arnaudin 2014; Poole 200@)our

experience with Assess 2.0 and the McFadden disease severity rating systems, the latter are a
more effective tool for evaluating disease levels in plots, because they evaluated a larger portion

of the canopy. The Assess 2.0 method is better suitdetéot small differences on single leaves.
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For thefungicide x site interaction, onBA19 showed significant differences in the
Assess 2.0 data (data not shown). Thetneated control had the highest disease (8.2%) and
Trivapro A+B at BBCH 3945 had tle lowest (3.0%). The fungicide treatments at BBCF232
and BBCH 3632, on average, had 47% higher flag leaf disease than the fungicide application at
BBCH 3945.

For NDVI, there were significant differences between sites, cultivar x site interaction,
fungicide treatments and fungicide treatment x cultivar x site intera@favie 4.3. The highest
NDVI reading at 0.46 was at LB18 and the lowest was at LB19, perhaps due at least in part to
the severe hail seen at this site, and at BR18 at 0.30 ande&ectively. Differences in NDVI
between sites may also reflect slight differences in the growth stage when the NDVI data were
collected. NDVI readings for the fungicide treatments, on average, were 5% higher than in the
norttreated control. Tilt 250 E &BCH 2223 had an NDVI 10% lower than the fungicide
treatments at BBCH 395 and BBCH 6363. This was supported by both the McFadden foliar
disease severity ratings and Assess 2.0 measurements of percent infection. While it was
encouraging to see the NDValues confirm the disease rating results, this is not always the
case, as NDVI does not specifically measure disease. Any influence on the crop that affects
absorbance/reflectance will affect NDVI, which is why NDVI values do not show as much
distinctionbetween fungicide treatments as the McFadden disease severity ratings.

The three foliadiseasesSNB caused b¥arastagonospora nodoryr8TB caused by
Zymoseptoria triticeendtan spot caused Byrenophora triticirepentioccurred in both 2018
and 2019 Table 4.4. In 2018 tan spotvas the most commatiseasend in 20195TB was the

most common disease
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4.3.3 Differences between fungicide treatments for the incidence, severity, and species of
FHB

There was a significant défence between the sites for FDKable 4.3. BA19 and
BR19 had the highest percent FDK (1.07 % and 1.03% respectively), while BR18 aadddB1
the lowest (0.12% and 0.16% respectively). This was expected as BA19 and BR19 received the
highest observed pripitation (364 mm and 262 mm, respectivelijalle 4.) and had the
highest ACIS risk of FHB, while BR18 received lower levels of precipitation (214 mm) and had
38% lower FHB risk Table 4.). On average, the percent FDK was 49% higher in 2019 vs. 2018
(Table 4.3. However, these levels were still very low relative to other western Canadian
provincegCanadian Grain Commission 2019b)

There was also a significant fungicide x sigar interaction for FDKTable 4.3.
Averaged over all sites, the nereated control had 32% higher percent FDK compared with the
two fungicide treatments. However, only three sites, LB18, BA19 and BR19, showed significant
responses to fungicide treatme (data not shown). At the LB18 site, the +i@ated control and
the fungicide treatment at BBCH-32 had 21% higher FDK relative to the Prosaro XTR
treatment at BBCH 663, which was expected. However, this trend was not observed for the
other two siés. At BA19 and BR19, the percentage FDK for the Prosaro XTR (prothioconazole
+ tebuconazole) treatment at BBCH-63 fungicide was 31% and 42% higher FDK,
respectively, than for the Trivapro (azoxystrobin + propiconazole + benzovindiflupyr) treatment
at BBCH 22-23. We would have expected the treatments at BBGB36tb have lower FDK
than fungicide treatments at BBCH-23. Similar results were obtained in another study, where
some fungicide treatments had higher levels of FHB and FDK than the unspratmedico

some site years (Fernandez et al. 2014). This is unusual, but there have been cases where earlier
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fungicide treatments can reduce FDK and the risk of FHB, due to a reduction of fusarium debris
on younger plants and leaf sheafBdwards and Godley 2010)

The ELISA DON data differed between sites due to the elevated DON levels at RD19
(0.00126 mg @) (Table 4.3. There was also a significant response attributed to fungicide
treatmentfungicide x site and fungicide x cultivar x site. Averaged across all sites, the ELISA
DON responses were not meaningful. To understand these data fully, it is necessary to
investigate the fungicide x site interaction. RD19 was the only site that slaovesgonse to
fungicide treatments. At RD19, the Prosaro XTR (prothioconazole + tebuconazole) treatment at
BBCH 61-63 had48% higher DON than the nemeated control, an@7% higher DON than the
average of the other treatments (data not shown). Thestsrasihighly unusual, but the RD19
samples were not adequately dried after harvest, possibly resulting-imapesst disease
development and mycotoxin production, which may explain the unexpected data trends.
Harvested grain with high moisture conteahdead to fungal growth and mycotoxin
development in storag8olanosCarriel et al. 2019)The maximum safe moisture level for
wheat grain storage is 13.5% at 1qBodlanosCarriel et al. 2019)

The LC/MS/MS method was used for the detection of DON at lower concentrations than
possible by the ELISA. In 2018, there were no significhiférences between fungicide
treatments or their interaction with sitdsable 4.3. There was a site year difference, where the
highest DON levels (3.2 10* mg g*) were found at BR18 and the lowest (8.00°mg g?)
were at LB18. This was expectetihijce BR18 received the highest precipitation (214 mm) and
LB18 the lowest (121 mm). This agrees with the ACIS prediction for BR18 as having a high risk
of FHB versus LB18, which was at low risk. However, it is important to put these finding into

context.The DON values at both sites were 403% below the 0.001 N limit for cereal
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grains, reflecting very low FHB pressure at all sites. Analysis of the 2019 LC/MS/MS samples
has been delayed due to the COMID pandemic.

In 2018,F. poaewas the most camonFusariumspecies identified, and represented
64% of the total number of infectionggble 4.5. In 2019,F. avenaceurnwas the most common
Fusariumspecies (80% of the total infectionBusarium graminearurwas associated with the
lowest number of irdctions in both years, representing about 0.9% and 9.4% of the total
infections in 2018 and 2019, respectively. This species produces the mycotoxin, DON, which is
detrimental to animal and human hedltittlemier et al. 202Q)so while manyrusariumspecies
were found, the low proportion & graminearumnindicates less human and animal health risk
and explains why the DON levels in the samples were so low (Edwards et al. 2001).
4.3.4 Interaction of cultivar and leaf diseases

Leaf plating of foliar pathogens in 2018 indicated no STB or SNB infections on AAC
Brandon, on which only PTR infections were foudlfle 4.6. In contrast, AAC Viewfield was
infected with STB, SNB, and PTR in 2018ffBrent trends were observed in 2019, with AAC
Brandon being infected by all three foliar leaf pathogens, but AAC Viewfield only infected by
STB and SNB. When compiling results over both years, both cultivars were infected at least
once by all foliar patbgens.This confirmed that at least some infection can occur and is
consistent with the | eaf spot resThetance rat.i
irregularity of pathogen presence is likely a reflection of different field histories (e.g., crop
rotation, crop sequence, previous cultivars).

There was a significant cultivarsite year interaction for the McFadden visual disease
ratings Table 4.3. At most sites, AAC Viewfield and AAC Brandon had similar foliar disease

levels which was expected. In seed guides, AAC Brandon and AAC Viewfield were both rated
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as Ointermediated for resistance fTabled3he | eaf
(Alberta Seed Guide 2020; Government of Saskatchewan .26R®yever, differences between
cultivars were observed at threfeeight sites. At BR19, LB19 and RD19, AAC Brandon had an
average foliar disease 21% higher than AAC Viewfidldhle 4.3. This trend of AAC Brandon
having more disease than AAC Viewfield was also supported by the image analysis data
obtained with Asses.0, where AAC Brandon had 40% higher percent flag leaf disease than
AAC Viewfield at the BA19, BR18, RD18 and LB18 sites.

The discrepancy between the seed guide disease ratings for each cultivar and the findings
in our study may reflect variability inatates or populations of fungi, disease pressure, and
moi sture and temperature conditions at each s
resistance rating covers a range of responses and it may be that both cultivars are considered
0i nt er imeg AAC¥ievdidd is nonetheless slightly more resistant than AAC Brandon. It
should be noted that since these are not Priority 1 pathogens, there is no mandatory requirement
to breed for genetic resistance to the STB, SNB or tan spot pathogens in Caresdiain
breeding programs.
4.3.5 Interaction of cultivar and FHB

The percent FDK, ELISA and LC/MS/MS data indicated no significant difference
between cultivarsTgble 4.3 . AAC Brandon is rated as 6émoder a
0i nt er me d ceadtirg for AAE Biewsetd gable 3.5. AAC Brandon is one of the five
wheat cultivars in Canada related to Sumai 3, which is a highly resistant FHB cultivar due to the
Fhblgene(Zhu et al. P19) The lack of difference in FDK and DON levels between the
cultivars in this study is likely attributable to the very low FHB pressure, and even lower

presence of mycotoxiproducing species, in the study environments.

90



Fusarium plating in 2018 inclted that AAC Brandon was infected withpoae74% of
the time and withr. graminearunonly 1.4% of the timeTable 4.F. Similar trends were
observed with AAC Viewfield in 2018, with 65% of the infections attributeld. tpoaeand none
to F. graminearun. In 2019, 78% of the infections on AAC Brandon appeared to be caused by
avenaceurmwhile only11% of the infections were causedmygraminearumAs with AAC
BrandonF. avenaceunwas the dominant species on AAC Viewfield, causing 82% of the
infections; in contrast, only 8.2% of the infections on this host are were attributed to
graminearum These results confirm that levels of FHB in many parts of Alberta remain much
lower than levels in the eastern Prairies, andRhgtaminearumms not commoracross much of
this province.

4.4 Conclusion

Precipitation across the experimental field sites was 43% higher in 2019 than in 2018,
creating conditions that were more favorable for disease development. Overall disease levels
were 53% higher in 2019 versus 2018. Fungicide applications at BB&3 a2l BBCH 3032
resulted in foliar disease levels that were 33% and 19% higher, respectively, than at BBCH 39
45. Digital assessment of disease levels with Assess 2.0 software gave similar results, with
disease levels on the flag leaf being3®Po and 36% kver when fungicide treatment was at
BBCH 3945 versus at BBCH 223 and BBCH at 3@2, respectively. This confirms that a
fungicide application at the flag leaf stage (BBCH43D represents the optimal timing for
control of foliar diseases. Additionallgercent FDK was 49% higher in 2019 than in 2018.
Collectively, the results suggest that producers should avoid early fungicide applications at
BBCH 2223 and BBCH 382, since they do not result in significantly lower disease levels

compared with the noetreated control.
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Under environmental conditions favorable for disease development, both AAC Brandon
and AAC Viewfield had reduced foliar disease symptoms when sprayed with a fungicide
application at BBCH 395 and BBCH 6463, meaning that a fungicide amaition will be

beneficial for both cultivars in environments with high disease pressure.
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Table 41: Seeding dates, harvest dates, environmental conditions and soil types at the 8 sites years where trials were conducted over
two growing seasons 2018 and 2019 at four different locations throughout Alberta (Barrhead, Bon Accord, Red Deer and
Lethbridge).

Precipitation May-June
precipitation
; ; ; ; ; Lon
Location Year Seeding Harvest Phy3|olgg|cal ™ Relrjm.ve Air Observed Long  opserved it Soil typé
date date Maturity humidity?  temperaturé ternt® term
(days) (%) °C) (mm)
Solonetzic Dark
Barrhead 2018 May2  Oct. 1 Aug 12 103 62.5 16.0 214 247 83 89 Gray
Chernozem
Bon .
2018 May3  Oct. 4 Aug 20 110 63.7 16.0 207 250 75 81 Eluviated Black
Accord Chernozem
Red Deer 2018 May21 Oct. 16 Sept 5 108 65.4 15.3 194 275 g 98 %r:]hic Black
ernozem
: Orthic Dark
Lethbridge 2018 May 7 Sep. 6 15-Aug 104 57.7 17.2 121° 182 69 91 Brown
Chernozem
Average of 2018 sites 106 62.3 16.1 184 239 77 90
Solonetzic Dark
Barrhead 2019 May6  Sep. 30 Aug 27 114 69.1 14.2 262 269 132 89 Gray
Chernozem
Bon .
2019 May6  Sep.23 Sept 13 131 72.3 14.0 364 284 161 81 Eluviated Black
Accord Chernozem
Red Deer 2019 May24 Oct. 19 28-Sep 128 74.0 13.4 272 305 71e 91 Orthic Black
Chernozem
_ Orthic Dark
Lethbridge 2019 Apr. 15 Sep. 4 Aug 12 120 60.3 14.2 159 207 71 91 Brown
Chernozem
Average of 2019 sites 123 68.9 14.0 264 266 109 88
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®ata is collected from ACIS from each sitebés respective seeding date to
®Long term precipitation obtained from interpolated data.

¢Growing season precipitation plus the average irrigation volume (29.5 mm) overamigvents in the growing season (May to August) at the Lethbridge

site.

4Soil description found via Alberta soil information viewer providedAlperta Agriculture and Fosgry 2015)

®Observed rainfall data for Red Deer location obtained from Lacombe CDA station.
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Table 4.2 Average observed Mc Fadden foliar disease severity ratings)(®om eight site years (Bon Accord 20B&rrhead 2018,
Lethbridge 2018, Red Deer 2018, Bon Accord 2019, Barrhead 2019, Lethbridge 2019, and Red Deer) at four growth stages, prior t
fungicide treatments

Leaf assessment timing

Site BBCH 22-23 BBCH 30-32 BBCH 39-45 BBCH 61-63
2018
Bon Accord 0.60 0.00 0.33 0.93
Barrhead 0.14 1.97 2.16 2.64
Lethbridge . . . 1.13
Red Deer . . 1.49 1.96
2018 average 0.37 0.98 1.32 1.66
2019
Bon Accord 0.09 0.01 0.28 1.41
Barrhead 0.01 0.00 0.19 1.58
Lethbridge 0.00 0.00 0.28 0.51
Red Deer 0.00 0.13 0.31 1.30
2019 average 0.03 0.03 0.27 1.20
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Table 4.3P 1 values and least square means of AAC Brandon and AAC Viewfield Canadian western red spring (CWRS) wheat, McFadden foliar
disease severity, normalized difference vegetation index (NDVI), fusarium head blight (FHB) and deoxynivalenol (DON) levels
responseo foliar.

Effects McFadden Assess 2.C NDVI FDK DON
SiteYr <.0001*** 0.006** 0.0005**  <.0001*** <.0001*** 0.0003**
(0-12) (%) (0-1) (%) ELISA (mg g?) LCMSMS (mgghP®
Bon Accord 2018 1.23¢c 2.24 ab 0.35 bc 0.55b 0.00009 b 0.00021 b
Bon Accord 2019 4.64 a 5.33 a 0.38abc 1.07a 0.00009 b -
Barrhead 2018 1.87¢c 2.44 ab 0.32c 0.12c 0.00009 b 0.00032 a
Barrhead 2019 474 a 2.63 ab 0.42 ab 1.03a 0.00010 b -
Lethbridge 2018 3.23b 2.54 ab 0.46 a 0.28 bc 0.00009 b 0.00008 c
Lethbridge 2019 479 a 0.98 b 0.30c 0.16c 0.00009 b -
Red Deer 2018 1.96c¢c 2.97 ab 0.35bc 0.39 bc 0.00009 b 0.00014 bc
Red Deer 2019 3.38b 0.77b - 0.35 bc 0.00126 a -
Cultivar 0.0843 0.0211* 0.7745 0.204 0.130 0.224
Cultivar X SiteYP <.0001*** 0.0006** <.0001*** 0.685 0.745 0.140
(0-12) (%) (0-1) (%) ELISA (mgg?) LCMSMS (mgd')
BA1S AAC 3rang|on 1.00 A 1.95A 0.32A 0.60 0.00009 0.000229
AAC Viewfield 1.46 A 252 A 0.39B 0.50 0.00009 0.000190
BA1Q AAC Brandon 4.84 A 5.88 A 0.37 A 1.16 0.00009 -
AAC Viewfield 4,43 A 478 B 0.39A 0.98 0.00010 -
BR1S AAC Brandon 1.86 A 340 A 0.31 A 0.13 0.00009 0.000339
AAC Viewfield 1.88 A 1.48B 0.33A 0.10 0.00009 0.000300
BR19 AAC 3ran§on 5.09 A 2.69 A 041 A 1.11 0.00009 -
AAC Viewfield 4.38 B 257 A 0.43 A 0.94 0.00011 -
LB18 AAC Brandon 3.45A 3.40 A 0.45 A 0.33 0.00009 0.000071
AAC Viewfield 3.01A 1.68 AB 0.48 A 0.23 0.00009 0.000085
LB19 AAC 3randon 5.64 A 1.46 A 0.37 A 0.16 0.00009 -
AAC Viewfield 3.94B 0.50 A 0.24 B 0.16 0.00009 -
RD18 AAC Brandon 1.78 A 3.87 A 0.34 A 0.33 0.00009 0.000175
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AAC Viewfield 213 A 2.07B 0.35A 0.46 0.00010 0.000118
RD19 AAC Brandon 3.70 A 051 A - 0.39 0.00130 -
AAC Viewfield 3.06 B 1.03B - 0.31 0.00122 -
Fungicide <.0001**+*  0.0637 0.0028**  0.0092** 0.0055** 0.4488
Fungicide SiteYr <.0001***  0.0289* 0.0847 <.0001*** <.0001*** 0.3299
Fungicide Cultivar SiteY?® 0.639 0.6224 0.0387* 0.9423 <.0001*** 0.3657
(0-11) (%) (0-1) (%) ELISA (mgg?) LCMSMS (mggd)
Nontreated control 401 a 2.99 0.35b 0.63 a 0.00026 ab 0.00019
Tilt at BBCH 2223 3.68 a 2.72 0.35b - 0.00017 ab 0.00018
Trivapro at BBCH 223 3.61la 2.56 0.37 ab 0.39b 0.00022 ab 0.00020
Trivapro at BBCH 3632 3.00b 2.67 0.36 ab - 0.00021 ab 0.00020
Trivapro at BBCH 395 244 c 1.96 0.39a - 0.00016 b 0.00019
Prosaro XTR at BBCH 663 2.64 bc 2.03 0.39a 0.46 b 0.00042 a 0.00016
Adjusted CV% 27.0 72.0 14.0 59.0 32.0
&Site x Year

2019 sample analysis has been postponed due to GO¥ID

Significance indicated as *p<0.05, **p<0.01, ***p<0.001

Bolded letters= significance
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Table 4.4 Results of the most common folidisease$ound in 2018 and 2019 at different growth stages from Barrhead, Bon Accord,
Red Deer and Lethbridge, AB.
Growth Stage of Disease Rating Number of STB  Number of SNB Number ofTan spot Total

2018
BBCH 22-23 0 0 0 0
BBCH 3032 0 0 0 0
BBCH 3945 0 2 1 3
BBCH 61-63 0 0 6 6
2 weeks afteBBCH 61-63 1 0 10 11
Total 1 2 17 20
2019
BBCH 2223 0 0 0 0
BBCH 3032 0 0 0 0
BBCH 3945 0 0 0 0
BBCH 61-63 0 0 0 0
2 weeks afteBBCH 61-63 12 7 2 21
Total 12 7 2 21

aSTB = Septoria tritici blotchcaused by ymoseptoria tritici
bSNB = Septoria nodorum blotchaused bytagonospora nodorum
‘Tan spot, caused Byrenphora triticirepenti
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Table 4.5 Most commorfusarium sppfound in the 2018 an?019 growing seasons when subjected to fungicide treatments at

different growth stages

Fungicide treatment

Number ofF.gr*  Number ofF. cuP Number ofF. poaé Number ofF. avé' Total

2018
Non-treated control 1 24 15 45
Trivapro A + B atBBCH 2223 0 24 9 34
Prosaro XTR at BBCH 663 0 24 8 33
Total 1 72 32 112
2019
Non-treated control 6 1 31 38
Trivapro A + B at BBCH 223 4 2 30 41
Prosaro XTR at BBCH 663 0 2 24 27
Total 10 5 85 106

. graminearum
°F. culmorum
°F. poae

9F. avenaceum
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Table 4.6 Results of the most common folidiseases two Canadian western red spring (CWRS) cultivars across four different sites (Bon
Accord, Barrhead, Lethbridge, Red Deer), AAC Brandon and AAC Viewfield, in 2018 and 2019.
Number of Number of Number of
STB? SNB° Tan spof
2018

Cultivar

AAC Brandon
Bon Accord
Barrhead
Lethbridge
Red Deer
AAC Viewfield
Bon Accord
Barrhead
Lethbridge
Red Deer

NNFRPFRPOORFRPDNPREO

P OFRPOOFRPROOOOO
NINOOONOOOOO

[EnY
al

Total

2019

AAC Brandon
Bon Accord
Barrhead
Lethbridge
Red Deer
AAC Viewfield
Bon Accord
Barrhead
Lethbridge
Red Deer

~NOONP~MODOOROPR
NOOOOOOOONNDN

Total
Grand Total 8

aSTB = Septoria tritici blotchcaused by ymoseptoria tritici
bSNB = Septorimodorum blotchcaused bytagonospora nodorum
‘Tan spot, caused Byrenphora triticirepenti
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Table 4.7 Most commorFusarium sppn two Canadian western red spring®RS) cultivars, AAC Brandon and AAC Viewfield,

found in the 2018 and 2019 growing seasons.

Cultivar Number ofF.gr2  Number ofF. cuP  Number ofF. poaé Number ofF. avé' Total
2018
AAC Brandon 1 3 52 14 70
AAC Viewfield 0 5 47.5 21 73.5
Total 1 8 99.5 35
2019
AAC Brandon 8 4 4 57 73
AAC Viewfield 5 3 3 50 61
Total 13 7 7 107
Grand Total 18 34 350 216

8. graminearum
°F. culmorum
‘F. poae

9F. avenaceum
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Chapter 5: Intensified fungicide management: comparison of fungicides with
multiple modes of action, higher rates, and multiple applications on Canada
Western Red Spring wheat

5.1 Introduction

Fungicides are commonly used in cereal leaf spanrtagement programs. Fungicides help
protect against yield loss due to infection by fungal pathogens, and often provide a significant
return on investment for cereal producers. However, after years of fungicide use, there are now
global examples of fungide insensitivity in a number of cereal pathogens. For example,
septoria tritici blotch (STB)4ymoseptoria tritic{syns. Mycosphaerella graminicolguckel) J.
Schrot.)](Murray et. al 2015js an important disease of wheat crops for which the quinone
outside inhibitors (Qol) class of fungicides provided excellent cofiitadas et al. 2015)

Repeated use of Qol fungicides reedlin strong selection pressure on fungal populations,
which quickly shifted to mainly Qol insensitive individuals, resulting in a loss of the efficacy of
this fungicide class in a number of cereal production rediamsas et al. 2015)Similarly, Qot
insensitive isolates have emerged in the UK, northwestern Europe, the USA, and New Zealand,
with some jurisdictions imposing strict limitations on the use of Qol fungicides (i.e., one or two
applications per season). In addition to STB, powdery mildew of cerf@aisgria

graminis(DC) Speer f. sgritici emendE. J. Marchalpnd tan spotfyrenophora tritici
repentis(Died.) Drechsler] also quickly became insensitive to Qol fungididiesggensen and
Thygesen 2006; Lucas et al. 201Bhere were also reports of tan spot population insensitivity to
group 3 and group 11 furgdes, because of frequent fungicide applicat{®esmann and

Deising 2005) Furthermore, stripe rusP{iccinia striiformisWestend] was found to be less

sensitive to group 3 fungicidestime UK (Bayles et al. 20008nd anin vitro study showed that
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one phenotype dfusarium graminearurexhibited insensitivity to this grouiBecher et al.
2010)

The adoption of best management practices (BMPs) for fungicide use can delay the risk of
fungicide insensitivity. A mixture of two or more fungicide modes of action (MOA) tends to
dilute the risk of insensitivity foeach individual atisk fungicide by adding additional, unique
requirements for insensitive individuals in the pathogen populéient and Holloman 2007)
In addition to reducing thesk of insensitivity, commercial fungicides with more than one MOA
may also result in improved disease confBrent and Holloman 2007)

According to Fungicide Resistance Action CommitieRAC), a BMP for avoiding
fungicide insensitivity is restricting the number of applications per season, or spraying only when
strictly necessar{Brent and Holloman 2007)This will minimize selection, reduce buildup of
insensitive strains, and avoid the emergence of insensitive populations. However, in many cereal
production areas, growers rely on multiple preventive fungicide applications to protect their
crops from infection by fungagdathogens. In Luxembourg, for example, farmers must often
apply two to three foliar fungicide applications per season to avoid significant yieldloss (
Jarroudi et al. 2015)n situdions where multiple applications are required to protect crop yield
and/or quality, the rotation of fungicide MOA classes may reduce the risk of fungicide
insensitivity(Brent and Holloman Zr). It is essential to avoid repeat applications of the same
fungicide group, with the same MOA, in a single or subsequent season.

For many years, some growers used reduced rates of fungicides, especially under low
disease pressure, to reduce inpsgts. However, FRAC suggests that reduced rates can enhance
the risk of fungicide resistan¢Brent and Holloman 2007).owering the dose may select for

fungicide insensitivity by decreagjrihe overall effectiveness of the fungicide and exposing
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many individuals to a sulethal dose. Hence, the application of fungicides rates below that

indicated on the product label is not recommended.

The BMPs for minimizing fungicide insensitivityragsse t he questi ons: o6do
fungicide applications pr ov iHabdetrates are getrimental, on i n
are higher fungicide rates above the | abel ra

studies testing higher rates oftzole fungicides in wheat, but a study on canola found that
higher fungicide rates increased yield while further reducing dig@asepel and Hall 1995)

Therefore, the objective of the praseeport was to perform replicated, smallbt trials
across Alberta and observe the yield, quality, and economic benefits associated with the
application of multiple fungicide MOAs, higher than label rates, and multiple fungicide
applications in a singlseason. Experiments were conducted on two of the most commonly
grown Canadian Western Hard Red Spring (CWRS) wheat cultivars, AAC Bré@dthibert et
al. 2016)and AAC Viewfied (Cuthbert et al. 2018)

5.2 Materials and methods

5.2.1 Field setup

Field experiments were conducted at three-fath(Barrhead, Bon Accord and Red Deer)
and one irrigated sitg_ethbridge) in Alberta, Canada, over two growing seasons in 2018 and
2019. Data on precipitation and relative humidity (RH) were collected from the nearest Alberta
Climate Information System (ACIS) station from seeding date to physiological maturitydrased
days to maturity (DTNlas mentioned in Chaptertheen der 063 . 2 .. 1. Field Set
5.2.2 Fungicide treatments

This study included 12 fungicide treatments and onetreated controlfable 5.}

designed as a split plot (Appendix The main plot was cultivaand the suiplot was fungicide
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treatment.The treatments compared were: single, dual, and triple fungicide applications;
recommended and 1.5x rates of fungicide; and a single versus multiple MOA on AAC Brandon
and AAC Viewfield CWRS cultivars. The thréengicide products represented three fungicide
MOAs: the triazoles (group 3), strobilurins (group 11) and carboxamides or SDHIs (group 7).
5.2.3 Data collection

Foliar disease was evaluated visually and rated on the assessment Btadden
(1991)(Appendix2) on the same treatmerand visual fusarium head blight ratings, percent
FDK were collected and DON analysis mentioned in Chapter four ungerctioné 4 . 2 . 3. Dat a
Coll ectionbd.

Days to Maturity, TKW(g 1000 kernel$), test weights and grain protein were collected as
well as mentioned in Chapter three under sect

The economic analysis compared yield increases obtained with dual and triple fungicide
apdications relative to a single fungicide application. Fungicide costs were based on the fee
structure of a typical agghemical retail company in northcentral Alberta. The yield required to
breakeven was calculated as: (total fungicide application cossttof fungicide) / (current
wheat priceCornell 2020)
5.2.4 Statistical analysis

The study was conducted over eight site years. However, this paper only reports data from
sites where a statisally significant yield response to the fungicide treatment was observed (Bon
Accord [BA19], Barrhead 2019 [BR19], Red Deer 2018 [RD18] and Red Deer [RD19]). Results
from sites that were neresponsiveo single fungicide applications are presented in Asif et al.
(2020a and 2020b). Data from the four responsive ggar combinations were analyzed using

PROC GLIMMIX of SAS Studio v. 3.8 (SAS Institute Inc. 262Q18).
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The cultivar, fungicide treatment®ur environments (siteyear combinations) and their
interactions were treated as fixed effects. Blocks and their interactions with all fixed effects were
considered as random effects.
The DON data followed a Poisson distribution and wereoded intca new discrete
variable, where the value was multiplied by 100,000 and analyzed via PROC GLIMMIX. The
Ismeans were then battansformed fromlog cal e using the O6ilinkd opt
For both normal and nemormal data, single degree freedom orthogonal cdetveere
constructed to partition the total variation of fungicide treatments and determine responses to

specific fungicide treatment combinations at
5.3 Results anddiscussion

5.3.1 Effect of environment

The average observed pigtation from seeding to physiological maturity was 273 mm
(1947 364 mm), or approximately 96% of the loteym average (LTA) (6928% of the LTA)
(Table 3.2 Responsive Sit¢sBon Accord 2019 had the highest observed precipitation (364
mm) and the lowst was at RD18 (194 mm).

Relative humidity, on average, was 70.2% (6574}.0%). Red Deer 2019 had the highest
RH (74.0%) and RD18 had the lowest (65.4%gkle 3.2 Responsive Sit¢sTemperature was
similar across the sites (average of 14.2 °C)réteoto evaluate the effect of the environment on
the risk of FHB infection, the ACIS fusarium disease severity risk prediction tool (Alberta
Agriculture and Forestry 2019) was used. An extreme example of the effect of the environment
on disease risk wadseerved at the Red Deer site, where the average risk score in 2019 was 30.3

which was 97% greater than the FHB risk in 2018 (1.0).
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5.3.2 Single vs multiple MOA: Tilt 250 E (Group 3) vs Trivapro A + B (Group 3 + 7 + 11)
effects on yield and foliar disease

Therewere no statistical differences between yields, DTM, test weights, TKW or protein
for the fungicide applications with a single MOA [Tilt 250 E (group 3)] versus multiple MOA
[Trivapro A+B (group 3, 7, and 11)] at BBCH-23 (23 tillers detectable)Table5.2).

The McFadden foliar disease severity ratings were significantly different when comparing
the nontreated control versus the single MOA [group 3 (Tilt 250 E)] and multiple MOA [group
3+ 7 + 11 (Trivapro A+B)] fungicide treatmeniBaple 5.3. Foliardisease in the nemmeated
control was 13% higher than in the treatments receiving fungicide applications. However, there
was no difference between the single MOA (group 3) and multiple MOA (group 3 + 7 + 11)
fungicide treatments. Synergistic interactidmsfungicides with different MOA tend to affect
fungi at different biochemical sites and at different developmental st@gg@s996) The
similar results obtained with the Tilt 250 E (proonazole) and Trivapro A+B (propiconazole,
azoxystrobin, and benzovindiflupyr) treatments likely reflect that both of these fungicides are
known to effectively reduce most foliar diseases of wfdagelkirk and Chilvers 2018and
that disease pressure at BBCHZ2was very low. Foliar disease severity ratings were 0.09 at
BA19, 0.01 at BR19, 0.00 at LB194ble 4.2, and there was no data recorded at 8&Bde to
lack of technical helpPrevious reports indicate that a fungicide application at BBGR32@oes
not improve yields (Asif 2020d§utcher et al. 2018)Thus, unless high disease pressure
developed later in the gromg season, it was unlikely that differences would be observed
between the single and multiple MOA fungicide treatments. Despite no yield or agronomic
benefits, however, multiple MOA fungicides are beneficial in delaying fungicide resistance

(Brent and Holloman 2007)
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5.3.3 Recommended vs. high fungicide rates: Trivapro B at 30 gai halrecommended
rate) vs. 75 gai ha (high rate)

There were no significant yield differences between the reconedesind high fungicide
rates when applied as either a single or a dual applicatabig 5.3. This suggested that the
recommended rate was sufficient and there was no additional yield benefit to using a higher rate
of Trivapro B (active ingredient: benziadiflupyr).

There was a significant DTM respondable 5.3 attributed to trends at BA19 and RD18
(data not shown). At BA19, the dual fungicide treatment with the high fungicide rate took 0.6
days longer to mature. This was expected, as it knowriuhgicide applications, especially at a
higher rate or a greater number of applications, tend to delay ripening of the crop (Jgrgensen and
Olesen2002). However, at RD18, the recommended fungicide rate took 0.64 days longer
to mature compared withé high fungicide rate. This was unexpected and perhaps resulted from
an unusual fungicide x environment interaction.

Significant test weight differences between fungicide treatments occurred at two of the
four sites, B\19 and BR19At these sites, theontreated control had 1.0% to 1.2% lower test
weights versus the fungicide treatments (data not shown). However, there were no significant
differences between high and recommended fungicide rates.

Significant thousand kernel weight differences occurrediaiof the four sites, BA19 and
BR 19. However, there were no differences between fungicide rates (data not shown).
Significant differences were observed only for the-treated control, which had a5%6 lower

TKW versus the fungicide treatments.
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The McFadden foliar disease severity ratings indicatedtti@nontreated control had
33% higher foliar disease compared with the fungicide treatmealdg 5.3. However, there
were no significant differences between the recommended and high fungicide rates

DON concentrations in grain samples, as measured by ELISA, were significantly different
(Table 5.3, which could be attributed to RD19 and BR19 trends (data not shown). At BR19, the
nont reated contr ol had 22% higher DON | evels
were no significant differences between the recommended and high fungieisleAt RD19,
the ELISA DON results did not follow expected trends; however, the RD19 samples were not
dried adequately after harvest, possibly resulting in-pastest fungal growth and mycotoxin
production, which may explain the unexpected data tréBalanosCarriel et al. 2019)

The findings from this study were not consistent with those of a canola study that found
higher fungicide rates resulted in higher yiglRempel and Hall 1995However, a study testing
the effects of fungicides on winter wheat yield indicated that half rates were not significantly
different than full rategMilus 1994) Most of the variability in the Milus (1994) study was
attributed to the environment and its interaction with the fungicide. This interaction may explain
the lack of response to higher fungicide rates in theentistudy. Furthermore, disease severity
is highly variable in time and space, and greatly influenced by the environment (Gaunt, 1995).
The current study had low foliar disease pressure at BBCB23@verage disease severity
ratings at BA19 = 0.01, BE® = 0.00, RD19 = 0.13 and RD18 = not availablgile 4.3. If
disease pressure had been higher in the current study at BB 8&n perhaps there would
have been a greater opportunity to observe any significant responses to the fungicide rate
treatrrents.

5.3.4 Single vs. dual vs. triple fungicide applications
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Yield differed significantly in response to the single, dual, and triple fungicide treatments
(Table 5.4. Averaged over all sites, there were significant differences between the single versus
dualand triple fungicide treatments. The single fungicide treatments had 3% lower yields (0.2 t
ha?) versus dual and triple fungicide treatments. There also was a significant yield difference
between dual and triple fungicide treatments. The triple fungici@éments had 4% (0.3 t'Ha
lower yields than the dual fungicide treatments. This was unexpected but may be explained by
the trends seen at each individual site.

Each individual site had slightly different yield responses to single, dual and triple
fungicide treatments, accounting for the significant fungicidgte year interactionf@ble 5.4.

At BR19 and BA19, the single fungicide applications resulted in Tigéd yield vs. the dual

and triple treatments, and the dual treatments resulted in 5% lower yields than the triple
treatments (data not shown). It is known that multiple fungicide applications increase yield by
providing additional protection from foliaisgkase \(Viersma and Motteberg 2003h the current
study, a strong response to multiple fungicide applications was observed at BR19 and BA19,
which had the highest levels of foliar diseagields at BR19 and BA19 were lowest for single
application < dual applications < triple applications. Red Deer 2019 showed significant yield
differences between the two triple fungicide applications with applications at BBQ3 2239

45 + 6163 having 186 lower yields vs. the triple fungicide applications at BBCH320+ 3945

+ 61-63. Unexpectedly, a triple application of fungicide at RD18 found resulted in 21%
significantly lower yields than a dual application. However, the lower yields with triple
fungicide application at this site may have reflected trampling damage associated with the

additional fungicide pass.
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Trends in yields were generally supported by the foliar disease severity ratings at three of
the four sites. Averaged over all sites, theeze significant differences in the McFadden
disease severity rating§dble 5.4. The single fungicide treatments had 45% higher foliar
disease compared with the average of the dual and triple fungicide treatimeatual
fungicide treatments had 358fgher foliar disease compared with the triple fungicide
treat ment s. More fungicide applications all ow
losses from foliar diseases to be minimigédtcher et al. 2018) One example where yield and
disease severity were not well correlated occurred at RD18. Disease severity ratings are a
measure of the presence and virulence of the pathogen but are not a direct measurement of the
p | a nt guée frarenpranal function. Therefore, in some instances the measurement of disease
severity does not predict yield (Gaunt, 1995). This is especially true in situations of low disease
incidence or severity, where the pathogen presence remains belowhalthtkat is tolerated by
the host plant with little or no effect on yield.

When comparing the timing of the individual applications in a dual or triple fungicide
treatment, there was no statistical difference based on the timing of the first appli€abtn (
5.4). This suggests that the timing of the first fungicide application (i.e., at BBE23 23. 30
32 vs. 3945) in the dual and triple fungicide applications did not matter. However, previous
reports have concluded that the timing of fungicide appbns does matter. Asif et al. (2020a,
2020b), for example, found that yields were 9.3% greater when single fungicide applications
were made at BBCH 385 and 6163 vs. BBCH 223 and 36832. We suggest that the fungicide
applications at BBCH 6863 were &clusively responsible for protection against foliar disease,
and therefore early fungicide application at BBCH2Xor 3032 did not affect yield. If this was

true, the timing of early season fungicide applications was irrelevant. A number of oth&s repor
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have confirmed that early season fungicide applications do not affectMettlean et al.
(2018)andWiersma and Motteber@Q05)both found that by spraying fungicide at BBCH 61
63 provided adequate control for leaf spots, especially under conditions similar to those reported
herein.However, it should be noted that leaf diseases and yield are not correlated. As seen in
chapter three and four, a high yielding fungicide treatment (Prosaro XTR at BB&i3)64as
not significantly different in foliar disease levels when compared to the Trivapro A+B treatment
at BBCH 3032 (Table 3.3 and 4.3).

Averaged over all sites, the siedgungicide treatments had 3% significantly lower TKW
than the dual and triple treatmenitable 5.4. Individual sites followed the same trend with
single fungicide treatments having significantly less TKW (BR19 = 4% lower, BA19 = 5%,
RD19 = 2% and RD18 1%) than the dual and triple fungicide treatments (data not shown).
This was similar to the results Bf Jarroudi et al. (201%)n winter wheat, where they reported
relatively highefTKW in dual and triple treatments. This is another example of higher foliar
disease reducing yield and quality with single fungicide treatments compared with the dual and
triple fungicide treatments. In comparing the timing of the individual fungicidkcagipns that
made up the dual fungicide treatments, the highest TKW (41.4 g 1000'saedsachieved with
the dual fungicide applications at BBCH-39 followed by a second fungicide application at
BBCH 61-63. This was expected, as previous studieg lsdown that the best time for fungicide
applications is at BBCH 385 or BBCH 6163 (Asif 2020aMilus 1994;Beard 2018)There
were no differences between timings for triple fungicideiappbns.

Averaged over all sites, there was no difference in FDK among the single vs. dual and
triple fungicide treatmentd @ble 5.4. Looking at each site individually, BA19 was the only

location with a significant response to the single vs. duatrgsid fungicide treatments (data not
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shown). The single treatments at BA19 had 34% higher FDK vs. the dual and triple fungicide
treatments. This trend at BA19 seemeasonable sinamany of the single fungicide treatments
were not applied after heading &rhwe would anticipate FHB control. Additionally, the highest
FHB risk (40 = severe FHB risk) was at BA19.

DON accumulation in grain samples differed depending on single, dual, and triple
fungicide applicationsTable 5.4. However, RD19 was the only sithat showed a significant
difference between the fungicide treatments (data not shown). At RD19, DON measurements
from this site did not follow expected trends but harvested grain samples at this site were not
adequately dried, possibly resulting in pbatvest fungal growth and mycotoxin production,
which may explain the unexpected data treBtdanosCarriel et al. 2019)

The DTM, test weight, protein and LC/MS/MS DON diat differ significantly between
single, dual, or triple fungicide treatmeniable 5.4.

5.3.5 Economic benefits of single versus dual versus triple fungicide applications

The highest yield benefit was achieved with the dual fungicide treatments. These dual
treatments resulted in a 5% yield increase (0.4} bampared with the single fungicide
applications Table 5.4. The revenue needed for the dual fungicide application of Trivapro A +
B and Prosaro XTR to breakeven 3$08 ha' (Table 5.5. Comparedvith a single fungicide
application, the dual fungicide application required, on average, an additional yield increase of
0.271 0.31t ha' to be profitable. Therefore, based on the average single vs. dual yields
obtained in this study, a dual fungicidpplication was profitable as the average yield increase
for dual applications over single was 0.4 tha

The triple fungicide applications yielded 0.10 t'maore than the single fungicide

applications Table 5.4. However, the triple fungicide treatmts required $8870 hat in extra
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revenue or an average Yyield increase 500.0.57t ha' (over single fungicide yields) to
breakevenTable 5.5. Although the triple fungicide application reduced foliar disease by 35%
compared with the dual fungicideeatments, it did not adequately increase yields to cover costs,
another example of plant disease severity not strictly linked to yield (Gaunt, 1995). While triple
fungicide applications may often provide a superior reduction in disease severityetiney a
recommended due to the lack of positive financial return on the required investment.

Based on the yields, costs, and wheat prices in this stugyretically, dual fungicide
treatments seem reasonable. However, there are several factors tHas parstidered prior to
making fungicide application decisions, namely the environment, disease incidence and severity,
and the host/cultivar. In related papers (Asif 2020a; 2020b), significant responses to fungicides
occurred at only four of eight sitea®s, meaning that fungicide application was only beneficial
half the time, mainly due to environmental effects on disease pressure. Under drier conditions,
there was not significant disease pressure to offset the cost of a fungicide application. However,
the two CWRS cultivars used in these studies did not have sufficient foliar disease resistance to
prevent yield loss under all conditions and exhibited a significant yield response to the fungicide
applications in the diseas®nducive environments. Theoeg, under conditions favorable for
disease development, a dual fungicide application may be justified, as it resulted in an additional
0.40 t hat of yield compared with a single fungicide application, and an additional 08 t ha

compared with the noetreated plots under the conditions in this study.
5.4 Conclusion

There were no statistical differences for leaf disease, DTM, yield or grain quality between
application of one fungicide MOA (Tilt 250 E, group 3) and three MOA (Trivapro A+B, group 3

+7 + 11) at BBCH 2223. This contrasts with older studies, which foandiverse mix of
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fungicide groups provided more control over foliar disease and maintained yield and quality
(Jargensen and Olsen 200MApweverboth Trivapro A+B and Tilt 250 E are both effective
protectant fungicides, and disease pressure at BBE28 2@as very low, so it may have been
difficult to detect any potential advantages of this mixture under these conditions. If single
versus multipleMOA had been compared at a later growth stage, when more disease was
present, there may have been a difference between the single and multiple MOA treatments.
Furthermore, in cases were fungicide insensitivity to one of the fungicide groups is developing i
a field, multiple MOA treatments may show increased efficacy since they would dilute the risk
of fungicide insensitivity and delay fungicide resistance.

In the current study, no agronomic, yield or quality differences were detected between the
recommendd (30 gai hd) versus the high rates (75 gaithaf Trivapro B (benzovindiflupyr)
applied at BBCH 3€B2. Again, if the recommended versus high rates of this fungicide had been
compared at a later growth stage (such as at BBC#b39wvhen more diseaseas present,
differences may have been observed.

There were agronomically relevant, yield and quality differences when comparing single,
dual and triple fungicide applications. Single fungicide treatments saw 3% lower yields vs. the
dual and triple fungide applications. At BR19 and BA19, the single treatments had 11%
significantly lower yield versus the dual and triple treatments and the dual treatments had 5%
significantly lower yields than the triple fungicide treatments. In addition, the singleidmgi
treatments had 4% lower TKW versus the dual and triple treatments. These yield and quality
trends highlight the benefit of multiple fungicide applications, at least under the conditions of

this study.
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The protection of yield and quality by the @licides in this study generally reflected
enhanced disease control. The most economically beneficial tactic at sites with significant
disease pressure was the dual fungicide treatment. Under these conditions, dual applications were
best able to reduce dese severity and minimize yield loss compared with atreated and
single fungicide application. While a triple application of fungicide resulted in the lowest disease
severity ratings at some sites, the cost of three applications was not recovemdbyetses in

yield under these conditions.
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Table5.1: Description of 12 fungicide treatments and a-tr@ated control applied on wheat at different growth stages and rates in
field plot experiments at four locations in Alber@gnadain 2018 and 2019.

First fungicide application Second fungicide application Third fungicide application
';Lég?riﬁédni Fungicide Product Rate G&S Fungicide Product G&S Rate Fungicide Product G& Rate
gai hat BBCH BBCH gai hat BBCH gai hat
1 Tilt 250 B 62.5 22-23 - - - - - -
2 Trivapro A° + B¢ 200+30  22-23 - - - - - -
3 Trivapro A + B 200+30 3032 - - - - - -
Single .
4 Trivapro A + B 200+75 3032 - - - - - -
5 Trivapro A + B 200+30 3945 - - - - - -
6 Prosaro XTR 200 61- 63 - - - - - -
7 Trivapro A + B 200 + 30 22.23 Prosaro XTR 61- 63 200 - - -
8 Trivapro A + B 200 + 30 30-32 Prosaro XTR 61- 63 200 - - -
Dual 9 Trivapro A + B 200 +75 30-32 Prosaro XTR 61- 63 200 - - -
10 Trivapro A + B 200 + 30 3945 Prosaro XTR 61- 63 200 - - -
, 11 Trivapro A + B 200+30 2223 Trivapro A + B 3945 200 + 30 Prosaro XTR 61- 63 200
Triple 12 Trivapro A + B 200+30 3032 Trivapro A + B 3945 200 + 30 Prosaro XTR 61- 63 200
13 Non-treatedcontrol - - - - - - - -

aGrowth Stage

bFungicide group 3 = propiconazole

‘Fungicide group 3 = propiconazole and Fungicide group 11 = azoxystrobin
dFungicide group 7 = benzovindiflupyr

®Fungicide group 3 = prothioconazole and tebuconazole
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Table5.2: Analysis of variance and orthogonal contrasts for different fungicide modes of action (MOA) effects on disease severity,
days to maturity@TM), yield, testweight,thousand kernel weighTKW), and protein afour sites that were responsive to fungicide

application over two growing seasons in Alberta, Canada

McFadden leaf Test
Effects _ DTM  Yield ) TKW Protein
disease weight
Analysis of variance ®alue
Fungicide 0.0928 0.3406 0.4747 0.7675 0.7918  0.5368
Fungicide SiteYr® 0.3577 0.8485 0.4245 0.3795 0.1796  0.0775
Fungicide Cultivar  SiteYr 0.6728 0.3248 0.7372 0.7582 0.3097 0.3611
Contrast Pvalue
Non-treated control vs Tilt 250E (Gr 3) and Trivapro (Gr
0.0364* 0.2866 0.2618 0.4852 0.8966  0.3077
3+7+11)
Tilt 250E (Gr 3) vsTrivapro (Gr 3+7+11) 0.8557 0.2858 0.7381 0.9711 0.5188 0.7404
(g 1000
(0-11) (days) (tha') (kg hL?) (mg g%
seeds)
Non+treated control 4.5 1199 6.7 74.0 38.5 146
Tilt 250E (Gr 3) 4.0 120.0 6.9 74.0 38.4 143
Trivapro (Gr 3 + 7 + 11) 4.0 1205 6.9 74.0 38.6 144

aSite x Year
Significance indicated as *p<0.05, **p<0.01, ***p<0.001
Bolded letters= significance
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Table 5.3 Analysis of variance and orthogonal contrasts comparing different fungicide rates applied on wheat 830BRGbt
their effects on disease severity, days to maturity (DTM), yield, test weight, thousand kernel weight (TKW), protein, and
deoxynivalenol (DON#t four responsive sites over two growing seasons in Alberta, Canada.

DON
Effects McFadden  DTM Yield WTe?;t TKW  Protein ELISA  LC/MS/MS
Analysis of variancé®-value
Fungicide 0.0004**  0.0666  0.0005*  0.7256 <.0001*** 0.0819 0.0307*  0.8646
Fungicide SiteYr 0.3143  0.0151* 0.1206  0.0183* 0.0001** 0.6297 0.0104* -
Fungicide Cultivar  SiteYr® 0.4550  0.6256 0.6463  0.6410 0.0005* 0.3113 0.0049  0.2945

ContrastP-value

Non-treated controls Fungicide treatments

; 0.0001*** 0.2398 0.0167** 0.2569 0.0003** 0.1453 0.3790 0.5177
(high and recommended rates)

Single (high vs recommended rates) 0.8716 0.0922 0.1207 0.5303 0.9465 0.7524 0.0173* 0.4414
Dual (high vs recommended rates) 0.8998 0.0613 0.7041 0.9371 0.4125 0.1851 0.0410* 0.9159

O©1) (@9  cha)  keht)  90F M9 mggy  (mggy
Non-treated control 45 119.9 6.7 73.8 38.4 146 0.00030 0.000178
Trivapro (RRY 3.7 120.1 6.5 74.0 38.7 146 0.00028 0.000125
Trivapro(HR)® 3.8 119.7 6.8 74.3 38.7 145  0.00045 0.000163
g;i_‘g’ro (RRyat BBCH 3032 + Prosaro at BBCH 5 120.9 7.5 74.0 403 142 0.00042 0.000154
crvapro(HR)“at BECH 3032 + Prosaro at BECH 5. 120.0 7.4 74.1 405 139 0.00023 0.000160

aSite x Year

bPRecommeded fungicide rate (30 gaitha
High fungicide rate (75 gai ha
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dOnly the RD18 data has been analyzed. Analysis of the 2019 samples has been delayed due-k®COVID
Significance indicated as *p<0.05, **p<0.01, ***p<0.001
Bolded letters= significance
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Table 5.4 Analysis of variance and orthogonal contrasts for single, dual and triple fungicide treatments for their effects on wheat
disease severitglays to maturity@TM), yield, test weightthousand kernel weighTKW), protein,fusarium damaged kernels
(FDK), anddeoxynivalenol DON) at four sites responsive to fungicide treatment over two growing seasons in Alberta, Canada.

. DONP
Effects Disease oy vielg Test TKW  Protein  FDK DON — cims/
severity weight (ELISA)
MS)
Analysis of variancé-value
Fungicide <.0001%** 0.2766 <.0001** 09803 <.0001** 0.3636 0.0267* <.0001***  0.1677
Fungicide SiteYr® 0.0954 0.4127 <.0001** 04704 0.0071*  0.8529 0.0036** <.0001*** ;
gzggﬁ'de Cultivar 03298 0.3306 0.053 09599  0.1755 0.2063 0.7764 <.0001**  0.1805
ContrastP-value
Single vs. (Dual + Triple) ~ <.0001** 0.4669 <.0001** 09305 <.0001*** 0.2599  0.0991 0.404  0.0156*
Dual vs. Triple <.0001** 0.4731 0.0079**  0.833 0.1978  0.1315 ; 0.0249*  0.9574
(0-11)  (days) (ha)  (ghty 92 mggh (%)  (mgg)  (mgg)
Single Fungicide 3.4 1205 7.2 74.0 39.6 144 0.58 0.00041  0.00014
Dual Fungicide 2.7 1207 76 74.1 40.8 143 0.50 0.00033  0.00020
Triple Fungicide 2.0 1205 7.3 74.0 41.1 141 ; 0.00055  0.00020
ContrastP-value
Dual at BBCH 3632 +
BBCH 61-63 vs
BBCH 2223 + BBCH 61  0.0162** 0.4461 05793  0.8855  0.0187*  0.4802 ; 0.0052**  0.1299
63 and BBCH 3915+
BBCH 6163)
Dual at BBCH 2223 +
BBCH 61-63 and BBCH 39 0.0016** 0.1042 04339 02822  0.0447*  0.8691 ] <.0001**  0.6552
45+ BBCH 6163
(0-11)  (days) (tha)  (ghty 92 mggy) (%)  (mgg)  (mgg)
Dual Fungicide at BBCH 2.9 1200  7.65 73.8 40.7 144 0.50 0.00027  0.00021

22-23 + BBCH 6163
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Dual Fungicide aBBCH

30.32 + BBCH 6163 3.0 120.9 7.52 74.0 40.3 142 - 0.00041 0.00015
Dual Fungicide at BBCH
39.45 + BBCH 6163 2.2 120.3 7.54 74.3 41.4 144 - 0.00030 0.00024
ContrastP-value
Triple at BBCH 2223 +
BBCH 3945 + BBCH 61
63 vs Triple at BBCH0-32 0.1967 0.5456 0.0691 0.4621 0.7031 0.8932 - <.0001*** 0.4191
+ BBCH 3945 + BBCH 61
63
1 -1 (9 1000 1 1 1
(0-11)  (days)  (tha’) (kg hL) seedd) (mg g% (%) (mg g%) (mg g’)
Triple Fungicide at BBCH
22-23 + BBCH 3032 + 2.2 120.4 7.15 74.2 41.2 141 - 0.00023 0.00018
BBCH 61-63
Triple Fungicide at BBCH
30-32 + BBCH 3945 + 1.9 120.7 7.44 73.9 41.0 141 - 0.00090 0.00022
BBCH 61-63
aSite x Year

bOnly the RD18 data has been analyzed. Analysis of the 2019 samples has been delaye@uiR-i®

Significance indicated as *p<0.05, **p<0.01, ***p<0.001

Bolded letters= significance
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Table 5.5 Estimated economic returns required for dual and triple fungicide applications of Trivapro A+B and Prosaro XTR
compared with aingle fungicide application of Trivapro A + B on wheat at BBCH43%at four sites responsive to fungicide
treatment over two years in Alberta, Canada.

Total Yield? increase Yield increase needed Additional yield! needed
Wheat Application Fungicide o needed to breakever relative to a single fungicide to breakeven over a
Year application and _ _ o _ _ o
price? cost cost® fungicide cost with dual or triple  application of Trivapro A+B single fungicide
fungicide applications at BBCH 3945° applicatior
($th? (s ha) ($ ha') ($ ha') (t hat) (t hat) (t hat)
Dual Application of Trivapro A+B at BBCH 385 and Prosaro XTR at BBCH 6163
2018 259.78 35.00 9508 13008 0.50 0.23 0.27
2019 230.04 35.00 95.8 13008 0.56 0.25 0.31
Triple Application of Trivapro A+B at BBCH 223 and BBCH 3945 and Prosaro XTR at BBCH &B
2018 259.78  52.50 13620 18870 0.73 0.23 0.50
2019 230.04  52.50 13620 18870 0.82 0.25 0.57

2Average cost of wheat ($)twas collected from price & datpiotes (PDG) in 2018 and 2019 from SeptemBeo3ctober 31 The data was averaged each year for southern
and northern regions in Alberta.

bCalculated costs ($ Hafrom retail values of fungicide and recommended label rates.

Trivapro A+ B retail pice was $666.12/case a cepack including twd.1L jugs of Trivapro A andwo 2.43L jugs of Trivapro B. Recommended rates were 400 mt @cL ha

1) of A and 120 mL a¢ (0.3 L ha') of B.

°Prosaro XTR retail price was $433/6.5L jug with recommendeedafa324 mL a2 (80 mL ha or 0.81 L ha).

dYield isbasewd n 6 AAC Brandond and O0AAC Viewfi el doTa@e8RiSRespinsive Sitessnder the conditions
eA single application of Trivapro A +B costs $99.74'ha

fAdditional yield required to breakeven was calculated by subtracting the yield needed to breakeven in a single funigiatobe dpph the yield needed to break even in the
dual or triple fungicide applications.
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Chapter 6: Conclusion

6.1. Summary of results

There was a distinct difference between the eight site years in response to fungicide
applications. Four of theightsite yeargor Gesponsive site yed)sshowed yeld differences
among fungicide treatmentsely becausé¢he environmenivasmore conduaive for disease
developmentOverall,at these siteshe earlier fungicide applications at BBCH-22 and 3632
resulted inower yield and qualityhanthe later fungicide applications at BBCH-389 and 61
63. As expectegdfoliar disease and flag leailsdase was also highertheearlier versus later
applications. The highest yields were achiewd#ti fungicide applicationat BBCH 3945 and
61-63, asearlier fungicide applicationdid not protect the flag ledfvhich contributes 43% to
grain filling) sinceit had not yet emergedsenerally, the single fungicide applications had lower
yields and higher foliar disease companeth the dual and triple fungicide applications.
However, it should be noted that leaf disdaselsand yield are not correlated. As seen in
Chaptesthree and fourthe high yielding(7.4 t hat) fungicide treatment (Prosaro XTR at
BBCH 61-63) had statistically similar levels of leaf diseasenpared to thiow yielding (6.54 t
ha?) Trivapro A+B treament at BBCH 32 (Table 3.3 and 4.3)This suggests that levels of
leaf disease cannot be used to predict yield.

At most sitesno differencevas observed between the cultivesponses to fungicide
treatmentsvith respect tdeaf spotseverity, FDK, BLISA and LC/MS/MS data. However, AAC
Brandon did haven overallhigherlevel offlag leaf disease at fowf eightsite yearsaveraged
over all fungicide treatment¥hese findings, obtained with modern cultiveé&&\C Brandon and
AAC Viewfield), are genelly consistent with gevious fungicide studiassingolder CWRS

cultivars.
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Based on the resulfsom our study, later fungicide applications at BBCH&®and
BBCH 61-63 are recommendexsthe best time to spray to protect yield and quality of wheat.
However, the questiodio spray or not to spr&y& highly dependent on whether not
environmental conditions are conducive for disease development. Four site years in this study
experiencedonditionsconduciveto disease developmefaverageaelative humidity = 70.2%,
averageobserved precipitation = 273 mnsp the application dlingicidesto protect yield and
guality at these sites was justifidd addition at these sites, dual fungiei@pplications were
economically justifiedAt the remaining site yearkpwever,conditions were natonducive to
diseasdaverageelative humidity = 61.1%gqverageobserved precipitation = 175 mrmand

fungicide applications were not necessary.
6.2. Summary of results according to each objective

6.2.1. To determine the yield and economic advantages of single fungicide applications at
BBCH 22-23 (herbicide timing), BBCH 30-32 (plant growth regulator timing ), BBCH 39-45
(flag leaf), and BBCH 6163 (1030% of anthers are mature) on twowheat cultivar s

The nontreated control and the earlier single fungicide applications at BBC2B 221
3 tillers detectableand 3032 (early stem elongatiomad significantly lower yielglthanthe
later single fungicide applications at BBCH-389(flag leaf)and BBCH 6163 (head timing) On
average, there was a 0.62 t'l{ar a 9.2%)yield decrease for the earlier fungicide applications
comparedvith the later onesThe later fungicide applicains also resulted in significantly
greater thousand kernel weights (TKW) compaxéti the nontreated control and the earlier
fungicide applicationsOn average, TKW was 5% higher in the fungicide applications at BBCH
3945 and at BBCH 663. The singldungicide applications did not have an impact on the days

to maturity (DTM) test weight or protein.
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The costs of fungicide applications need to be offset by inalegasd. From our results,
the highest yield was achieved by a single applicaifd?rosaro XTR at BBCH 6163 (9.73%
yield increase)and the second highest was a single application of Trivapro A+B at BB&IS 39
(9.4% vyield increase grower applying Prosaro XTR must earn an additional $71.46rha
revenue to breakeven or produce an aofuit 0.28 to 0.31 t hhof yield comparedvith the non
treated controlComparatively, a single application of Trivapro A+B needs to earn an additional
$58.62ha’ or produce an additional23to 0.25t ha' to breakeven

There are several factors that need to be accounted for prior to fungicide application. The
most important is taonsiderthe relationship between the environment, plant pathogen and
host/cultivar (disease triangle). This study found that later fungiciglecapons resulted in
higher yields, but it is important to note that this was only truedtiithe site yeardn ste years
where environmental conditions were rohducive for diseaséungicide applications were
unnecessary.
6.2.2. To determine the effets of single fungicide applications timings at BBCH 2223
(herbicide timing), BBCH 30-32 (plant growth regulator timing), BBCH 39-45 (flag leaf),
and BBCH 61-63 (10-30% of anthers are mature on disease severity on twaheat
cultivars

Precipitation in 2019vas 43%greaterthan in 2018. These environmental conditions were
morefavorable for disease development, with 53% higher disease thsdsvedn 2019 versus
2018.

Fungicide applications at BBCH 228 and BBCH 3682 had 33% and 19%, respectively,
higher foliar disease ratings than fungicide treatments at BBC#b3Bhese trends were

supported byjuantification of foliar lesion area by image analgsigNDVI data. The results
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suggesthat early fungicide applications at BBCH-22 and BBCH 32 shold be avoided by
producersas theydid not result in significantly lower disease compangth the untreated
controt indeed, they could be consideredusmmecessary economic input whwbuld contribute
to the development déingicideresistance.

Consistent withAlberta Climate Information Services (ACIS) FHB risk predictianggur
field trials showedrusariumdamaged kernels ) were49%higherin 2019 than 2018.
Despite the high FHB risk 2019,however there were low FDK and DON levels at all site
years and DON levels were considerably below the Canadian Grain CommiissitnThe
most commorusariumspecies founavereF. poaein 2018andF. avenaceunn 2019.There
were no signifiant differences between cultivars for FDK, ELISA and LC/MS/MS DON.

At mostof thesites, AAC Viewfield and AAC Brandon had similar foliar disease levels
which wasexpectedsince bottcultivarshavea n 6i nt er medi at edé | eaf spot
Neverthéess at 38% of the sites, AAC Brandon had significantly higher foliar disease levels
thanAAC Viewfield. Althoughbothhaved i nt e r lead shot eesistadcAAC Viewfield
appears to be slightly more resistdrdnAAC Brandon. The reisolation of fungi recovered
from the plant tissueglsoconfirmed thaboth cultivars are susceptible to STB, SNB taru
spotat least to some extentnder environmental conditions favorable for disease development,
both cultivarshad reduced foliar disease symptoms wineated withfungicide at BBCH 3915
and BBCH 6163, meaning that a fungicide applicatiwould be beneficial in environments with
high disease pressure.

6.2.3. To observe the yield, quality, and economic benefits assoi@d with the application
of multiple fungicide MOAs, higher than label rates, and multiple applications in a single

season on twavheat cultivars
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There was no statistical differeniceyields, DTM, test weights, TKW and protein for the
fungicide applicatias with a single mode of action (MOA) [Tilt 250 E (group 3)] versus
multiple MOA [Trivapro A+B (group 3, 7, and 11)] at BBCH-23 (23 tillers detectable). The
lack ofadifference my reflectthe low disease pressuwbservecat BBCH 2223 and the fact
that both Tilt 250 E and Trivapro A+B are known to reduce most foliar disetisetvelyin
Alberta

There were no significant yielat qualitydifferences between the recommended (30 gai
ha?) and high (75 gai hg Trivapro B (list the active ingredieéhere)fungicide rateswhen
these werapplied as a single or duaéatmentit BBCH 3032. This suggests thahe
recommended or label rate of fungicidassufficient and there was no added benefit associated
with a higher ratelf the comparison between recommended and higherhratebeemmadeat a
later growth stage (i.eBBCH 3945), whendisease pressure was greatieen perhapa
difference could have been noted.

There were relevant agronomideld andquality differences observed between single,
dual, and triple fungicide applicatior®verall, single fungicide treatments had 3% (0.2%ha
lower yields versus the dual and triple fungicide treatmédditionally, the triple fungicide
treatments had 4% (0.3 t'‘Hdower yields comparedith the dual treatments. Thigas
unexpected bunayhave beemeflecteda 21% lower yield at thRed Deer 2018 sitia the triple
vs.dual fungicide applicatiotreatment The lower yields makiave beemue to trampling
damage assoced withtheadditional fungicide passelsie to lack of experience in the technical
staff at this siteAt all other sitesyield trends were generally supported by the foliar disease
severity ratings. The single fungicide treatments had 45% higher faeasd comparedlith

the dual and triple treatmenendthedual treatments had 35% higher foliar disease compared
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with the triple fungicide treatments. Additionally, th&W was 4% lower in thgingle versus
the dual and triple treatmeni&hese resultappear tdiighlight the benefits of multiple fungicide
applications.

The highest yieldind economic benefitereachieved with the dual fungicide treatments.
Theincreasedevenue needed for a dual fungicide (Trivapro A+B and Prosaro XTR) to
breakeven is $30.08ha’. This is equivalent tan additional yield increase 6f50 to 0.58 ha
1. As noted earlier, howev, aly four out eight site years saw significant responses to fungicide
applicationsUnder drier conditions, disease pressure was low and fungicide applications were

unnecessary.
6.3. Future research

The research in this thesis provided a good foundatiofufther analysis of fungicide

timing in wheat. Several follow up studies could immediately stem from this work.

N The comparison of recommended rates (30 g&) had higher rates (75 gai-Haat
BBCH 3032 did notdetectdistinct differences among the treatmedtge to thdow
disease pressusattheseearly growth stages. Therefore, a comparison of the higher and
recommended rates of fungicide applications at later growthsstaB€H 39-45) should
beundertaken. Highedisease pressure at the later growth stages may allow for clearer

detection of differences between treatments.

M Similarly, there were ndifferencesbetween single MOA [Tilt 250 E (group 3)] versus
multiple MOA [Trivapro A+B (group 3, 7, and 11)] at BBI222-23 (23 tillers
detectable) due tihe lowdisease pressure. Therefaiesomparison omultiple MOA at

later growth stage(BBCH 3945 or BBCH 6163) should be explored.
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This findings from this study will be valuable to Alberta farmers in severgsvihe
yield and quality data on the two newly registered CWRS cultivars under intensive management
and different environmental conditioaBowed that,i some casefungicide applications are
unnecessary and will not be profitable for the growepefly, by providing insights into
fungicide timing, this study wilhelp growers talevelop an understanding of gooehgicide
stewardshipracticesandavoid early fungicide applicationghich are importani delaying
fungicide resistance while increasiwteat yield, qualityand profitand avoid low rate

fungicide applications at early growth stages.
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Appendix

Appendix1: Splitplot design for the Value of Early Fungicide project in 2018 and B8&6€at four sites (Barrhead, Bon AccoRled Deeiand
Lethbridge) in Alberta, Canad@here are four blocks or replicates shown by the orange border. The main plot is the cultivar (AAC Brandon and AAC
Vi ewfield) which is differenti at e dplobayethe furgicideliréatmenis whiah dre |Gtgdrfieh® on&@acltad | o u r

the plots.
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Appendix2: McFadden ScaleMcFadden, W. 1991. Etiology and epidemiology of leaf spotting diseases in winter wiaakatchewan. Ph.D. thesis,
University of Saskatchewan, Saskatoon, 151 pp.

Intensity of foliar symptoms on leaves
Leaflevel 0 1 2 3 4 5 6 7 8 9 10 11
Upper e 0 O 0 0 0 0 0-1 25 6-10 11-25
Middle O 0 O 0 0-1 2-5 6-10 6-10 11-25 2650 >50 >50
Lower 0 01 25 6-10 11-25 2650 >50 >50 >50 >50 >50 >50

apercentage of leaf area with lesions in the upper, middie lower leaf canopies
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