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Dedication

“Our greatest weakness lies in giving up. The neestain way to succeed is

always to try just one more time” — Thomas Edison



Abstract

Integrating cultural weed management practices hatiicides is an
important strategy to reduce wild o&tvena fatud..) populations in Alberta,
Canada. The purpose of this thesis is to expankrtbeledge on wild oat seed
banks and seedling emergence within integrated weethgement systems. Field
experiments were conducted from 2006-2007 to exanme impact of crop
rotation, barley cultivar, barley seeding rate hatbicide rate on wild oat seed
bank density, seed mortality, seedling emergendesaadling survivorship.
Management systems consisting of diverse cropiooattall barley cultivars and
increased barley seeding rates reduced wild odtls&ek density, seedling
emergence and seedling survivorship, especiallyaherbicide rates. Wild oat
seed banks predicted subsequent wild oat emergeheeeas biomass and
emergence strongly predicted seed banks. Last, wild oat emergence was
achieved at 537 and 509 growing degree days in 288&007, respectively, in

Lacombe, Alberta.
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Chapter 1. Introduction
1.1. Background

Herbicides have been used as an effective mearnirolling weeds
since the 1950s and are one of the most importuarees in agriculture (Pike et
al. 1991). In North America, herbicides can accdanR0-30% of crop inputs
(Derksen et al. 2002). On the Canadian Prairiestdtal economic impact of
weeds in barley, canola and wheat is approxim&elyillion annually (Leeson et
al. 2006). Consequently, the majority of expendisusissociated with managing
weeds are for herbicide product and applicatioregioa et al. 2006). In western
Canada , fluctuating crop prices, rising input spetcurrence of herbicide
resistant weeds and public concern regarding tleetefof herbicides on the
environment and human health have garnered intiagstscientists and growers
to reduce herbicide use and rates (Beckie et 88;2Blackshaw et al. 2008;
O'Donovan et al. 2007). The response to these costas led to the

development and adoption of integrated weed managesystems.

The concept of integrated weed management (IWM)bkas used since
the 1970s by weed scientists (Walker and Buchaf8a)1 Although the
approach to IWM has evolved over the last threades, the principal objective
is still to develop economically, ecologically asatially sustainable cropping
systems that combine various agronomic practic@spoove crop competition,
decrease weed emergence and reduce herbicideceeligviM is also a

component of integrated crop management systerhaitha to promote crop and



soil health. As a result, combining agronomic pad that produce healthy,

competitive crops are essential to developing ssfaelWM systems.

Integrated weed management systems employ varidwsal and
herbicide management strategies to manage weedgpops. For instance, a
variety of agronomic practices that can be combimitkd economic thresholds
and judicious herbicide use, include direct seedingp rotations, higher seeding
rates, early seeding dates, competitive crops ahidars and strategic fertilizer
placement. Combining agronomic practices has b#eatiwe in reducing the
impact of weed competition as well as delayingdaeelopment and spread of
herbicide resistant weeds (Beckie and Kirkland 2@#:kie et al. 2008). IWM is
built upon a systems approach that incorporateslatye of weed biology and
weed ecology. Integrating bioecological informatiith agronomic practices can
provide seasonal and multi-year weed control, erflting weed growth at all
stages of its lifecycle (Blackshaw et al. 2008)ngderm changes in weed
populations can result in reduced weed emergeneed Wensities, weed-crop
competition, weed seed production and weed sedddmmsities (Blackshaw et

al. 2008; Buhler 2002; Murphy et al. 2006).

Weed seed banks are dynamic, with a number of gjicddprocesses
influencing the amount of seeds being added, rechoveetained in the soil seed
bank. Although the temporal and spatial variabilitygize, composition and seed
depth enhances the difficulty in studying weed dastks (Benvenuti 2007), they

are often good indicators of how successful padtpmasent weed management



strategies have been in influencing weed populati@me of the primary reasons
for studying weed seed banks is to develop IWMegias that can reduce seed
bank additions, increase seed bank losses or rédedength of time seeds are
retained in the seed bank (Swanton and Booth 2@0d¢condary reason for
studying weed seed banks is to understand thegiamad amount of weed

seedling emergence. The ability to predict the ritada and timing of weed
seedling emergence is dependent on the level ofi@aary expressed among seeds
in a seed bank (Allen et al. 2007; Batlla and Bar&mold 2007; Benech-Arnold
et al. 2000; Forcella et al. 2000). Knowledge atdas that affect seedling
emergence can improve the implementation and eféeetss of IWM practices

(Grundy 2003).

The development of IWM systems in western Canadiapping systems
have centered on the management of wild Aaefa fatud..). Despite a variety
of individual herbicide and cultural managemenhteques available to manage
wild oats, identifying optimal combinations of agmmic practices to maximize
management and profitability and limit the devel@omor spread of herbicide
resistance remains at its infancy within westernada. Improving
implementation of IWM strategies requires a battaterstanding of wild oat
population dynamics over the course of multi-yeeategies. One aspect of
understanding wild oat populations is to studyrthle of inputs and losses from
the wild oat seed bank. Finding opportunities toipalate weed seed banks

through IWM strategies may also have implicationsvild oat seed germination,



dormancy and seed mortality. Few studies have medshe cumulative effects

of IWM strategies on wild oat seed banks and wdtiseedling emergence.

The primary focus of this project was to evaluaie ¢umulative effects of
five and six years of IWM practices, that includbd use of short and tall barley
cultivars, normal and high barley seeding ratesa@mdinuous and diverse crop
rotations in combination with quarter, half or fa#rbicide rates, on wild oat seed
bank density, seed mortality, seedling emergendesaadling survivorship. The

following questions were addressed:

1. What are the cumulative effects of combining agroimopractices with

herbicides on wild oat seed bank density and semthiity?

2. Can wild oat seed bank density predict wild oat iyaece?

3. Can wild oat seed production, emergence and biopsisrate the wild

oat seed bank?

4. How many growing degree days (GDD) are requiredb@%6 wild oat

emergence in central Alberta?

5. What are the cumulative effects of combining agroiegpractices with
herbicides on wild oat seedling emergence and segesilirvivorship prior

to and subsequent to herbicide application?

The experimental hypotheses of this research viiatethe cumulative effects

of five and six years of optimal IWM practices widlduce wild oat seed bank



densities, seedling emergence and seedling suskhiypand enhance seed
mortality. In addition, a close relationship wikltist between the wild oat seedling
emergence and seed bank density. Similarily, waldseed banks can be
estimated using information on wild oat seed inpsgssonal emergence and
biomass. This research project will provide valeabformation on wild oat seed
bank dynamics to scientists, agronomists and fesriegnmplementing and

developing integrated approaches to managing vatd. o
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Chapter 2. Literature Review
2.1. Integrated Weed M anagement

Sustainable integrated weed management (IWM) systembuilt from a
variety of management strategies that enhancedivepsity and reduce the
stability of weed communities. Implementing cortsegf weed biology and
ecology into IWM provides a holistic approach tormaging cropping systems.
Developing a comprehensive IWM system uses agransetrategies such as
diverse crop rotations, higher seeding rates,esjiedlly placed fertilizer, early
weed removal and competitive crops and cultivarmanipulate weed survival,
growth and reproduction. Many agronomic practiaesedfective on their own in
reducing weed populations and enhancing crop yiald$sn combination they can
have further long term management benefits (Ande8®3). Furthermore,
integrating agronomic practices may reduce thameg on herbicides, especially

if used with economic thresholds and crop scouting.

Current research is identifying cropping systehad integrate agronomic
practices to manage weeds under diverse croppstgmyg across all agro-
ecological regions in Western Canada. Additionséagch is needed to develop
systems that growers perceive as economically eiabt where the risk of
adoption is perceived as low. Despite the developroelWM systems, growers
will still need to select agronomic practices tbamnplement existing crop
production systems as well as fit the economiciad@nd environmental

standards of their operation. Consequently, ndasitMyM strategy will be



appropriate for all growers; therefore, the optic@inbination of agronomic
practices will depend on the agro-ecological regiarm machinery, crop choice,
economics and grower attitudes and beliefs. Theeatigection will outline the
most common agronomic practices utilized in wes@anada that can be adopted

into IWM systems.

2.1.1. Components of Integrated Weed Management in Western Canada

2.1.1.1. Direct Seeding

Direct seeding has increased in adoption acros€&madian Prairies
since the early 1990s. In Alberta, direct seedigeased from 3% of the total
area in 1991 to 48% in 2006 (Statistics Canada R@i&:ct seeding has led to an
overall improvement in soil quality and moisturexservation by reducing soil
erosion (Mostaghimi et al. 1992; Tessier et al.@)9&ninimizing evaporative
water losses (Cutforth and McConkey 1997; Cutfetthal. 2002; Cutforth et al.
2006), improving water infiltration (Arshad et 4B99; Azooz and Arshad 1996;
Azooz and Arshad 1998), and increasing soil orgaratter (Campbell et al.
1989; Campbell et al. 1998). Furthermore, manadingrsified cropping systems
under direct seeded (minimum and zero-tillage)esystcan enhance and stabilize
net farm incomes (Zentner et al. 1992; Zentnet.&@®2a; Zentner et al. 2002b).

Although direct seeding continues to gain popwasgbme expected
conseqguences can include lower spring soil tempesithat reduce or delay crop
seedling emergence (Lafond et al. 1996), increasddce residues that

immobilize nitrogen (Schoenau and Campbell 199@)additional costs and



equipment modifications of ground openers, straapgers and spreaders to
manage heavy crop residues (Canola Council of GarzdiD3). The adoption of
direct seeding has also led to changes in herbugdgZentner et al. 2002a;
Zentner et al. 2002b), including a high frequentpre-seed, pre-harvest and
post-harvest gylphosate applications. A pre-se@ticgtion that includes
glyphosate has become a key practice in managmgesaerging weeds and
optimizing crop productivity (Johnson et al. 2008)eed communities have
shifted under direct seeded systems, respondirtgandecrease in annual weed
densities but an increase in winter annuals, bada@ind perennials (Blackshaw et
al. 2006; Derksen et al. 2002; Thomas et al. 2084hough glyphosate efficacy
depends on the weed species and time of weed eneer@éhnson et al. 2002), it
has been effective in managing various perenniaddeesuch as quackgrass
[Elymus repenéL.) Gould] (Harker and Vanden Born 1997) and &xbarley
(Hordeum jubatunh..) (Blackshaw et al. 1999). Despite shifts in theed/e
community, lower weed densities have been repdryegtowers following 5 to

10 years of direct seeding (Blackshaw et al. 2008).

Direct seeded systems can create an opportunéypioit weed seed
banks. Seeds that remain on the soil surface tehd at greater risk for mortality
(Blackshaw et al. 2008), since seeds are exposeaviconmental extremes and
seed predation (Cromar et al. 1999; Egley 1986ydHwilliams et al. 1984).
Unlike conventional tillage, there is less spring disturbance in direct seeding
which reduces the number of weed seeds stimulatgdrminate and be depleted

from the soil seed bank. However, seeds of commambsquarters
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(Chenopodium alburh.), stinkweed Thlaspi arvensg..), green foxtail Hetaria
virdis (L.) Beauv.], wild buckwheatolygonum convolvulus.) and wild oat
(Avena fatud..) that remain near the soil surface in direcdeekfields emerge
earlier and more uniformly, improving the opportyrfor early herbicide
applications (Bullied et al. 2003). Overall, dirseteding has played an integral
part in IWM and its successful adoption may bdlaited to its use with other
weed management strategies, such as using diverseatations and competitive

crops and cultivars (Derksen et al. 2002).

2.1.1.2. Crop Rotation

In western Canada, a diverse number of cereagaalspulse and forage
crops and cultivars are grown as part of an integrapproach to weed
management. The sequence of crops grown in a ¢rgystem varies across soil
zones. For example, the cropping sequence in thekBloil zone typically
consists of a cereal-oilseed-cereal-pulse rotat@mola Brassica napus..) and
peas Pisum sativuni..) are the most common oilseed and pulse crops,
respectively, grown following a cereal crop suclwagat riticum aestivuni..)
or barley Hordeum vulgard..). In western Canada, the majority of canolawgr
is herbicide tolerant, either to glufosinate orpyigsate (Beckie et al. 2006).
Furthermore, despite wheat being the most commgnalyn cereal, oat\{ena
satival.) and barley have displaced some wheat acridwifast 25 years.
Conversely, in the Brown soil zone, the traditiocr@pping sequence has been

summerfallow-wheat; however, current rotationsraoe introducing pulses such
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as lentils Lens culinaris Medikus), field peas and chickpe&ider arietinumL.)

to diversify nutrient and water usage. Beyond weatiagement, diversifying
crop rotations can also reduce financial risk, dase disease incidence, improve
soil quality and increase nutrient and moisturemess (Zentner et al. 2002b).
Despite higher production costs, the economic beokihcluding an oilseed and
pulse crop in rotation with cereals is a higher stadble farm net income (Zentner
et al. 2002b). Consequently, increased crop dityeisiessential to attaining

higher productivity and economic return on the Chaua Prairies.

Crop rotations can disrupt the life cycle and gtowabit of weeds
through variations in crop life cycles, cultivarsdaseeding and harvesting dates
(Anderson 2003; Anderson 2004; Anderson 2005; Rerlk al. 2002; Liebman
and Dyck 1993). Typically, cropping systems incladetation of grass and
broadleaf crops, since grass weeds may becomepreateminant in grass crops
and broadleaf weeds more common among broadlep$.cBalanced crop
rotations also include using competitive and nomygetitive crops to minimize
weed interference; therefore, rotations shouldmztide growing non-
competitive crops, such as flaxifum usitatissimurh.), lentils or chickpeas in
succession. Crop rotations that alter the timesetlsng and herbicide application
can change selection pressures on early versusrtaeging weeds. Blackshaw
(1994) reported increased suppression of downy eér@momus tectorunt..)
populations when fallow or spring seeded canolaingsded in a winter wheat
(Triticum aestivuni..) rotation compared to a continuous winter wiregtion.

Diversity in a crop rotation can also provide vaada in herbicide application
12



timing and modes of action, curtailing the selactd herbicide resistant weeds

(Anderson 2003).

While crop rotations produce measurable chang#dsimbundance and
composition of weed communities, the effects afecdit to separate from other
management practices, such as tillage (Legere saweigson 2002) and herbicide
usage. Crop rotations under reduced tillage haea beported to reduce
fecundity of both grass and broadleaf weed spébkiegode et al. 1999). Murphy
et al. (2006) found that using three crops in rotefcorn Zea mayd..) - soybean
[Glycine maxL.) Merr]-winter wheat], seed bank densities idieect seeded
field can be reduced as much as 80% over six yAara.result, crop rotation is
an integral component in reducing weed populatieapgecially when used in

combination with other agronomic practices.

2.1.1.3. Competitive Crops and Cultivars

In western Canada, spring barley is still considehe most competitive
spring-sown crop species when compared to canaa @nhd Keys 1976), spring
wheat and flax (Dew 1972). Although it is recoguizkat crops vary in their
ability to compete with weeds, also important & differences in competitive
abilities among cultivars within a crop speciedf@entiating the competitive
ability of cultivars is typically based on theirildly to (i) tolerate weed
competition without compromising grain yield ani $uppress weed growth
(Goldberg and Landa 1991; Jordan 1993). Severat plaaracteristics have been
attributed to competitiveness, including plant Iheigarly maturity, crop
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establishment, tillering, structure of crop candpsgrception of
photosynthetically active radiation (PAR), earlpiiass accumulation, flag leaf
length, ground cover, and timing of spike emerggBaekie et al. 2008b;
Champion et al. 1998; Hucl 1998; Huel and Hucl 199&res and Froud-
Williams 2002; Lemerle et al. 1996; Mason et alD200'Donovan et al. 2005b;
Wicks et al. 1986). In western Canada, barley vi@seéhave been shown to differ
in their ability to compete with weeds. Semi-dwantl hull-less varieties are less
competitive with wild oat or tame oat than talletlad barley varieties
(O'Donovan et al. 2000; Watson et al. 2006) andccally suffer greater yield
losses (O'Donovan et al. 2000). Since the hullpgcally removed during harvest,
the embryo of hull-less varieties are susceptibleéchanical injury and fungal
attack (White et al. 1999); thus, reduced seedhtyglyermination and seedling
emergence can occur, reducing a plants abilitytoessfully compete with
weeds (O'Donovan et al. 2000). Hull-less barleyetgs may also experience
poor seedling emergence due to shorter coleopirlesleoptiles growing
abnormally as a result of a damaged embryo (Bak €1999). Alternatively,
Watson et al. (2006) suggest that comparing thepetitive abilities of semi-
dwarf to tall varieties and hull-less to hulledieties may be complicated by
pleiotropic effects osdw(semidwarf) anah (naked caryopsis) genes,

respectively.

Research is underway to measure the competitivigyadi hybrid canola
varieties. Canola hybrids have been found to beernompetitive than open

pollinated varieties (Hanson et al. 2008; HarkealeP003a; Zand and Beckie
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2002). Hybrid cultivars benefit from rapid emergerand early canopy closure
minimizing competition from weeds and maximizinglg (Harker et al. 2003a).
Generally, growing competitive cultivars of barleheat, canola and field pea is
an important IWM strategy to enhance crop competitess (Beckie et al. 2008b;

Harker et al. 2008a; Hucl 1998; O'Donovan et a05t) Watson et al. 2006).

2.1.1.4. Seeding Date

Subjecting weeds to temporal diversity by altemgaplanting and
harvesting dates can also improve weed manageifiembenefits of early
seeding have been recognized and are commonlyimseopping systems across
western Canada. Early seeded crops optimize uidizaf spring soil moisture
(Angadi et al. 2004), minimize the risk of heaess during flowering (Kirkland
and Johnson 2000), out-compete weeds that reqain@ev soil temperatures for
germination (Blackshaw et al. 2005b; Harker eR@D5), reduce the opportunity
for disease and insect problems during peak irdeair infestation periods
(Krupinsky et al. 2002; Olfert and Weiss 2002), amte yields (Chen et al. 2005;
Clayton et al. 2004; Kirkland and Johnson 2000) emcburage earlier harvest
dates. Delayed seeding within western Canada ifamotirable due to the short
growing season. Furthermore, later seeding datesesalt in yield reductions in
wheat (Briggs and Aytenfisu 1979), barley (Juskid &lelm 2003), canola
(Degenhardt and Kondra 1981), flax (Thompson €1288), oats (May et al.

2004) and field peas (Ali-Khan 1977).
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Early seeding dates promote early crop emergenagimeing crop
yields and economic returns. Coupling early crogmgance with early weed
removal can maximize weed control and crop yiekttlyfweed control in canola
can increase yield, minimize dockage, reduce weaddss and promote higher
net revenues (Clayton et al. 2002; Harker et @420 arker et al. 2008b;
O'Donovan et al. 2006b). Early crop emergence apirgrowth following an in-
crop herbicide application can provide sufficierdggcompetition for later
emerging weeds. Consequently, in glyphosate-registanola systems
O'Donovan et al. (2006b) found no advantage wisheets to yield, dockage or
weed biomass, for applying two in-crop glyphosatgligations in the current
cropping season to manage late emerging weed$idfombre, shallow seeding
depths can promote early crop emergence (Gan 8892), which can allow a

crop to utilize early season moisture and nutribefsre weeds emerge.

Temporal diversity can also include using fall sskdrops, such as winter
wheat, winter ryeQecale cereal L.) or winter triticale Triticale (XTriticosecale
Wittmack). For example, early emerging annual wesdgsypically outcompeted
by winter wheat in the spring due to the formatdm dense canopy (Anderson
2008). As a result, winter wheat grown in a divergation can minimize summer
annual weeds from adapting and establishing (Bleoksl994; Schreiber 1992).
Although the use of winter and perennial cropsation are important in
managing weeds, a detailed discussion of theirisdbeyond the scope of this

review.
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2.1.1.5. Higher Crop Seeding Rates

In addition to selecting the most competitive cooltivar, increasing crop
seeding rate can also improve the competitivenegsearop. Recommended
seeding rates have been determined in western @domad variety crops, but
usually under weed-free conditions (O'Donovan e2@D7a). Seeding rates do
not always represent the number of seedlings erdengibe field, even when
germination rates exceed 90%; as a result, theepegermination of a seed lot
can overestimate the number of seedlings that eamerder field conditions
(Harker et al. 2003a). Harker et al. (2003a) regmbdanola emergence of hybrid
and open pollinated canola to be half of the spéaisted; therefore, a seeding
rate of 100 to 200 seedsTmesulted in 46 to 90 open pollinated Exceed plamts

2 and 54 to 102 hybrid InVigor 2153 plants’m

Nevertheless, higher crop seeding rates of ba@dydnovan et al. 1999Db;
O'Donovan et al. 2000; O'Donovan et al. 2001), wfBkackshaw et al. 2000;
O'Donovan et al. 2006a; Xue and Stougaard 2002% (»hnston et al. 2002)
and canola (Hanson et al. 2008; Harker et al. 200@areduce weed biomass
and increase crop yield. For example, wild oat l@ssncan be reduced by using
higher barley seeding rates (i.e. 125 to 175 kb kaachieve crop densities
between 200 and 250 plant&fO'Donovan et al. 1999b; O'Donovan et al. 2000;
O'Donovan et al. 2001). Increasing barley densitims 150 to 250 plants h
under wild oat densities of 50 plants’minimized yield loss from 20 to 14%

(O'Donovan et al. 1999b). Combining a competitiybrid canola cultivar with a
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high seeding rate and early weed removal can ket tosecrease canola yield and
improve weed management (Harker et al. 2003a). Mekygrowers may be more
reluctant to increase canola seeding rates compartealley or wheat due to the
high seed costs associated with herbicide resistardla varieties (O'Donovan et
al. 2004). Furthermore, higher seeding rates mapaa viable management
option in all agroecosytems across the Canadianéaln semiarid regions,
higher seeding rates may compromise crop quahtgrelbsing malt barley seeding
rates under rain-fed conditions (<300mm) compandadigated conditions
(>300mm) provided only modest increases in yieldrbduced the proportion of
plump kernels (McKenzie et al. 2005). However, leigbeeding rates have
become a highly effective and viable option for deappression in organic
production systems. Mason et al. (2007) indicaled doubling wheat seeding
rates from 300 seedso 600 seeds fimproved both wheat yield and weed
suppression; furthermore, the benefits of a doulledat seeding rate were not

cultivar specific.

Enhancing crop seeding rates can also improveftita®y of herbicides
applied at reduced rates. O'Donovan et al. (20@grted wild oat herbicides to
be more successful in reducing wild oat shoot bssvend seed in the soil seed
bank when wheat seeding rate was increased frokg A&’ (100 plants i) to
150 kg h&(200 plants ). In barley, applying tralkoxydim at 50 or 100%tbé
recommended rate in combination with higher baskegding rates reduced wild
oat fecundity as well as the amount of wild oadsieethe soil seed bank

(O'Donovan et al. 2001). Combining higher seedatgg with reduced herbicide
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rates to limit weed seed return is also an effecsivategy to delay or prevent the
selection of resistant wild oat biotypes (Beckid &mkland 2003; O'Donovan et
al. 2001). In addition to weed suppression and awed herbicide performance,
higher seeding rates can reduce dockage (Harler 2003a) and branching in
canola (Hanson et al. 2008), improve crop unifoyirshorten crop maturity and
reduce the risk of urea-induced injury from seextetl nitrogen (O'Donovan et

al. 2008).

2.1.1.6. Strategic Fertilizer Placement

Many weed species capitalize on high soil fertjligducing the amount of
nutrients available for crop growth. Large quaastof soil nutrients, including
nitrogen, phosphorous, potassium, calcium and nsgmecan be utilized by
weeds (Vengris et al. 1953). On the Canadian iBsaweeds can respond to
added concentrations of nitrogen and phosphorotlsinéreased shoot and root
growth which frequently exceeded shoot and rootvghmf wheat and canola
(Blackshaw et al. 2003; Blackshaw et al. 2004angequently, understanding
weed responses to fertility can improve fertilim@nagement strategies. As a
result, optimizing fertilizer application timing dplacement as well as using
slow release fertilizers has become an importaauttfme to optimize crop yield
and quality as well as reduce weed interferencel{inaso 1995; Malhi et al.

2001; Malhi et al. 2003).

Spring fertilizer applications in spring wheat, legr canola and peas,
have typically optimized crop yield and reduced evbsmmass (Blackshaw et al.
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2004b; Blackshaw et al. 2005a; Blackshaw et al5BP0The competitive ability
of many weed species is also influenced by theeptent of fertilizer (Blackshaw
et al. 2002b; Blackshaw and Molnar 2009). Blackskaal. (2004b) quantified
the effects of nitrogen fertilizer timing and placent on the management of wild
oat, green foxtail, wild mustardfassica kabef{DC.) L.C. Wheeler var.
pinnatifida (Stokes) L.C. Wheeler] and common laquasters in spring wheat.
The density and shoot biomass of weeds were génargher under fall applied
nitrogen treatments. Furthermore, greater weedityearsd shoot biomass
occurred when nitrogen was surface broadcastedrrdthn sub-surface banded
or point injected. A simultaneous increase in gpwheat yield also occurred
when nitrogen was sub-surface banded or pointtje@fter four consecutive
years of fertilizer application, the weed seed bank reduced by 25 to 63% with
a point injected N compared with surface broadcbNteO'Donovan et al. (2008)
also compared five rates (0, 30, 60, 90 and 120eky of seed placed and side
banded urea at three barley seeding rates (200ar&0@00 seeds i High rates
(>60 kg h&) of seed placed N increased the risk of urea-iadseedling
damage, causing a reduction in barley plant dessiReduced barley densities
not only contributed to earlier wild oat competitiand fecundity but delayed
barley maturity. However, as rates of side bandgdgen increased, barley
yields improved and the time to maturity and wiltt Gecundity decreased. Higher
barley seeding rates under all nitrogen placemamdsrates did not increase
yields; however, they reduced wild oat fecunditg aeduced the risk of urea-

induced injury in seed placed N, but not as lowide banding. Recently,
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Blackshaw and Molnar (2009) found that mid-row beshdnd seed-placed
phosphorous resulted in higher wheat yields undepetitive weed pressure
compared to surface-broadcast phosphorous appisatin addition, weed
biomass and seed bank densities were also lowkrse@d-placed or sub-surface
phosphorous applications. Overall, managing fedilitiming and placement are
suitable strategies for improving crop competit@enwithin an integrated weed

management strategy.

2.1.1.7. Silage, Green Manure and Cover Crops

Silage, green manure and cover crops are not dfelgtive at increasing
the diversity of a crop rotation but are effectige managing weed populations.
Silage provides an opportunity to reduce weed ifmris by harvesting weeds
prior to weed seed maturity. In western Canadagsitcrops that use barley
and/or corn can be an effective tool in managingdyeopulations. Harker et al.
(2003b) reported early cut barley silage withoubl@des to be as effective in
reducing wild oat populations as using herbicidelsarley grain production. In
early harvest silage treatments at Lacombe, Albeiitd oat plant densities
declined from 40 plants fin 1997 to less than 20 plants?rim 1999;
consequently, two years of early cut barley silege lead to significant

depletions in the wild oat seed bank.

Green manure and cover crops have been typicatigtad in organic
production, but are occasionally being incorporatecbnventional systems.
Cover crops can suppress weed competition, mangafraironmental conditions
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that influence the germination and emergence ofigjegnd release phytotoxins
(Liebman and Davis 2000). In conventional cropmggtems, growers are
starting to adopt cover crops, such as winterty@rovide ground cover
following low residue crops, such as potatdesl&énum tuberosum.) or sugar

beets Beta vulgarisL.) (Blackshaw et al. 2008).

Organic growers have also adopted forage legunasasiyellow
sweetcloverlelilotus officinalisL.) and red cloverT(rifolium pratensd..) as
green manure to suppress weed competition and ealzaailable nitrogen in the
soil. Blackshaw et al. (2001) determined that ywelgweetclover green manure
can successfully replace fallow periods in drylammpping systems. The
allelopathic compounds found in the decomposinglves have the potential to
suppress an assortment of perennial [dandeliarakacum officinal&Veber in
Wiggers) and perennial sowthistiednchus arvensis)] and annual [stinkweed
(Thlaspi arvenst..), kochia Kochia scoparid..), flixweed [Descurainia sophia
(L.) Webb ex Prantl], Russian thistl8dlsola tragud..) and downy brome]
weeds. Similar levels of weed suppression occusteether sweetclover was
harvested as hay or its residues were incorporatéaft on the soil surface.
Conventional cropping systems also benefit fromaith@ition of perennial forages
such as alfalfaMledicago sativd..) or perennial grasses, since they are effective

management tools for suppressing annual weeds.

Frequent cutting of perennial forages can alsocedie vigor and seed

production of competitive weeds (Lafond et al. 1996 a survey of 117 fields in
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Manitoba, weed populations in cereal fields thatenweceded with alfalfa or
cereal grain crop were compared (Ominski et al9).98ereal fields following
alfalfa contained lower populations of wild oat,f@da thistle Cirsium arvense
(L.) Scop.], wild mustard and cleavef@3glium aparinel.) than in continuous

cereal crops.

2.1.1.8. Economic Thresholds

An informed spray decision begins with an assessofeneed
populations through field scouting to determine thike herbicides are necessary.
An economic threshold, defined as the density addseat which the cost of the
herbicide and application is equal to the valuthefcrop lost to weed
competition, have been recommended by severalrasga (Buhler et al. 1997b;
Cousens et al. 1986; Doyle et al. 1986; Forcelk.e1996; Gerowitt and
Heitefuss 1990; Hamman 1979; Jones and Medd 2008k#et al. 1995;
O'Donovan et al. 2005a; Wilkerson et al. 1991)iclads application of
herbicides can improve net returns by reducingitimaber of herbicide
applications, minimizing the risk of developing hierde resistance and reducing
the herbicide footprint in the environment (O'Doanvi996; O'Donovan et al.
2005a). An economic threshold can be an importaateg)y for making spray
decisions, but is difficult to implement for weednagement (Cousens et al.
1987; O'Donovan 1996). Current decision modelddacapture the random,
patchy spatial distribution of weeds (Wiles etl&®93) and few models capture

crop yield loss between various weed-crop comlonator from a mixed
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population of weed species. Furthermore, the irapibos of weed seeds
produced by escapes on future infestations and seed bank build-up are not

readily incorporated into decision making framewvgork

In western Canada, a decision making frameworkadable to assist
growers with herbicide applications for wild o&egression models were first
established in the 1970s to determine the amoucrtogf yield loss from wild oat
competition (Dew 1972; Dew and Keys 1976), but addal information on crop
density and time of weed and crop emergence haste ibeluded in these models
(Cousens et al. 1987; O'Donovan et al. 1999b).o@dvan et al. (2005a)
broadened the regression model for estimating yossl and loss revenue to
include wild oat and volunteer cereals. In thisegdise economic threshold
concept was more highly utilized for low value ppuch as feed barley or
wheat than in high value crops, like canola andl lhed spring wheat. In high
value crops growers are unlikely to exclude anropderbicide application
regardless of weed population. The current adopifaurrent economic
thresholds may be limited by the simplicity andwecy of these models
(Wilkerson et al. 2002); however, economic thregdhdiave an important role in
an integrated crop management system, whethepasiective or educational

tool to promote informative weed management decssio

2.1.2. Combining Agronomic Practicesinto an IWM System
Although adopting one or two weed management gfiegecan be
effective in reducing weed competition, greatercess can be achieved in
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systems that incorporate several management taétmsccessful integrated
weed management approach has been developed fail fierley in direct seeded
systems. Blackshaw et al. (1999) reported redustiofioxtail barley biomass and
seed production in a multi-year approach that coetbpre-seed and post-harvest
glyphosate applications with a diverse crop rotatlagher crop seeding rates and
banded nitrogen. Pre-seed applications of glyplegsatvided early weed control
to enhance crop competitiveness and optimize yfahdadditional application of
glyphosate during post-harvest effectively managyddr cohorts of foxtail

barley. Diversifying the rotation with a broadleabp like flax also allowed the
use of selective grass herbicides, quizalofop atiabsydim, which controlled
foxtail barley seedlings and suppressed establiaball plants. Increasing wheat
seeding rate from 75 kg hao 115 kg ha reduced foxtail barley biomass and
seed production as much as 50%; however, increflaxgeeding rate did not

have an impact on foxtail barley biomass and seedugtion.

Integrating agronomic practices and knowledge hasimproved weed
management in canola production. Harker et al. §ap@onducted field
experiments in Alberta to determine the effectsarhbining glufosinate-tolerant
canola cultivar (hybrid or open-pollinated), crageding rate (100, 150, or 200
seeds ) and time of weed removal (two-, four-, or sixfletage of canola) on
canola yield and weed biomass. A 41% increaséeid pccurred when
combining a higher seeding rate and early weed vahwith a hybrid canola
variety compared to using a low seeding rate aredvi@ed removal with an open

pollinated cultivar. Higher seeding rates and easgd removal provided the
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most effective management system to reduce weeands® in both hybrid and
open-pollinated crops. However, higher seedlingrgerece and seed yield were
achieved using higher seeding rates and early wesadval with a competitive
hybrid compared to an open pollinated cultivar. iginty, using higher seeding
rates with a competitive hybrid cultivar also cdmited to the lowest levels of
dockage. Overall, combining optimal agronomic pgcas in canola production
can help increase farm revenue as well as providefactive system of
integrated weed management.

Previous IWM research studies have focused onftaete of one or two
agronomic factors; however, current research is aderessing the effects of
combining several agronomic practices with herl@sidnder different cropping
systems. Simultaneous four year field studies werslucted within a direct
seeded barley-field pea—barley-field pea rotatimh $pring wheat—canola—spring
wheat—canola rotation to identify the impact okgriating agronomic practices
with herbicides for sustainable weed managemeitci@haw et al. 2005a;
Blackshaw et al. 2005b). Combining early seedinghdér crop seeding rates, and
spring-applied fertilizer resulted in the most catijive cropping systems. In the
spring wheat—canola—spring wheat—canola rotatrameasing the crop seeding
rate by 1.5 times reduced the weed seed bank 344f@ at two locations
(Lethbridge, AB and Scott, SK, respectively). Sarly, reductions in the weed
seed bank in the 50 and 100% herbicide rate tredtnod the barley-field pea—
barley-field pea rotation occurred when seeding vas increased. Weed

biomass was also reduced at the higher crop seealiegin both rotations.
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Furthermore, both rotations experienced more weetpetition during the April
seeding date than May seeding date; however, highprseeding rates during
the early seeding date were more beneficial inegeduweed biomass. Similar
crop yield and weed biomass were achieved wherehggeding rates were
combined with a 50% or 100% herbicide dose. Siyilapring applications of
nitrogen versus fall applications also lowered weinass, and in some cases
reduced the weed seed bank and increased crop @efdpetitive cropping
systems that use a variety of agronomic practiaesetfectively increase crop
yield, reduce weed biomass and seed banks, evem hanbicide rates were
reduced. Consequently, a competitive cropping sygtevides growers an
opportunity to reduce herbicide rates or the nunatbérerbicide applications,

improving the economic and environmental sustalitglaf their operation.

2.2. Weed Seed Banks

The soil seed bank contains a reservoir of vial#edwseeds buried in or
on the soil surface (Cavers 1995; Simpson et 8919 he age structure of seeds
in the seed bank is complex, containing a compasit®horts of various ages
and viability (Templeton and Levin 1979). Seed austudies have demonstrated
seed longevity, showing that many weed speciepeesist in soil for decades
(Telewski and Zeevaart 2002; Toole and Brown 194B6hmpson and Grime
(1979) further distinguished seed banks as eithesient or persistent. Transient
seed banks are composed of seeds that typicaltyiigate or die within one year

of dispersal, such as dandelion, common grouncgkkachia (Figueroa et al.
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2007; Hacault and Van Acker 2006; Schwinghamer\#and Acker 2008),
whereas persistent seed banks contain seeds mhaihreiable for more than one

year, such as wild oat and lambsquarters (Bant@@@1Forcella et al. 1992).

The persistence of a seed bank is influenced bylsturbance
(Thompson et al. 1998), seed burial (Bekker e1298; Thompson et al. 1998),
dormancy (Benech-Arnold et al. 2000) and protecéed coats (Chee-Sanford et
al. 2006; Harrison et al. 2003; Kremer 1993; Kret@86; Thompson 1987).
Physical and chemical attributes of the seed apsitant in maintaining
longevity and structural integrity. For example edespecies with thick seed coats
such as velvetleaPputilon theophrastMedicus) and lamb’s quarter are likely to
form persistent seed banks; conversely, seeds ed wgecies that form transient
seed banks such as kochia rely on chemical defeimsésdingortho-
dihydroxyphenols (Davis et al. 2008). Small, comsseds are more likely to
persist than large, flattened or elongated seelgn(ipson et al. 1993); however,
seed size interacts with other factors includinggseurial and dormancy to
influence persistence (Bekker et al. 1998; Thomptal. 1998). In addition,
seed persistence is a gradient of habitat stab8igeds in stable habitats,
including woodlands and pastures have decreaseédosesistence whereas
cropping systems characterized by high disturbanegrone to host seeds with
increased seed persistence (Thompson et al. 1998pany natural habitats, seed
persistence is a function of seed burial depthsaedi morphology, including seed
size and shape (Ghersa and Martinez-Ghersa 20@d)dgon et al. 1998;

Venable and Brown 1988). In cropping systems, calfpractices such as tillage
28



have confounded the relationship between seedsidelisturbance, because
large seeds buried through tillage can have inegepsrsistence (Thompson et al.
1998). The adoption of zero tillage may restorelitiiebetween seed size and
burial depth, whereby large weed seeds near thewwdace become less
persistent. Nevertheless, selection for physialadraits consistent with seed
bank persistence may be experienced by weed sptagsed to cropping
systems by life history, herbicide resistance, phayy and other plant traits

(Ghersa and Martinez-Ghersa 2000; Thompson eaB)1

Soil seed banks not only reflect cropping histanyindicate long term
success of agronomic practices on controlling wggeavth and minimizing seed
inputs (Roberts 1981). In agricultural systemsgddeank densities can range
from zero to one million seeds per square metanr{€el1985). However, the
density and composition of weed species in the baa# differs among
agricultural systems due to differences in weedagament and environmental
conditions (Cardina et al. 2002; Clements et @61 ®avis et al. 2005; Murphy
et al. 2006; Sosnoskie et al. 2006; Swanton &04l6). In a 6 year study
conducted by Murphy et al. (2006) in Ontario, sbadk densities were reduced
from 41, 000 seeds frto 8,000 seeds frwhen a diverse crop rotation of corn-
soybean-winter wheat under no-till was adoptedtiHeumore, weed diversity also
increased under this management system, shiftomg predominantly annual

weed species to winter annuals, biennials, anchpeks.
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The role of weed seed banks in the evolutionarygamsktic dynamics of
weed populations has not been carefully examinedd $anks have been
described as a “genetic or evolutionary memorytliong the genetic history of
a plant population (Templeton and Levin 1979). Sgebtypes that accumulate
in the soil seed bank over many growing seasonshaaysource of genetic
variation for weed populations (Levin 1990); theref seed banks can buffer
against selective pressures by re-introducing geadtypes that were successful
in the past (Templeton and Levin 1979). Furthermseed populations of annual
species that exhibit dormancy cycling may buffaneje loss and genetic
bottlenecks that result from severe populationtflattons (Cohen 1966; Nunney
2002). Genetic novelty may also be introduced phaat population through the
occurrence of mutations that develop in aging dotrsaeds (Levin 1990).
Although some studies concur that the soil see# zaa source of genetic
variation to above ground plant populations (Cdl€86; Cabin et al. 1998;
Castillo 1994; Liu et al. 2006; Morris et al. 200nsor et al. 1993), selection
pressures may have a greater influence in the igaratability of a plant
population (Brainard et al. 2007; Honnay et al.20@ahy et al. 1999; Mandak et

al. 2006; Vitalis et al. 2004).

In arable fields experiencing environmental stotheyg, transient and
persistent weed seed banks are an important compionine restoration of
aboveground populations. The weed seed bank isndgnavith a number of
natural processes influencing the number of seetsieg, leaving or persisting

in the seed bank (Figure 2.1.). Since each of thessesses is influenced by
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management practices, the focus of this sectitmdescribe the natural processes
involved in regulating the seed bank and how mamag practices influence

these processes to minimize the weed seed bank.

2.2.1. Seed Entry

Weed seeds can enter the seed bank through a nofrddernal sources,
including the movement of equipment, contaminateg seed, invertebrates and
vertebrates, wind or manure (Buhler et al. 1997g)pically, the amount of seed
entering through these sources may be minor, bubeaan important source in
establishing new weed infestations. For examp#udy of 20 New York farms
reported an average of 340 weed seedsdued to the soil seed bank from
manure, with the highest amount from the study naed as 1900 seeds’ Mt
Pleasant and Schlather 1994). Consequently, sedd bath low seed densities
would be largely influenced by the addition of menaontaining a large
proportion of weed seeds; however, application ahare with low weed seed
densities may have less impact on weed populagoresging from seed banks
that already contain a large proportion of seeldse introduction of new weed
species can occur with the application of manwpeeially if livestock have been
provided feed grown outside the local area. Th@dhiction of velvetleaf onto
New York farms in the 1970s is believed to be aseguence of spreading
manure from cows fed corn imported from the Midwes$. (Mt Pleasant and

Schlather 1994).
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Harvest losses can contribute to significant addgiof volunteer crop and
weed seeds in the seed bank. In canola, approXyné®te of harvested seed
enters the seed bank, which is approximately 2@githe normal canola seeding
rate of 4 to 5 kg Haor 3,000 seeds M(Gulden et al. 2003a). Alternatively, seed
losses in cereals are not as extreme, wherebysléssa shattering and
harvesting wheat range between 35 and 800 seéd€iarke 1985). Weed seeds
are also ejected from combine harvesters with chdfich can extend the patchy

distribution of weed populations (Shirtliffe andtEr2005).

Seed rain is the primary source for replenishirgweed seed bank
(Norris 2007). Since many annual weed speciesraldip seed producers,
reducing the number of plants capable of produeiagle seeds is essential to
managing weed seed banks. In Alberta, scentlessahde Matricaria
perforataMérat) can produce between 71, 000 and 256,006 geant"
(Blackshaw and Harker 1997), depending upon enmental conditions and
time of emergence; as a result, scentless champalelations can increase
quickly if not managed carefully. The magnitudeseéd production is influenced
by many factors including weed and crop specieay(€t al. 2005; Davis 2008;
Holman et al. 2006; Lutman 2002), crop seeding (@t®onovan et al. 2007b),
time of weed emergence (Blackshaw and Harker 188@)soil fertility
(O'Donovan et al. 2008; Van Delden et al. 2002)c8iweed escapes can
maintain or intensify weed populations, reducinglminating seed production
can help manage weed seed banks. After reducingd sess production for 6

years in continuous corn, Schweizer and Zimdah84)9eported seed bank
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declines up to 98%, from 1.3 billion seeds k@21 million seeds g however
discontinuing herbicide applications for three ge@sulted in replenishing the
seed bank to 648 million seeds'tar 50% of the initial population. Burnside et
al. (1986) also reported similar results in conbnsi corn, whereby eliminating
seed production reduced the seed bank by 95% oyears. After one year of
discontinuing herbicide applications, seed banlsdes were 90% of the initial
population. Consequently, minimizing the additidmew weed seeds can reduce
the weed seed reservoir, but a variety of factorgrdoute to the longevity of

these seeds in the seed bank.

2.2.2. Dormancy, Germination and Emergence

Dormancy, germination and emergence are importacegses that
regulate seed banks. Weed seed populations béoefidormancy as a condition
that permits sporadic germination and persistezd ®anks (Bewley 1997). The
annual additions and losses of weed seeds frosoihseed bank in addition to
variable levels of dormancy among a seed populatorribute to the complexity
and difficulty in predicting germination and emenge (Allen et al. 2007; Batlla
and Benech-Arnold 2007; Benech-Arnold et al. 20aficella et al. 2000). Seed
dormancy has been defined as a characteristic imtemmal condition of a seed,
whereby the degree of dormancy establishes a m@nggdric, thermal and
gaseous conditions for germination (Benech-Arnoldl.€2000; Vleeshouwers et
al. 1995). Despite numerous classification systeEmseed dormancy (Baskin and

Baskin 2004; Harper 1977; Vegis 1964), for the psgoof this review, the
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classification of primary and secondary dormandynee by Karssen (Karssen
1980/1981b; Karssen 1982) will be used. Severalrebers have addressed
environmental, physiological, molecular and genfgtators that induce and
alleviate primary and secondary dormancy (AllealeR007; Baskin and Baskin
1998; Baskin and Baskin 2004; Bentsink et al. 2B¥yvley 1997; Finch-Savage
and Leubner-Metzger 2006; Finkelstein et al. 208ey 2001; Hilhorst and
Toorop 1997; Hilhorst 2007; Koornneef et al. 2002and Foley 1997). Although
research is accumulating on mechanisms of dormalhnesg is a deficiency in the
amount of knowledge pertaining to dormancy cyclmgveed seed banks and an
inability to accurately predict weed seed germoraand emergence under field

conditions (Batlla et al. 2004; Benech-Arnold et2400).

Weed seeds dispersed from the mother plant canihaste dormancy
referred to as primary dormancy (Karssen 1980/198aessen 1982). Dormancy
may be found in the embryo or the maternal tissuesunding the embryo, such
as the endosperm or perisperm (Baskin and BaskKi#)2WQnlike annual weeds,
annual crops have been selected for non-dormanmdaced dormancy to
promote synchronous germination. Many cereal cpggies do not exhibit an
innate dormancy in the embryo but have a shorbgesf dormancy imposed by
structures surrounding the embryo, including theéosperm, pericarp and
glumellae which prevent pre-harvest sprouting (Bénérnold et al. 1999;

Benech-Arnold 2004).
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A period of after-ripening or stratification (a.lcald after-ripening or
moist chilling) is typically needed to release pantpmdormancy. During after-
ripening, seeds undergo dormancy release when edpogiry, stable
environmental conditions; however, the rate ofrafifgening is largely dependent
on temperature (Allen et al. 2007). Generally, efrgnnual weeds, including
sheperd’s pursejapsella bursa-pastori@..) Medik], chickweed $tellaria media
(L.) Vill.], flixweed and downy brome require a peat of after-ripening to release
primary dormancy (Allen et al. 1995; Baskin and IBa4.986; Li et al. 2005);
however, some annual grass species also requeead pf after-ripening,
including wild oat (Foley 1994) and barley (Favi®95). The extended periods
of hot, dry summer temperatures followed by faéigypitation can release
primary dormancy and permit germination in eitfaelfall or early spring.
Alternatively, during stratification, seeds are eg@d to moist conditions under
low temperatures with adequate oxygen. For manyrsemannual weed species
in temperate regions, stratification is an integralcess that alleviates primary
dormancy (Probert 2000); consequently, periodswftemperatures during
winter release primary dormancy to allow for sprgggmination. The
stratification period can vary in the length of @rfBaskin et al. 1992; Bello et al.
1998) and among weed species, populations andidudivseeds (Andersson and
Milberg 1998; Milberg and Andersson 1998). Strasfion can also increase the
sensitivity to other dormancy breaking stimulasts;h as nitrate and light

(Hilhorst et al. 1986). The release of primary danty can be further
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complicated in seed populations that require bir-aipening and stratification

(Watanabe et al. 2002).

Secondary dormancy can be induced in non-dormaalssehen
environmental conditions are not conducive for gaation or re-induced in
seeds that have previously achieved a low levdbafancy (Karssen
1980/1981a; Karssen 1982). The release of primamnancy followed by the
induction and re-induction of secondary dorman@ates an opportunity for
dormancy cycling (Baskin and Baskin 1985; Karsseé8011981b). Consequently,
a single generation of seeds may experience doyr@mting for several years
before germination and emergence occur (Forcebd @000). Generally,
dormancy is alleviated in the season prior to teopl of favourable
environmental conditions, whereby germination iisistated during conditions
that favour weed seedling growth and survival. &@mple, various summer
annual weed species enter the fall seed bank eixigjlai high level of primary
dormancy; although dormancy relief can occur dutivgwinter followed by
spring germination and emergence, some seeds tamaestate of secondary
dormancy during summer (Figure 2.2.) (Batlla andé&#h-Arnold 2007; Benech-
Arnold et al. 2000). Winter annual weed speciesistie opposite trend. In
temperate regions not limited by moisture, the doray cycle of many weed
species is primarily regulated by temperature (Ba&t al. 2004); however,
evidence suggests base water potential may infeutheceffect of temperature on
dormancy alleviation and induction (Batlla et @02; Batlla and Benech-Arnold

2007; Bauer et al. 1998). Low temperatures in wirgkease secondary dormancy
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in summer annuals and induce dormancy in winteualsn conversely, high
temperatures during summer release dormancy iremamnuals and induce
dormancy in summer annuals (Batlla et al. 2004pdneral, dormancy cycling is
an important characteristic of weed species thahptes the survival and success

of seedlings in harsh and unpredictable environment

Primary and secondary dormancy may be physioldgieald
mechanistically different in weed species (Cadntaad.€2006; Vleeshouwers et
al. 1995) but similar environmental stimuli arepessible for modulating these
processes (Adkins and Simpson 1988; Karssen 1B8&hermore, the role of
environmental conditions such as fluctuating terapeges, light quality and
nitrate, which alleviate and induce dormancy, malydiffer from conditions that
stimulate germination. As a result, the transiti@tween dormancy and

germination has added to the difficulty in studyadamancy (Hilhorst 2007).

For many weed seeds in the soil seed bank the el efjgormancy varies
over a continuum. A range of environmental condgithat terminate dormancy
(primary and secondary) and stimulate germinatrenreluenced by the degree
of dormancy (Benech-Arnold et al. 20q@)gure 2.3.). At low dormancy levels
seeds are sensitive to environmental factors énatihate dormancy and initiate
germination (Benech-Arnold et al. 2000). Alternatiy seed populations
exhibiting a high level of dormancy are less sevsito environmental changes.
As seed populations begin to exhibit low levelse#d dormancy the range of

environmental conditions that permit germinatioodatens, whereas at high

37



levels of dormancy the range of environmental coos narrows until
germination cannot occur (Batlla et al. 2004; Badihd Benech-Arnold 2007).
For example, in summer annual weeds, such as atestnotweedRolygonum
aviculareL.) (Figure 2.3.), seeds experiencing low levéldarmancy would be
sensitive to a wide range of temperatures and vpatientials thereby releasing
dormancy and permitting germination; alternativelygeed population
experiencing a high level of dormancy would be Esssitive to factors that
terminate dormancy, and only a narrow range of eratpres and water
potentials could permit germination (Batlla and 8emArnold 2003; Batlla and

Benech-Arnold 2004).

The degree of dormancy in weed seeds is also mfke by the
physiological and physical status of the seed (Adeal. 2007). For example, the
genetic composition, age, maternal environmentpasition on mother plant
during development are physiological factors thlitience dormancy level
(Andersson and Milberg 1998; Li and Foley 1997; iMaet al. 2005). Physical
factors of the seed, such as the permeability tredgth of the seed coat, can
influence the environmental stimuli regulating damay and germination (Allen

et al. 2007; Matilla et al. 2005).

As environmental conditions permit the terminatrdormancy and
promotion of germination, seedling emergence (iigoent) can occur. Weed
seedling emergence has three processes: seed geomjimoot elongation and

shoot elongation. Each process is driven by diffeemvironmental stimuli
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(Roman et al. 1999; Roman et al. 2000). Seed gatmomis one of the most well
studied phenomena in plant development (BaskinBastin 1998; Egley 1986;
Finch-Savage and Leubner-Metzger 2006; Hilhorstomarop 1997; Koornneef

et al. 2002; Nonogaki et al. 2007; Riemens et@0)42. Germinatiorsensu stricto
begins with the uptake of water (imbibition) byrg deed and terminates once the
embryo, typically the radicle, emerges through@umding tissues (Nonogaki et
al. 2007). The primary factors required for germimrainclude temperature, water
and oxygen; however, seeds may be stimulated ey &dlstors including nitrate,
light quality and ethylene (Egley 1986). Root (c€)) and shoot elongation are

primarily regulated by temperature (Roman et a@2)9

Several factors influence seedling emergence iiduaeed species
(Blackshaw et al. 2002a; Blackshaw 2003; Bouwmeestd Karssen 1993; Boyd
and Van Acker 2003; De Corby et al. 2007; Lawsoal. €2006), seed size
(Buhler 1995; Chauhan et al. 2006c¢), seed age (iMaxta et al. 2006; Roberts
1964), soil granulometric composition (Benvenutd3)) environmental
conditions (Boyd and Acker 2004a; Boyd and Van A@04b; Bradford 2002;
Grundy and Mead 2000; Page et al. 2006) and tiltagene (Benvenuti 2003;
Bullied et al. 2003; Chauhan et al. 2006a; Chawdtat. 2006b; Norsworthy and

Oliveira 2007; Van Acker et al. 2004).

Tillage regimes play an important role in modulgtthe level of weed
germination and seedling emergence. Timing aragilregime influence the

distribution of seeds in the soil profile as wedltae microenvironment near the
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seed (Spandl et al. 1998; Yenish et al. 1996); ewdillage can also indirectly
influence dormancy levels through fluctuationsai samperature and moisture
or modifying nitrate concentrations (Benech-Arnetdal. 2000). In no-till soils,
seed is distributed within the top 5 cm of soild@knts et al. 1996). As a result,
weed seeds on or near the soil surface are exposertjuent or early spring
temperature fluctuations, which can create conastior dormancy release and

stimulation of germination (Forcella et al. 2000).

Dehydration/hydration cycles can also act as a dooy breaking
mechanism (Batlla and Benech-Arnold 2006; Kagayal.et005); however,
fluctuations in moisture content can also decreasel viability $liwi nska and
Jendrzejczak 2002) and induce secondary dormanmyi{® and Cavers 2000).
Large seeds near the soil surface are at riskadrhag dehydrated than smaller

seeds or more deeply buried large seeds buried€B1995).

Tillage influences the distribution and size ofl sgigregates as well as the
variety and number of heterogenous seed-soil mte@Pareja and Staniforth
1985); therefore, variability in the seed-soil mgites can affect seed dormancy
and germination. In addition, seeds buried deeplillage may not have enough
energy reserve for the hypocotyl to elongate arficeantly emerge, resulting in
pre-seedling mortality (fatal germination). Compsails or soils that form a thin
crust can impede emergence, resulting in pre-segdiortality; however, some
weed species have evolved structures that impnoeggence in various soil

conditions. For examplé&ymaranthus retroflexuf..) emerges with reflexed
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cotyledons, the base of the cotyledons form a gittie tip of the hypocotyl
(Forcella et al. 2000). Conversely, deeply burieelds may induce secondary
dormancy to minimize fatal germination. For examplame genotypes of
volunteer canola buried deep (10 cm) can entemsksey dormancy (Gulden et

al. 2004), resulting in a persistent seed bankd@ukt al. 2003b).

In addition to tillage regime, other crop produantjractices can influence
seed emergence. Addition of nitrogen fertilizetsral the concentration of nitrate
in the soil, which can release dormancy and stitewgarmination (Benech-
Arnold et al. 2000; Dyer 1995). Incorporating cregidues with high C:N ratio
can immobolize nitrogen, which can minimize nitrageded to stimulate weed
emergence (Benech-Arnold et al. 2000; Dyer 199%)hét crop residues may
also lower soil temperature and amount of lightgtiating to the soil surface
(Page et al. 2006). Understanding factors that dtéemancy status and seedling
emergence can improve the timing of weed managestetegies (Grundy

2003).

2.2.3. Seed L osses

A large proportion of seeds are removed from thleseed bank through
germination; however, seed banks can also be @eplletough exposure to
environmental stresses, seed aging, predation &rdbral decay (Gallandt et al.
2004). In seeds, the endosperm provides a nutitsource of starches, oils and
protein for seed predators and soil microorganidfasious vertebrates and
invertebrates have been identified in postdispgmsadation, such as birds, insects
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and rodents. Typically, invertebrates consume ma@ed seeds than vertebrates
in agricultural communities (Cromar et al. 1999]I&adt et al. 2005). Damage to
seeds by seed predators can also create an oppofturiungal and bacterial
infections thus reducing seed viability. Seed b@neé soil borne fungi can have
an additive effect, increasing seed losses fronsthleseed bank (Kiewnick 1964
in Wagner and Mitschunas 2008). Soil fungi may asa@arbohydrates and amino
acids from the seed to promote spore germinatidrhgphal growth. In some
cases, soil bacteria and fungi can release tokatsdtamage seeds and/or inhibit
weed seed germination (Harman 1983). For examplegehal isolates extracted
from the rhizosphere of winter wheat and downy ke@uppressed downy brome
root growth (Kennedy et al. 1991). Furthermoredseertality from microbial
decay may be enhanced in soils enriched with imacgaitrogen (Davis 2007).
Some seeds have chemical protection mechanismsasws#tondary metabolites
(for example, phenols and alkaloids) and/or phygioatection mechanisms such
as hard, thick seed coats to maintain seed viglaifitl structural integrity (Davis

2008; Kremer 1986; Mohamed-Yasseen et al. 1994).

Despite protection mechanisms to defend against meslation and
microbial attack, the maximum longevity of a seedetermined by its aging rate
(Davis et al. 2008). The aging rate of seeds vanmesng weed species and soil
conditions (Burnside et al. 1996; Conn and Deck51@nn and Farris 1987,
Conn et al. 2006; Egley and Chandler 1978; Telewaski Zeevaart 2002; Toole
and Brown 1946). Seed aging is a gradual proceddeads to loss of seed vigour

and viability (McDonald 1999; Priestley 1986). Irany cases it is difficult to
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separate loss of viability due to seed aging oromial degradation. The loss of
turgor and increased leakage of solutes from dagasgeds can increase seed
vulnerability to fungal and bacterial infectionsr@ner 1993). Environmental
stresses such as freeze/thaw and dessication/egtoydcycles can also reduce
seed vigor (Gallagher and Fuerst 2006). Seed nehscirom the soil seed bank
of direct seeded systems are linked to increaspdsexe to inhospitable
environmental conditions (Murphy et al. 2006), sastextreme temperatures or
moisture levels. Exposure of seeds to extreme wmaditions can weaken seed
coats of hard seeds, increasing the vulnerabdifyahgal decay (Mickelson and
Grey 2006; Schutte et al. 2008). Despite the coripleraction of seed mortality
factors, each process plays an integral componaegulating weed seed losses

from the soil seed bank.

Management practices may have an important roéalrancing seed
mortality. Seeds on the soil surface, in the stér layer or mixed with other
substrates, such as manure, can be at risk foappoadcompared to seeds buried
deep in the soil profile. However, predation wilry among weed species,
whereby small weed seeds that penetrate cracke isdil or are washed away
with rain endure less intense predation than lagggls remaining on the soil
surface (Thompson 1987). Nevertheless, there iictimgy evidence regarding
the impact of tillage regime on seed predationrd@a et al. (1996) reported
equal rates of velvet leaf seed predation in cowtis no-tillage and mouldboard
plow corn fields. Conversely, Menalled et al. (2p@ported two to three time

higher activity-densities in no-till than in contgmal or organic cropping
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systems among seed predating carabid speciesnalitezly, predation rates can
vary across tillage treatments. Seed predatioarabls quarter and barnyard
grass Echinochloa crus-gall{L.) P. Beauv.] in a corn-soybean rotation averaged
32% in both no till and moldboard plow treatmentd 24 % in chisel-plowed
plots (Cromar et al. 1999). In addition, crop rm@a$ create an opportunity to
diversify cropping systems, while supporting a &griof predator species.
Abundant seed predator diversity and seed predhatisrbeen reported in
cropping systems that utilize cover crops or livimglches. Daily seed removal of
giant foxtail Setaria faberHerrm) in wheat intercropped with red clover was
greater than removal in a sole wheat crop (Davislaebman 2003). Similar
results from Prasifka et al. (2006) show higheelswf predation and predator
abundance when combining alfalfa and kura clovefdlium ambiguuni.

Bieb.) mulches in corn and soybean than growingched alone.

Although management practices are influential @alével of predation
(Cromar et al. 1999; Davis and Liebman 2003; Gadliat al. 2005; Mauchline et
al. 2005; Menalled et al. 2000; O'Rourke et al.@200esterman et al. 2003a;
Westerman et al. 2003b), there are various intexaéactors that are also
important, including feeding preferences (Whitale2007), food availability
(Cromar et al. 1999), seed aggregation (Marind.&0®5), environmental factors
(Zhang et al. 1997), plant phenology and physiolgdgrrison et al. 2003; Hulme
1998), mobility of invertebrates (Cromar et al. 29and type of predator
(vertebrate or invertebrate) (Cromar et al. 1998ink€s and Froud-Williams

2005; Marino et al. 1997). Consequently, seed pieués composed of complex
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weed-predator interactions that can have a sigmfionpact on the ecological

processes within the weed seed bank (Menalled 2086).

In contrast to the significant role of seed preatatonly a small proportion
of seeds in the soil seed bank are degraded by durogcteria (Kremer 1993).
The susceptibility to fungal or bacterial infectioaries among seeds and
microorganisms. Consequently, the variability ircrabial-mediated decay can
be attributed to a variety of interacting abiotndaiotic factors as well as the
inherent characteristics of both seed and micrgimallations (Chee-Sanford et
al. 2006). Pitty et al. (1987) compared fungabo@tation of green foxtail and
giant foxtail seeds from three soil depths undeweld and reduced tillage
regimes. Under reduced tillage greater fungal gasigocolonization occurred in
the top soil layers (0-7.5cm) whereas plowed treatisihad greater colonization
in the deep soil layers (7.5cm to 15cm). Greateg#l colonization was attributed
to the placement of crop residues, whereby redtitage kept residues within
the top soil layers and plowed treatments buristitees at deeper soil depths.
Alternatively, Gallandt et al. (2004) reported damiproportions of dead and
decayed wild oat seeds between zero-tillage andgetwation tillage treatments,
which suggests the environment may have had aegrieapact on seed mortality
than the tillage system. However, knowledge peirtgito seed mortality from
environmental stresses such as freeze/thaw anttagss/rehydration cycles is

limited (Gallagher and Fuerst 2006).
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The proportion of seed mortality due to environnaéstresses, seed
aging, predation and microbial decay remain diffito study and have been
rarely categorized (Gallandt et al. 2004). Seedabatudies have been conducted
to determine the longevity of seeds in the soitldesnk under various soil
conditions (Burnside et al. 1996; Conn and Deck5193nn and Farris 1987;
Conn et al. 2006; Egley and Chandler 1978; Telewski Zeevaart 2002; Toole
and Brown 1946). Despite the practical nature efideurial studies, they may
overestimate seed bank depletion (Van Mourik e2@D5) and seed longevity
(Masin et al. 2006). The study of natural seed basklifficult due to variability
across time and space of various factors includeegl size, species composition
and seed depth (Benvenuti 2007). Neverthelessandsés needed to understand
the role of seed mortality factors as well as madmas to enhance seed losses in

western Canadian cropping systems.

2.3. Characteristics of Wild Oat Seed Banksin Western Canada

In western Canada, wild oat is an abundant anmaakgveed found in
agricultural fields. Recent weed surveys in Aladiteeson et al. 2002),
Saskatchewan (Leeson et al. 2003) and Manitobas¢ire2002) indicate wild oat
is present in 46 %, 51 % and 57 % of surveyeddialéspectively. Wild oat can
cause economic losses from increased herbicids,cestd and quality losses,
dockage and reduced fertilizer utilization. Herbeccosts for managing wild oat

in spring wheat, barley and canola in Western Carxdeed $500 million dollars
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annually (Leeson et al. 2006). In addition, anneated $50 million dollars of lost

yield occurs annually from residual wild oat popidas (Leeson et al. 2006).

Wild oats can significantly reduce yields of bar({@jorishita and Thill
1988; O'Donovan et al. 1985; O'Donovan et al. 19€89bonovan et al. 2008;
Scursoni and Satorre 2005), canola (Daugovish e0aR; Dew and Keys 1976;
Zand and Beckie 2002), field peas (Harker et a)120flax (Bell and Nalewaja
1968; Bowden and Friesen 1967), oats (Willenbom.e2005a; Willenborg et al.
2005b) and spring wheat (Carlson and Hill 1985kkind and Hunter 1991,
Kirkland 1993; O'Donovan et al. 2006a). Wild oansiéies of 20 plants perm
will reduce barley, flax, spring wheat and canakdds 10%, 27%, 15% and 14%
respectively (Dew 1972; Dew and Keys 1976). In addito reduced yields,
contamination by wild oats seeds can decreaseqrality by increasing dockage
and reducing grain grade (Canadian Grain Commiszi®9). Willenborg et al.
(2005b) reported reductions in thousand kernel nteagd kernel plumpness of

tame oats as wild oat plant densities increased fiao 320 plants i

Management of wild oat is complicated by herbigiesistant genotypes,
specifically group 1 (acetyl- CoA-carboxylase (AGEgninhibitor), Group 2
(acetolactate synthase (ALS) inhibitor) or both @rd and 2 herbicide-resistant
genotypes (Beckie et al. 2008a). A survey of wed geed collected from 565
fields across the Canadian Prairies found 83 anftk#ts with group 1 and group
2 herbicide resistance, respectively (Beckie e2@D8a). In addition, 1067 wild

oat seed samples collected from growers acrosemeSanada between 1996
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and 2006 confirmed Group 1 herbicide resistanc&mhsamples, Group 2
resistance in 34 samples and resistance to botlpGrand 2 herbicides in 55
samples (Beckie et al. 2008a). In a field, therifigtion of herbicide resistant
biotypes is typically non-uniform, occurring in sinatable patches (<0.4ha)
(Beckie et al. 2005). Mixtures of resistant andcepsible plants are commonly
found in herbicide resistance patches whose prigpoig a function of selection
pressure, seed production, seed rain, seed bag&wiy, seed germination and
seedling emergence (Beckie et al. 2002; Beckié €0a5; O'Donovan et al.

1999a).

Seed production and seed rain create an opportinigplenish seed
banks and sustain annual infestations. Wild oad peeduction has been shown to
vary by crop species and density as well as witcptamnt density. Sharma and
Vanden Born (1978) reported wild oat seed produaatioder no crop competition
to average between 100 to 150 seeds per planbmé sdividual plants can
produce 500 seeds per plant. Increased seedirgyaiatiecompetitive crop
cultivars can enhance crop competition to redude @at densities and seed
production. O'Donovan et al. (1999b) reported thateasing barley densities
from 150 to 250 plants funder wild oat densities of 100 plants meduced wild
oat seed inputs from 1030 to 630 seedfs raspectively. Management practices
such as the amount of seed placed nitrogen orcgpioln of in-crop herbicide can
have significant impact on wild oat seed producaod seed bank densities. A
six-fold increase in wild oat seed production ocedrin barley between the

lowest (0 kg N ha) and highest (120 kg N Haseed placed nitrogen rates
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(O'Donovan et al. 2008). Higher wild oat fecunditythe higher N rates was
attributed to a reduction in barley stand. As allteghcreasing barley seeding rate
from 200 to 300 to 400 seeds’rimcreased barley plant density by 24 and 35%,
respectively, as well as reduced wild oat fecunidity23 and 44%, respectively
(O'Donovan et al. 2008). Furthermore, increasingatiseeding rate from 75 kg
ha' to 150 kg ha' while increasing the imazamethabenz rate fromtquéw full
rates reduced the amount of wild oat seeds retum#te seed bank (O'Donovan
et al. 2006a). At full herbicide rates, the inceeaswheat seeding rate decreased
wild oat seed bank densities from 253 to 106 se€t&'Donovan et al. 2006a).
Integrating weed management practices, such ashsgeding rates and strategic
fertilizer placement, are instrumental in reduomifyl oat seed production and

subsequent seeds present in the soil seed bardk§REwv et al. 2008).

Wild oat seed additions typically occur prior t@gmaturity. The
proportion of wild oat seeds remaining on the palergely depends on the
harvest date (Shirtliffe et al. 2000) as well agiemmental conditions prior to
harvest, such as temperature and moisture (Baetoslo 2006). In Western
Canada, Shirtliffe et al. (2000) determined 80%vidd oat seed shatters prior to
spring wheat harvested at 20% moisture. Seed tes ot shatter prior to or
during harvest may either be retained with the @®p contaminant, or be
separated from the harvested product and retumtektfield. Chaff collection at
harvest can be an effective method in reducingtheunt of wild oat seed

dispersed (Shirtliffe and Entz 2005) but may nopleetical for large areas.
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Although early wild oat seed shatter minimizes drspl of seeds during harvest

(Shirtliffe et al. 2000), it maximizes the opporityrto replenish the seed bank.

Wild oat seed dormancy research has been charwatdhrough various
environmental (Armstrong and Adkins 1998; HiltorBE9Hilton and Bitterl
1983; Hsiao and Simpson 1971; Peters 1982; SawdmeNaylor 1980;
Sawhney and Naylor 1982; Sharma et al. 1976; Simf9880), physiological
(Adkins and Ross 1981; Adkins et al. 1984a; Adldhal. 1984b; Adkins et al.
1984c; Adkins et al. 1984d; Adkins et al. 1985; Adkand Simpson 1988;
Adkins et al. 1988; Cairns and Devilliers 1986; ii3tan et al. 1996; Foley 1987;
Foley 1992; Hilton 1984; Hou and Simpson 1993; ldbal. 1997; Metzger 1983;
Upadhyaya et al. 1982; Upadhyaya et al. 1983), cotde (Dyer 1993; Johnson
and Dyer 2000; Li and Foley 1994; Li and Foley 1,99%and Foley 1996) and
genetic (Adkins et al. 1986; Armstrong and Adki®®98; Fennimore and Foley
1998; Fennimore et al. 1998; Fennimore et al. 1988a and Naylor 1980;
Sawhney and Naylor 1979) studies. Despite extenmssearch, the physiological
basis for dormancy in wild oat remains unknown.e Téictors that affect the
induction and release of dormancy states still renmzonclusive, and sometimes
contradictory. In many cases, dormancy experimeang been conducted under
non-uniform conditions, whereby seeds are acqunmd different biotypes,
maternal environments or seed handling and starageitions; therefore, while
individual experiments are useful to understandiognancy mechanisms,

extrapolating from these experiments is difficult.
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A complex set of seed-environment interactions gogeed dormancy in
wild oat. In general, wild oat seeds exhibit prignand secondary dormancy, with
a period of after-ripening (warm, dry conditions)dlleviate primary dormancy
(Myers et al. 1997). The degree of dormancy foundrag wild oat seed
populations is influenced by a range of environrakanhd genetic interactions.
For instance, natural wild oat seed populationsecgoress a range of dormancy
phenotypes ranging from nondormant to highly domgAdkins et al. 1986). The
nature of the genes that regulate dormancy stilbras rather unclear; however,
at least three loci are involved in regulating éxeression of a dormant
phenotype (Fennimore et al. 1999). In additioniotes environmental conditions
such as ambient air temperature (Sawhney and Na9R0), soil moisture
(Sawhney and Naylor 1982) and photoperiod (Armsgjramd Adkins 1998) will
influence the degree of dormancy while a seedvgldeing, as well as its ability
to be released from a dormant state. Chemical piensisuch as potassium nitrate
(Hilton 1984), ethylene (Adkins and Ross 1981; Gtan et al. 1996), gibberellic
acid (Metzger 1983) and sodium azide (Upadhyays. d1982) have been used to
identify the physiological mechanism(s) involvedaiteviating primary and
secondary dormancy in wild oat seeds. Furthernpeecing at the midpoint on
the dorsal side of a wild oat caryopsis (Foley )38 7%&carification via a
mechanical incision near the scutellum, or chenscatification such as using an
alkaline substance (KOH) (Hou et al. 1997) have bken identified in breaking

primary dormancy.
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Although the mechanisms behind dormancy are uncdeaondary
dormancy plays an integral part in modulating va&t seedling emergence and
seed bank persistence. In addition to dormancyetgewariations within a
population, seed age, weed management strategleenaironmental cues such
as light, soil temperature and soil moisture wilainfluence seed germination
and seedling emergence. Under field conditions] wdt seedlings will emerge
over a wide range of soil moisture and soil tempees; however, the optimal
conditions for emergence may vary due to geneti@tian among distinct
populations (Sharma and Vanden Born 1978). FriasenShebeski (1961)
reported optimal air temperatures for emergen@xtor between 15°C and 21°C;
whereas Sharma et al. (1976) found maximum emeeg@enoccur at air
temperatures between 10°C and 21°C, whereby tempesagreater than 27°C
noticeably reduced emergence. Similarly, Bantiriy &) showed successful
emergence to occur between 10°C and 27°C, with @#tination occurring in 5

days at 10°C.

Although emergence increases with increasing teatyess, wild oat can
germinate under low soil moisture conditions, wbhgrgermination is not
curtailed until water potential approaches -1208 kPernandez-Quinantilla et al.
1990). Maximum seedling emergence occurs whemsaigture is between 50 to
75% field capacity (Sharma et al. 1976). SimilaRgge et al. (2007) reported
greater wild oat emergence across landscapesdtyaired greater solar radiation,
when soil moisture remained at field capacity. Hogveas soil moisture

increases, linear increases in summer seed mypralid annual declines in seed
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bank numbers can occur (Mickelson and Grey 200@htlquality and water
status can also regulate wild oat seed germinatisiao and Simpson (1971)
found that a combination of low water potentiallwithite, red, blue or far red
light can inhibit wild oat germination comparedsieds kept in darkness;
however, wild oat seeds under a high water potecaia germinate under white
light conditions compared toseeds in dark, rede lolufar red light conditions.
Combining information on soil temperature and swaisture with secondary
dormancy research can aid in predicting peak tiofi@ald oat emergence,
thereby improving the timing of in-crop herbicidepéications (Martinson et al.

2007).

Cohorts of wild oat seed that enter the soil sestkizan persist for 4 to 6
years (Banting 1962; Banting 1966). However, coadg in the seed bank can
influence the viability and longevity of seeds,luding soil moisture and
temperature, oxygen concentration and predationn@o al. (2006) reported wild
oat seed viability rapidly declined by 80% in 3&ays, with the greatest declines
in seed viability occurring at a shallow depth (@)cFurthermore, wild oat seeds
maintain higher rates of seed viability buried @¢per soil depths (> 12 cm) than
at shallow soil depths (0-10 cm) (Miller and Nal¢avhA990). Under various
tillage systems, the depth of burial has long tenplications for wild oat

populations.

Seeds buried through tillage can remain viabledorigan seeds found

near or on the soil surface (Banting 1966; Thurdi®®1). In zero tillage, the
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persistence and viability of wild oat seeds mayoweer since seeds on the surface
can succumb to physiological decay, exhaustiordgiien and fatal germination
(Buhler et al. 1997a; Miller and Nalewaja 1990)tefwhatively, Gallandt et al.
(2004) found no difference between the level ofrobél decay on wild oat
between conservation tillage and no-tillage systesmggesting similar levels of
activity by microorganisms in each tillage regirvickelson and Grey (2006)
reported a rapid decline of wild oat seeds undashsoils, whereby an increase
in soil water content from 6 to 24%, increased wikd seed mortality from 38 to
88% in 2001 and 53 to 79% in 2002. Consequenttyeamsed soil moisture can
favour the activity of soil microorganisms resulfim increased seed mortality.
The study of seed predation on wild oat populatisngery limited. No current
research has identified the impact or the typesetipredators involved in
reducing wild oat seed banks in western Canadiappong systems.
Consequently, further research is needed to adthreseanagement factors that
promote wild oat seed losses through increaseddsseEa/, microbial or fungal

decay or predation.
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Chapter 3. The Effects of Crop Rotation, Barley Cultivar, Barley Seeding
Rate and Herbicide Rate on Wild Oat (Avena fatua L.) Seed Bank Density

and Seed Mortality

3.1. Introduction

An interest in integrated weed management (IWMinfrgestern
Canadian producers continues to grow with increpsosts of fertilizers,
herbicides and seed. Concerns about herbicidetaasiseeds, the residual effects
of herbicides on crops and the environment as agetioncerns of pesticides on
human health are some reasons explaining a demaatidrnative cropping
practices (Beckie et al. 2008c; Blackshaw et a@0&@'Donovan et al. 2007a).
To address the complex nature of economic, enviemah and social concerns
within weed management, an integrated systems apipiis required (Swanton
and Murphy 1996; Swanton et al. 2008). The pringggl of IWM research is to
determine the best combination of agronomic prasttbat enhance crop
competitiveness and reduce herbicide use whileigiray long-term weed

control, within an economical, environmental andislogical sustainable system.

Achieving this goal requires integrating agrononwged biology and
weed ecology research. Integrated approaches 0 mmaaagement have included
the use of direct seeding (Murphy et al. 2006);eéased seeding rates (Harker et
al. 2003; O'Donovan et al. 2001; O'Donovan et@d42 O'Donovan et al. 2008),
competitive crop cultivars (Harker et al. 2003; karet al. 2008; O'Donovan et

al. 2005; Watson et al. 2006) and diverse cropiora (Blackshaw et al. 2005a;
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Blackshaw et al. 2005b). Integrating agronomic ficas with early weed
removal (Harker et al. 2001; Harker et al. 2003tkdaet al. 2004; Martin et al.
2001) andudicious rates of herbicides (O'Donovan et al.2@'Donovan et al.
2006) can be used to increase seedling mortaéitiyae weed densities and
minimize seed production (Blackshaw et al. 2008;r¥®007; Swanton and
Booth 2004), thus reducing the capacity for theldmak to buffer weed

communities (Buhler et al. 2000).

Seed banks are composed of cohorts of viable $eedd in or on the soil
surface (Cavers 1995; Simpson et al. 1989) thaasatsource of important
genetic variation (Levin 1990). Changes in spec@sposition and density are a
product of both weed management (Cardina et akR;20@ments et al. 1996;
Murphy et al. 2006; Sosnoskie et al. 2006; Swaeta. 2006) and
environmental conditions (Davis et al. 2005). Weedds are added to the seed
bank predominantly during crop growth through sed but may enter with
machinery, contaminated crop seeds, animals, wiater, and manure (Buhler et
al. 1997). Many weed species are prolific seed yeets, with the ability to
produce hundreds to millions of seeds, dependingpexies and density of crop
and weed as well as, management practices (Nd@®@%)2As a result, under
conditions of favourable weed growth or unsatisiactnanagement, weed
escapes replenish seed banks, maintaining or augngeopulations over time
(Belles et al. 2000; Gallandt 2006; Martinson eR8l07; Schweizer and Zimdahl
1984). Reducing or eliminating seed production restuce the number of seeds

entering the seed bank. Burnside et al. (1986)rtegseed bank declines up to
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95% over 5 years when seed production was elimdnatwvever, discontinuing
management practices for one year replenishedimedd to 90% of original
populations. Although reducing fecundity is effeetin depleting the seed bank
over time, some weed species produce seeds tisgtgarthe soil for many

years.

Upon entering the seed bank, seeds can remairesothsurface or
become buried in the soil profile. Seeds withingbed bank can germinate if
environmental conditions are favourable; howeverptnt seeds do not
germinate but persist. Persistent seed banks cosgads that can remain viable
and germinate over two or more years (Burnsidé. 4986; Conn and Farris
1987; Conn and Deck 1995; Conn et al. 2006; Lutetaal. 2002). Seed longevity
studies indicate that many weed species can pérdist soil for decades
(Telewski and Zeevaart 2002; Toole and Brown 1986gd bank persistence is a
function of soil disturbance (Thompson et al. 1998ed burial (Bekker et al.
1998; Thompson et al. 1998), primary and secondarmancy (Benech-Arnold
et al. 2000), post-dispersal seed predation (Cranak. 1999; Harrison et al.
2003; Menalled et al. 2007) and resistance torsmitoorganisms (Chee-Sanford
et al. 2006; Kremer 1986; Kremer 1993). For manyuahweed species,
persistence is influenced largely by the degre#gonmancy and dormancy cycling
(Benech-Arnold et al. 2000). Relief from primaryreh@ncy and the induction of
secondary dormancy followed by subsequent cyclesgodndary dormancy
permit a proportion of weed seedlings to emerge given year (Baskin and

Baskin 1998). Changes in soil temperature andnsoisture influence the
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dormancy status of weed seeds (Batlla et al. 2Ba#dta and Benech-Arnold
2007). Termination of dormancy, through exposurspecific environmental
conditions such as fluctuating temperatures, ligatbon dioxide, nitrate, oxygen
and ethylene may occur once a low level of dormasi@chieved (Benech-
Arnold et al. 2000). The termination of dormancliideed by favourable
environmental conditions will permit germinationdaseedling emergence. As a
result, the interaction of dormancy levels in theed seed bank and
environmental variables influencing germination endldifficult to predict
seedling density (Batlla and Benech-Arnold 200 7/d##-Arnold et al. 2000;
Forcella et al. 2000).

Predicting seedling emergence from the soil sea# ban improve
implementation of weed control measures (Buhlel.et997); however, the
relationship between seedling recruitment andss®ld bank can exhibit a large
degree of variability across weed species. Zharad) €1998) found the
relationship between soil seed bank and seedlicigitenent for giant foxtail,
[Setaria faberHerrm.], green foxtail$etaria virdis(L.) Beauv.] and yellow
foxtail [Setaria(Poir.) Roem & Schult] to be highly correlated? @R0.80 to 0.88),
but for common lambsquarteiSl{enopodium alburh.) the correlations were
more variable (R= 0.25 to 0.44). Incorporating additional weedvgto
parameters such as seed rain with seed bank demsytype used to improve
estimations of weed seedling recruitment (Webdtat. 2003).Understanding
factors that influence seed bank persistence andate weed emergence will

improve implementation of IWM strategies.
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Seeds can be removed from the soil seed bank throlugsiological and
microbial decay, exhaustion, physical movement@edation (Buhler et al.
1997). Weed seeds on or near the soil surface are pnone to seed predation
and decay than buried seeds. Significant removséedls from the soil surface
has been reported through post dispersal seedtned@romar et al. 1999;
Davis and Liebman 2003; Gallandt et al. 2005; Jata. 2006; Mauchline et al.
2005; Menalled et al. 2000; Menalled et al. 200RdDrke et al. 2006;
Westerman et al. 2003a; Westerman et al. 20@Rib)this mechanism has not yet
been characterized for western Canada. Severar$aafluence the amount of
seed predation in arable habitats, including tipe ©yf predator (vertebrate or
invertebrate) (Cromar et al. 1999; Holmes and F¥ltiams 2005; Marino et
al. 1997), feeding preferences (White et al. 208&¢d aggregation (Marino et al.
2005), environmental factors (Zhang et al. 1991@ntphenology and physiology
(Harrison et al. 2003; Hulme 1998), and managempedtices (Cromar et al.
1999; Davis and Liebman 2003; Gallandt et al. 208&uichline et al. 2005;
Menalled et al. 2000; O'Rourke et al. 2006; Westermt al. 2003a; Westerman
et al. 2003b). Nevertheless, very few studies hdaetified the implications or

magnitude of weed seed losses within western Canalopping systems.

Artificial seed banks have been frequently usesttioly seed bank
dynamics, including germination (Bello et al. 1988irnside et al. 1996;
Gallagher and Cardina 1998), decay (Mitschunat @086; Van Mourik et al.
2005), predation (Harrison et al. 2003; Menalledle2000; Westerman et al.

2003a) and seedling emergence (Benvenuti et all)2@@ed bag burial is a
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practical method to study the longevity and dornyasfca cohort of seeds in the
seed bank (Egley and Chandler 1978; Lewis 1973yeler, this method can
potentially overestimate seed bank depletion (Vauhk et al. 2005) and seed
longevity (Masin et al. 2006). For instance, s@skarbances that occur during the
placement of seed bags can alter soil bulk deasitlsoil temperature resulting in
different levels of seed bank depletion and segdiimergence than in a natural
seed bank (Leon and Owen 2004). Natural seed lmpk®ore difficult to study
since the size, composition and seed depth aréyhrghiable in space and time
(Benvenuti 2007). Nevertheless, natural seed bhaks the potential to reflect
seed bank depletions and seed longevity more aetyisance they encompass a

range of natural and agronomic selection pressures.

Wild oat (Avena fatud..) is a competitive annual grass weed found
throughout western Canada. In Alberta, wild odhessecond most abundant
weed among cultivated field crops, present in 46f%elds (Leeson et al. 2002).
Wild oat is an economically important weed respblesior lost farm revenue,
due to the use of costly herbicides and reduciiomsop yield and quality.
Management of wild oat in Alberta is complicatedtbg existence of biotypes
resistant to Group 1 (acetyl- CoA-carboxylase (A€&)anhibitor), Group 2
(acetolactate synthase (ALS) inhibitor) and Growgnd 2 herbicides (Beckie et
al. 2008b). Currently, delaying herbicide resistamcwild oat populations can be
accomplished using reduced herbicide rates in catipn with increasing crop

competitiveness (Beckie and Kirkland 2003).
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Integrating several agronomic practices which iaseecrop
competitiveness and reduce wild oat density canaethe contribution of seed to
the seedbank. O'Donovan et al. (2006) found a dseerm the number of wild oat
seeds returned to the seedbank when wheat seatngas increased in
conjunction with full rates of herbicide. Similaylglackshaw et al. (2005a) found
in wheat Triticum aestivuni.)-canola BrassicanapusL.) rotations under zero
tillage that a combination of increased seedingsrand spring application of
mid-row banded nitrogen reduced the number of vgeedis in the seedbank up to
49%. Although wild oat is not a prolific seed puaér, fecundity under no crop
competition can average between 100 to 150 sead§'fSharma and Vanden
Born 1978). Seed shatter in wild oat typically ascprior to crop maturity;
whereby, 80% of wild oat seeds are shed prior tmgpvheat harvested at 20%
moisture (Shirtliffe et al. 2000). While seed séatirior to crop maturity
minimizes the dispersal of wild oat during harv&ttirtliffe et al. 2000), the

seeds are a significant contribution to the seed.ba

Wild oat has a persistent seed bank, whereby dgpitally remain viable
for 4 to 6 years (Banting 1962; Banting 1966). kead cage burial study,
Banting (1966) measured wild oat seed viabilitQ-&5cm depths within a heavy
clay soil from Regina, Saskatchewan. A rapid reidadn wild oat seed viability
occurred within the first two years, with only 8%sgeds remaining viable;
however, remaining viable seeds persisted up ®asyand 8 months. In
addition, the greatest loss of seed viability opetimear the soil surface (0-5cm)

than at depths greater than 5 cm. The persisténg#dooat seeds is largely
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attributed to primary and secondary dormancy. Piyrdarmancy in wild oat is
typically overcome by a period of after-ripeningdenwarm, dry conditions
(Myers et al. 1997); however, after an extendetbdenf after-ripening, seeds can
enter and re-enter secondary dormancy, which camr @ver many successive
seasons (Hou et al. 1997). The cycles of secordtargancy ensures an
intermittent emergence of seedlings, allowing gprbon of seedlings to survive
and produce seed within a year. Consequently, eagmg growers to integrate
cropping practices that incorporate the use ofceduherbicide rates may be
hindered without an increased understanding of Wdd/oat seed inputs and
removals influence the persistence and long temautycs of seed banks

(Maxwell et al. 2007).

A better understanding of the cumulative effedtstegrating agronomic
practices on seed bank dynamics is essential tagnag wild oat populations.
Furthermore, determining the extent of future vaiéd problems using wild oat
seedling emergence, biomass and seed productimmiation may ensure timely
and effective weed management strategies are ingpid. The objectives of
this experiment are to: (1) identify the cumulativgact of the interactions
between continuous and more diverse baittyrdeum vulgard..) rotations with
low and high seeding rates and short and tall hadétivars under quarter, half
and full herbicide rates on wild oat seed bank dyica (2) determine the
relationship between wild oat seed banks and segdinergence (3) determine if
wild oat seed banks can be predicted from wildseatdling emergence, biomass

and seed production.
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3.2. Materialsand M ethods

3.2.1. Site Description

Field experiments were conducted in 2006 and 20@bmjunction with a
seven year Agriculture and Agri-Food Canada (AAKEggrated cropping
systems project (Harker et al. 2009), establish&kaverlodge (55°13"' N,
119°24' W), Fort Vermilion (584" N, 1160" W) and Lacombe (52°27' N,
113°45' W), Alberta. Mean air temperature and gigatiion data for
Beaverlodge, Fort Vermilion and Lacombe were reedrdetween 2005 and 2007
(Appendix 1, Figure Al1.1.). The clay loam soil (28%nd, 42% silt and 29%
clay) at Beaverlodge, AB was a Dark Gray Luvisojdit Cryoboroll) with pH
5.9 and 6.6 % organic matter. The Dark Gray Luvssill (Typic Cryoboroll) at
Fort Vermilion, AB was a sandy loam soil (50% sa#8Po silt and 7% clay) with
pH 6.8 and 3.3% organic matter. The loam soil (5Htd, 30% silt and 19%
clay) at Lacombe, AB was an Orthic Black ChernoZ&gpic Haplustoll) with a

pH of 6.6 and 7.8% organic matter.

3.2.2. Cropping System

The initial experiment designed by Harker et abQ@) quantified the
impact of crop rotation, barley cultivar, barleydang rate, and post emergent
wild oat herbicide rate and their interactions anldy yield, wild oat management
and environmental and economic sustainability.

To test for interactions, treatments were imposedl fiactorial

arrangement and randomized in a complete blockydesith four replicates in
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each of three locations. Vivar (Short) and AC Laben(Tall) barley varieties
were compared within a continuous barley rotati©ant) and a more diverse
rotation (Rot) of barley-canola-barley-pddaqumsativumL.). A full description
of the experimental sites and plot maintenance 2001 to 2005 is summarized
in Harker et al. (2009); 2006 to 2007 site inforimiatand plot maintenance is
documented in Tables 3.1, 3.2 and 3.3 .

Plots were direct seeded at all locations in Magh{& 3.2.) with a
ConservaPdkair seeder with 1 cm wide knife openers and 23@mspacing.
Plot size was 3 by 15 m. A single application of0s, K,O and S fertilizers
were side banded at seeding according to soitéestnmendations. Barley was
seeded at either 200 seed$ (hx) or 400 seeds ™(2x) at a 3 cm depth, canola
(InVigor 5020) was seeded 150 seedSaha depth of 1 cm. Thousand kernel
weights were used to adjust seeding rates to aeléyget plant populations. To
delineate management systems and to maintain ¢emsysin discussion, the
short cultivar, 1x barley seeding rate and contirsuiarley rotation will be
referred to as the “low management” system (i.@rShx-Cont) whereas the tall
cultivar, 2x barley seeding rate and diversifieddyarotation will be referred to

as the “high management” system (i.e. Tall-2x-Rot).

! Conserva Pak Air Seeder, Model CP 129A. ConserkeSeading Systems /
Division of Vale Farms Ltd., PO Box 1420, Indiandde SK, Canada SO0G 2KO.
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In 2006 and 2007, experimental areas receivedghgbaté pre-seed
application (450 to 900 g ae Hao remove weeds. At the three-leaf stage in
canola and the three- to four-leaf stage in bapegt-emergent wild oat
herbicides were applied at 25%, 50% and 100% ofdbemmended rates in
combination with full recommended rates of broaflleabicides (Table 3.3.).
Within the continuous barley and barley rotatigplaks, barley variety, seeding
rate and herbicide rate were repeated in the séotegrross all years. Similarly,
in the barley rotational plots seeded to peas ooleaa 25, 50 and 100% wild oat
herbicide rate was repeatedly applied to the sdotehpoughout the crop

rotation.
3.2.3. Data Collection

3.2.3.1. Seed Bank Sampling

Wild oat seed banks at all three locations werepaanprior to seeding
and after harvesting (Table 3.2.). An extended Wepawas used to take ten soil
cores from each plot, keeping within two rows freath edge and one meter
from the front and back of the plot. Prior to samglsoil, chaff on the soil
surface was removed within a 10.8 cm diameter l&@raing. A soil core was
immediately collected to a 5 cm depth below the@acharea and bulked with

collected chaff. The ten samples were bulked im® gample per plot. Soil

> Roundup, Roundup Transorb, or Roundup WeatherManddnto Canada Inc.
67 Scurfield Blvd. Winnipeg, MB, Canada R3Y 1G4.
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samples were air-dried (~25°C) immediately for fiseseven days to prevent
germination. Germinated seed found in samples w@uated and removed.
Germinated seeds included both newly germinatedeisas those exposed to
fatal germination in the field. Dry weights wer&ea prior to returning sample to
a dry plastic bag for storage (data not shown).réfiseve seeds, soil samples
were first placed through an 8mm sieve to remokgelpieces of straw and rocks
and then through a 1mm sieve to remove fine soilghas. In the remaining
sample, wild oat seeds were separated from sdiblog and stored separately in
paper coin envelopes in a 5°C dark cool room.
3.2.3.2. Emergence, Biomass and Seed Production

The 2006 and 2007 wild oat emergence, biomassesdioduction data
from Beaverlodge, Fort Vermilion and Lacombe, ARre/retained from AAFC.
Data were collected as outlined in Harker et @0@. Wild oat emergence,
biomass and seed production data were countedtfvorpermanent 0.91
guadrats in each plot. Wild oat emergence was decoprior to post-emergent
herbicide applications. Aboveground wild oat biosass recorded prior to crop
maturity or prior to wild oat shattering. The widdt biomass was dried at low
temperatures (30°C) and seeds threshed and coWdileldoat seeds were

returned to the original quadrat in each plot.

3.2.3.2. Seed Mortality Assessment

Wild oat seeds retrieved from each soil sample weumted prior to

germination testing. Each sample was equally dividéo three subsamples,
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whereby each subsample was limited to no more 1B@rseeds and was planted
at three different time intervals. Germination itggton seeds retrieved in the
spring and fall of 2006 and 2007 began in the gpoin2007 and 2008,
respectively, and commenced for four months. Eatlsample was placed into a
24 cm by 16 cm by 4 cm germination box containirggam by 15 cm Hoffman
#601 blotting paper. Blotting papers were moistieweh 14 ml of distilled

water. Germination boxes were kept in a growth dbemfor ten days with a
20:4h light:dark photoperiod and light:dark temperes of 21:18°C. Germinated
seeds with a healthy protruding radicle were caliated removed. Non-
germinated seeds that were soft and/or discoloexé wonsidered non-viable.
Firm and intact seeds that remained non-germinagzd tested for viability.
These seeds were bisected longitudinally and pleogatyo side down into a 10
cm diameter plastic petri dish containing a No. hatvhan filter paper moistened
with a 0.15% solution of 2,3,5-triphenyltetrazoliwmioride (TTC). Petri dishes
were incubated in the dark at room temperaturéforhours. Categorization of
viable or non-viable seeds was based on the ityegfrthe embryo and tissue
surrounding the embryo and staining pattern (Gi£¥®).

Seed mortality is defined as the total number of-miable seeds (i.e.
seeds that did not geminate and non-viable seedstitrazolium test). Wild oat
seed mortality percentage (SMP) was calculated:

SMP = (&nw)/ (X)) - 100 [1]
where,NV is the total number of non-viable seeds from esatisample anNT is

the total number of seeds used in each subsampéeprbportion of seed
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mortality was a direct inverse of seed viabilitg. (iotal number of viable and

germinated seeds).

3.2.4. Statistical Analyses

Residuals were tested for normality and heteroggnising PROC
GLIMMIX (Littell et al. 2006). Data from the wildat seed bank densities,
emergence, seed production and biomass indicaigtitaskewed distribution and
variance heterogeneity; therefore, to account emmoermality, a logarithmic
transformation (log (x+1)) was performed. Wild oat seed mortality perages

(SMP) did not require a transformation as data maamally distributed.

Wild oat seed bank densities and SMP were analyzied) PROC
MIXED of SAS (Littell et al. 2006) whereby locati@nd replicate were treated
as random effects. Crop rotation, seeding ratéeypaariety and herbicide rate
were considered fixed effects. The significancenafn effects and their
interactions were determined for each variable ghotvn). Contrasts were used
to compare agronomic treatments (crop rotationelpaultivar and barley
seeding rate) within herbicide rates, as well asotopare low and high
management systems among herbicide rates. UsinfgiBoni adjustments,

contrasts of fixed effects were considered sigaiftcat P <0.004.

A simple regression using PROC REG in SAS (Freumrttlattell 2000)
was used to identify the relationship between lagdformed wild oat emergence
and log-transformed wild oat seed bank densitysscadl locations. More

specifically, the relationship between fall 200@&&anks and 2007 wild oat
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emergence and the relationship between spring 20€d@ banks with 2007 wild
oat emergence were examined . The relationshipdessribed using a simple
linear model:

y=a+bx [1]
where,y is the dependent variable (log-transformed wildevaergence)a is the
interceptb is the regression coefficient or slope and the independent variable
(log-transformed wild oat seed bank densities).

Multiple linear regressions (PROC REG) were usedeatify the value
of using wild oat emergence, seed production aradfonass data in predicting
spring and fall wild oat seed banks, includingadiations and by location. A
multiplicative regression model,

y= (€)™ (x2™) (%) (€) (2]
where, &is the intercep1, p2, B3 are the coefficients (elasticities) af X2, xa
which correspond to the biomass, emergence andpseddction variables,
respectively, and“és the error component was converted to a lineatehdhe
logarithms of both the independent and dependerdhtas were taken (Freund
and Littell 2000) to develop the following lineaodel:

log(y)= Pot+Pa(log(xy))+ B2(log(x2))+ Pa(log(xs))+(e) [3]

The inclusion of three independent variables (eemrg, seed production
and biomass) resulted in multicollinearity, i.éhigh degree of variable
correlation among the independent variables. Taagednulticollinearity and

improve the predictive power of the model, a stegevgelection procedure in SAS
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(Freund and Littell 2000) was used for each regoaesshereby variables

included into the model were significant at 0.05.

3.3. Results and Discussion

3.3.1. Wild Oat Seed Bank Density

Wild oat seed bank densities for 2006 and 2007 wen@mination of
both viable and non-viable seeds. Crop rotatioadse rate, barley variety and
herbicide rate had an effect on wild oat seed lBmsity (P<0.05) in the spring
and fall of 2006 and 2007, but interaction effagése not significant (data not

shown)

3.3.1.1. Spring 2006

The seed bank sampled in the spring of 2006 refkbet cumulative
impact of treatments imposed over five years a$ agethe additions and losses
from the seed bank from the 2005 cropping seadgniftsantly fewer wild oat
seed accumulated in the seed bank when high cufharaagement (Tall-2x-Rot)
techniques were employed compared to low managef8antt-1x-Cont)
techniques (Figure 3.1.). Harker et al. (2009) atgawrted a similar trend
reflected among wild oat emergence, biomass ardig®eluction during the

2005 growing season.

Within the quarter herbicide treatments, crop rota{P<0.0001) and a
higher barley seeding rate (P= 0.0025) had a sogmif impact on the wild oat
seed bank. In the continuous rotation, only thé-Z4ltreatment was significantly
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effective compared to the Short-1X in minimizing thild oat seed bank. In the
rotation treatments (Rot), all treatments werectii¥e in reducing the amount of
wild oat seed when compared with the low managenneatment. Wild oat seed
bank density from the high management system witierquarter herbicide rate
was not significantly different from using a haiffall rate of herbicide under low
management. Thus, a high management system w#feetsve as using higher

rates of herbicides.

Within the half rate herbicide treatments, high agament strategies
reduced wild oat seed banks compared to low managiestrategies. Treatments
that combined a 2X vs. 1X seeding rate (P<0.000Tgll vs. Short barley
cultivar (P=0.0012) and a diverse crop rotationr@aeontinuous barley rotation
(P<0.0001) resulted in fewer wild oat seed in thedsbank. Under the continuous
rotation, each treatment with the exception of tal-1X treatment resulted in
less wild oat seed when compared to the Short-@atrment. Similarly, the Short-
1X-Rot was the only treatment among the Rot treatethat did not differ from

the Short-1X-Cont treatment.

Within the full herbicide rate, all treatments eptthe Short-2X-Cont
reduced the wild oat seed bank compared to thet-3XeCont treatment.
Contrasts indicate that Tall vs. Short (P=0.00223% ¥he most effective wild oat

management strategy.
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3.3.1.2. Fall 2006

The fall 2006 seed bank reflects wild oat seedtmpnd losses from the
2006 cropping season in addition to reserves frogwipus cropping seasons.
More wild oat seed was retrieved from the fall sbadk than the spring,
reflecting additional seed bank inputs during tA8&cropping season. Large
inputs of weed seeds to the soil seed bank typicaltur from weed seed rain
(Norris 2007). Many factors influence the amouniveed seed production
including weed and crop species (Clay et al. 20@hjis 2008; Holman et al.
2006; Lutman 2002), crop seeding rate (O'Donovat. &007b), weed
emergence periodicity (Blackshaw and Harker 19@d)sil fertility (O'Donovan
et al. 2008; Van Delden et al. 2002). Despite aniit seed inputs, the impact of
treatments continued to be reflected from the gpanfall seed bank (Figure
3.1.). In addition, wild oat seed banks under mgimagement systems across all
three herbicide rates continued to have signiflggetver seeds than low

management treatments.

In the quarter herbicide rate, contrasts indida#e & higher barley seeding
rate (P=0.0006) resulted in fewer wild oat seethenseed bank. Consequently,
the Tall-2X-Rot (526 seedsHhand Short-2X-Rot (805 seeds’nwere the only
treatments that had significantly less wild oatdseempared to the low

management system (Short-1X-Cont) (2867 se€tjs m

Combining crop rotation (P<0.0001) and a highetdyaseeding rate

(P=0.0014) continued to yield fewer wild oat seiedthe fall seed bank under the
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half herbicide rates. All treatments except the3hort-Cont and 1X-Tall-Cont

reduced the amount of seed in the wild oat seel.ban

Lastly, under the full herbicide rate, crop rotatisas the most optimal
cultural technique to have an effect on the wiltlsssed bank (P=0.0004). The
high management system at the half herbicide ridteegult in fewer seeds than
the low management at the full herbicide rate,rmitsignificantly (P=0.0711).
However, the quarter herbicide rate with high mamagnt system resulted in
significantly more wild oat seed than the full rafeherbicide with a low
management system (P<0.0001). In this instanceagament changes could not

fully replace the effectiveness of herbicides.

3.3.1.3. Spring 2007

The cumulative impact of six years of treatments thre biological
processes influencing seed bank additions anddaasereflected in the spring
2007 seed bank. Similar to the spring and falle2@id oat seed banks, high
management systems (Tall-2X-Rot) effectively reduitee amount of seeds in
the spring 2007 seed bank compared to low managesystems (Short-1X-

Cont) across all herbicide rates (Figure 3.2.).

Within the quarter herbicide rate treatments, @stfr indicated seeding
rate had the most significant impact on wild o&dsbank density (P=0.0002).
The Tall-2X treatment in both Cont and Rot treattadrad significantly fewer
wild oat seeds in the seed bank than the Short-&xtQJsing the high

management system with only a quarter herbicide vaitd oat seed bank density
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did not significantly differ from using a half raté herbicide with a low
management system (P=0.6510); however a significaigher wild oat seed
bank resulted from the high management systemeaquharter herbicide rate

compared to a full rate of herbicide with a low ragement system (P<0.0001).

Increased seeding rate (P<0.0001) and crop roté#e0.0001) both
significantly reduced the wild oat seed bank dgraitthe half herbicide rate.
Only the Short-2X-Cont and Tall-1X-Cont were narsficantly different from

the low management system (Short-1X-Cont).

At the full herbicide rate, diverse crop rotatibigher seeding rates or
competitive barley cultivars did not significantgduce wild oat seed bank
densities. In general, treatments within the Rokt $ignificantly less wild oat seed
compared to the Short-1X-Cont; whereas no diffezerweere identified between

the Short-1X-Cont and treatments within the Cosdittments.

In general, fewer seeds were retrieved from thimng@@007 seed bank
compared to the fall 2006 seed bank. The amouse@d lost between spring and
fall ranged from 0 to 65% whereby greater seecelsgecurred under treatments
that had larger wild oat seed banks. The declitberwild oat seed bank between
fall 2006 and spring 2007 may be a function of sestd dispersal predation
(Cromar et al. 1999), microbial and fungal decagl(@&dt et al. 2004; Mickelson
and Grey 2006) and/or degradation from extremerenmental conditions
(Murphy et al. 2006). Nevertheless, the magnitudgeed loss between fall and

spring wild oat seed banks requires additionahétia. Identifying and
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augmenting losses in the wild oat seed bank maypmigtimprove the impact of
IWM strategies but reduce the persistence of waltio western Canada.
Conversely, in some low density wild oat seed baniare seeds were retrieved
in the spring 2007 than fall 2006 seed banks; fangle, in the Half-Tall-1X-
Cont, 55 more seedsTwere found in the spring 2007 than fall 2006. Diesp
randomly sampling plots each spring and fall, V@hig in the number of seeds
sampled may be attributed to various levels of segplegation influenced by
differences in plant morphology, seed dispersalagretultural practices

(Chauvel et al. 1989).

3.3.1.4. Fall 2007

The fall 2007 seed bank is a culmination of seetit@s and losses over
seven years. Similar to 2006, higher accumulatodivgild oat seeds were
observed in the seed bank compared to spring 28€Y lsank assessments,
reflecting seasonal seed rain. Nevertheless, h@hagement systems continued
to exhibit smaller wild oat seed banks than low aggment systems (Figure

3.2.).

At the quarter herbicide, higher barley seedingg&iad a substantial
impact on reducing wild oat seed bank densitie®(#308). The Tall-2X-Rot
(1123 seeds 1) had significantly fewer wild oat seeds in thedsbank than the
Short-1X-Cont (4323 seeds?n Similar to the spring 2007 seed bank, using good
agronomic practices with only a quarter herbiciate did not significantly differ
from using a half rate of herbicide with a low mgement system (P=0.5040);
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however, using a full rate of herbicide within &vlmanagement system still
resulted in fewer wild oat seeds in the seed bhak tising a quarter herbicide

rate under high management (P<0.0001).

At the half herbicide rate, higher seeding rateQ(P€01) and crop rotation
(P<0.0001) were key management strategies in mamignithe wild oat seed
bank. Only the Tall-1X-Cont did not differ signiéintly from the low
management system (Short-1X-Cont). In additiowefewild oat seed were
retrieved under the high management system ahbdbicide rate (Tall-2X-Rot)
compared to the low management system (Short-1X)G@dhe full herbicide

rate, but the difference was not significant (PF03).

Under full herbicide rates, higher seeding ragssiited in the lowest wild
oat seed bank densities (P=0.0042). Under theraomis and diverse rotations,
Tall-2X and Short-2X treatments had smaller wild ®2ed banks than the Short-

1X-Cont treatment.

Combining a competitive barley cultivar with incsed barley seeding
rate and diverse crop rotation were consistent tarker et al. (2009) study,
which reported reductions in wild oat seed produttbiomass and emergence
under high management systems. Furthermore, thefitseaf using competitive
cultivars, higher crop seeding rates and cropimtdb effectively manage weeds
have been previously reported in western Canadamsndonsistent with the
findings in this study. Growing competitive barleyheat, canola or field pea

cultivars has been an important agronomic strate@nhance crop
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competitiveness (Beckie et al. 2008a; Harker e2@08; Hucl 1998; O'Donovan

et al. 2005; Watson et al. 2006).

Among barley varieties, taller hulled barley vaastare more competitive
with wild oat or tame oatXvena sativd..) than semi-dwarf and hull-less varieties
(O'Donovan et al. 2000; Watson et al. 2006) andesgbently experience less
yield loss (O'Donovan et al. 2000). Increased lai@Donovan et al. 1999;
O'Donovan et al. 2000; O'Donovan et al. 2001), wlBkackshaw et al. 2000;
O'Donovan et al. 2006; Xue and Stougaard 20023y fiea (Johnston et al. 2002)
and canola (Hanson et al. 2008; Harker et al. 26884ling rates have also been
used to successfully increase crop yield and deere@ed biomass. Increasing
barley seeding rates from 200 to 250 planfscan effectively reduce wild oat
biomass and seed production and increase barleyyjedd (O'Donovan et al.
1999; O'Donovan et al. 2000; O'Donovan et al. 20G1)p rotation has been
instrumental in managing weed populations by priogdnterference with the life
cycle and growth habit of weeds (Anderson 2005).example, wild oat
densities were up to 22 times greater in continwausal fields than in a cereal
crop preceded by an alfalfédicago sativd..) or alfalfa’hay crop (Ominski et

al. 1999).

The impact of integrating agronomic practices viaénbicide use on the
long term effects of weed seed banks has not bedelywstudied in western
Canada; however, results from this study are ctargisvith short-term seed bank

studies carried out under cropping systems com@iagronomic practices.
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Blackshaw et al. (2005a) reported reductions indassed banks when spring
wheat and canola seeding rates were increasedlfo0fb to 150% of
recommended rates and combined with spring fegtila@pplications rather than
fall fertilizer applications. Similarly, under reced herbicide rates, O'Donovan et
al. (2004) found lower densities of wild oat segdthe seed bank when canola
and barley seeding rates were increased; howdweemnpact of higher seeding
rates became less evident as herbicide rates neeased to three quarter and
full rates. Overall, maintaining low seed bank deées and subsequent seed
additions through combined optimal agronomic pcastiand herbicide use are

necessary to minimize future weed problems.

3.3.2. Wild Oat Seed Mortality

Seed mortality was examined to identify whetheatimeents had a direct
or indirect impact on the number of non-viable ssiedind within the seed bank.
The seed mortality percent (SMP) reflects the nurobseeds that did not
germinate or were not viable from the tetrazoliwsting. No main effects or
interactions were found to significantly affect demortality (data not shown). In
the spring and fall of 2006 and 2007, no signiftadifferences among crop
rotation, barely cultivar and barley seeding ratiaiw quarter, half and full

herbicide rates were identified (Figure 3.3. arguFe 3.4.).

Varying levels of seed viability and mortality aeflected in the seed
bank as a result of a culmination of seed cohooi$ forevious cropping seasons.
Seed mortality remained remarkably stable, evemvanep rotation, barley
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variety and barley seeding rate were varied wid@oh herbicide rate (Figure 3.3.
and Figure 3.4.). The average rate of mortalitpsg all treatments in spring and
fall 2006 was 83 and 84%, respectively, and 5676%, respectively, in the
spring and fall 2007. Forcella (1992) reported %36f the seed bank to consist
of dead seeds, whereby a larger proportion of eesatls seeds were found in the
spring than in the fall. Implementing this trialder conservation tillage may have
had a larger influence on seed mortality than geziic treatments. Long term
agricultural management practices such as consemvitage can influence soll
microbial communities and have a significant impativeed seed decay (Davis
et al. 2006). In addition, seeds on the soil s@rf@e exposed to extreme
fluctuations in environmental conditions, physiotay decay, exhaustion and
predation (Buhler et al. 1997; Miller and Nalewaf90; Sagar and Mortimer
1976). For example, increased exposure to extemieonmental conditions,
such as extreme temperatures or moisture enhareddaductions from the soll
seed bank in zero tillage systems (Murphy et &0620Exposing seeds to extreme
wet conditions can weaken hard seed coats andceaaatpportunity for

microbial infection to augment seed decay (Mickelaad Grey 2006; Schutte et

al. 2008).

During the spring of 2007, percent seed mortaliag\wower at all three
locations than in other seasons or years. Seetieitad negative with the
tetrazolium test may have been underestimated gltine spring of 2007. In
addition, several biological processes can infleeseed mortality, including seed

predation, extreme environmental conditions, seguga microbial decay and
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fatal germination; therefore, variability in samgpleollected and used for

germination testing may have reflected a diffesaitof biological interactions.

3.3.3. Relationship between Wild Oat Seed Bank Density and Seedling

Emergence

Using seed bank data to predict weed emergenckecan important tool
for growers in predicting future weed problems degleloping appropriate weed
management strategies (Buhler et al. 1997). Howegsearch studies that have
investigated the relationship between weed seekisbamd weed seedling
emergence have been variable, ranging from highpobrly correlated (Webster
et al. 2003). In this study, a linear relationsbgiween the fall 2006 logarithmic
wild oat seed bank density and 2007 logarithmidwit emergence (R0.76;
Figure 3.5.) as well as between the spring 200&ritgnic wild oat seed bank
density and 2007 logarithmic wild oat emergence=(R78; Figure 3.6.) were
established. As a result, estimates from the sprfgll seedbank show astrong

relationship with wild oat emergence.

Furthermore, larger wild oat seed banks had prapully fewer emerged
seedlings than smaller wild oat seed banks. SimjlBoyd and Van Acker
(2004) reported fewer wild oat seeds proportionaftyerging with increasing
seeding density. As the density of seeds increases seeds are likely to exist
within microsites unsuitable for germination or mauitable to promote re-entry
of secondary dormancy (Boyd and Van Acker 2004jtHeumore, within larger
seed banks, cohorts of seed may exist from mulgptesrations, whereby a range
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of dormancy states are expressed within each ggmrerasulting in more

variable emergence (Batlla and Benech-Arnold 2007).

3.3.4. Relationship between Wild Oat Seed Bank Density, Biomass,

Emergence and Seed Production

Across all three locations, wild oat biomass aneg®nce were the most
significant predictors of the fall and spring widdt seed bank (Table 3.4.).
Similarly, after separation of spring and fall séeahks by location, 9 out of 12
occurrences indicated emergence as the most cemspgedictor of the wild oat
seed bank density (Table 3.5.). However, wild gatfass and seed production
were also important variables in 7 and 6 locatioespectively. Emergence was
not a significant predictor of the spring 2006 Berdodge, fall 2007 Fort
Vermilion and fall 2007 Lacombe seed banks, buinaiss or seed production
were. These results were surprising as it was ppiothesis that wild oat seed
production would also be a consistent predicta@easd bank density. One reason
for this discrepancy may be some shattering losgldfoat seed prior to seed
production assessments, which may have underestintfa¢ predictive value of
this variable. Furthermore, the wild oat seed baflects multiple seed cohorts,
whereby the total number of seeds in the seed tedldcts multiple years of seed
additions and losses. Consequently, the complexityvariability among weed
seed banks across geographic areas highlightsffioailtly in developing

comprehensive weed management programs for wild oat
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3.3.5. Management I mplications

Integrating optimal agronomic practices such aspitive cultivars,
higher barley seeding rates and diverse crop ootsigffectively minimized wild
oat seed bank densities. Occasionally, combinirtignah agronomic practices
under half herbicide rates did result in equivalangmaller wild oat seed banks
than full herbicide rates under low management. él@x, a higher wild oat seed
bank density typically occurred under high managdrsgstems with quarter
herbicide rate compared to low management at &rlbicide rate. Consequently,
herbicides will continue to be an important compune IWM systems for
managing wild oat populations. However, growers tapeatedly implement a
combination of optimal agronomic practices may hidneeopportunity to reduce

herbicide rates or the number of herbicide appboatover time.

Optimizing management practices under reduced tidébrates can
improve crop health and productivity, herbicideissice management and farm
profitability (Harker et al. 2009). Harker et 009) demonstrated that adopting
high management strategies was also beneficiakisegpving barley yields. After
5 years of IWM, barley yields within high managertngystems at reduced
herbicide rates were higher than yields withinltdtve management system using
higher herbicide rate. In addition, reducing hedeaates can decrease the
selection pressure for herbicide resistance oktasie herbicides (Beckie and
Kirkland 2003). Combining high management practiwéh reductions in

herbicide rates can be instrumental in reducinghtiraber of resistant seeds in
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the seed bank without increasing the overall seedt land reducing the

recruitment of herbicide resistant seedlings (Beekid Kirkland 2003).

Several biological processes are involved in rdgudeand regenerating
seed banks (Buhler et al. 1997). Adopting integrateed management practices
to prevent or minimize seed return is essentiaidémaging wild oat seed banks.
Implementing high management practices can praadepportunity to minimize
seed return and maintain a small wild oat seed .fainkilarly, additional
knowledge is needed to understand the mechanismich seeds are lost from
the wild oat seed bank. Direct seeding can playmoortant role in minimizing
the amount of seed in the seed bank. Murphy ¢€2@06) found an increase
incidence of herbivory and pathogenic infectiormgeds in zero tillage cropping
systems. The ability to enhance weed seed lossesdropping systems can have

important long term weed management implications.

The relationship between emergence and seed bditaia that spring
and fall seed banks can generally be used as aigdiwdtor of wild oat
emergence. Developing better weed emergence mimdejsowers and
agricultural professionals to complement currenM\&trategies will require
additional information wild oat seed production,eggence, biomass and seed

banks from across geographic regions in westermdan
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Table 3.1. Summay of treatments at Beaverlodge, Fort Vermidind Lacombe,
Alberta between 2001-2007.

Y ear/ Crop®©® Barley | o picide
. a Seeding
Rotation™ | 2001 2002 2003 2004 2005 2006 2007 | Rate Rates
Cont SB SB SB SB SB SB SB Normal Quarter
Cont SB SB SB SB SB SB SB Normal Half
Cont SB SB SB SB SB SB SB Normal Full
Cont SB SB SB SB SB SB SB Double Quarter
Cont SB SB SB SB SB SB SB Double Half
Cont SB SB SB SB SB SB SB Double Full
Cont B B B B B B B Normal Quarter
Cont B B B B B B B Normal Half
Cont B B B B B B B Normal Full
Cont B B TB TB TB B B Double Quarter
Cont B B B TB TB B B Double Half
Cont B B B TB TB B B Double Full
Rot SB Canola SB Peas SB Canola SB Normal Quarter
Rot SB Canola SB Peas SB Canola SB Normal Half
Rot SB Canola SB Peas SB Canola SB Normal Full
Rot SB Canola SB Peas SB Canola SB Double Quarter
Rot SB Canola SB Peas SB Canola SB Double Half
Rot SB Canola SB Peas SB Canola SB Double Full
Rot TB Canola TB Peas TB Canola TB Normal Quarter
Rot TB Canola TB Peas TB Canola TB Normal Half
Rot TB Canola TB Peas TB Canola TB Normal Full
Rot TB Canola TB Peas TB Canola TB Double Quarter
Rot TB Canola TB Peas TB Canola TB Double Half
Rot TB Canola TB Peas TB Canola TB Double Full

@Rotation: Cont- Continuous Rotation: Rot-Diverse Rotation

PCrop: Barley Variety: SB- Short Barley; TB- Tall Barley

°Canola Seeding Rate: Normal: 150 seeds ™

9pea Seeding Rate: Normal: 150 seeds fn
®*Barley Seeding Rate: Normal: 200 seeds i Double: 400 seeds
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Table 3.2. Field operations and dates from 2006-2007 at Bézdge, Fort Vermilion and Lacombe, Alberta.

Field Operation Year Beaverlodge Fort Vermillion Lacombe
2006
Spring seed bank collection May 5,6 May-09 May 2-3
Seeding (barley, canola) May-16 May-12 May-04
Barley harvest Aug. 29, 30 Sept. 7, 8 Aug.16, 18
Canola harvest Aug. 29, 30 Sept. 18, 19 ®n/a
Fall seed bank collection Sept. 28 Sept. 29 Oct. 4
2007
Spring seed bank collection May-14 May-15 May-01
Seeding (barley) May-17 May-18 May-11
Barley harvest Sept. 25, Oct. 15Sept. 13 Sept. 17
Fall seed bank collection Oct. 16 Sept. 24 Sdpt. 2

4AC Lacombe barley harvested before Vivar harve€ted 15.
® No harvest as canola swaths were displaced by wind
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Table 3.3. Herbicide applications and dates from 2006-20Beatverlodge, Fort Vermilion and Lacombe, Albérta.

Crop Year Herbicide Herbicide Rate Beaverlodge FortVermilion Lacombe
(gai ha?)

Barley 2006 Fenoxaprop-p-etﬁyl 23,46 or 93 June 13 June 13 May 31
Quinclorac/Thifensulfuron/ 50/15/15
Tribenurori

Canola 2006 Glufosinaté 125, 250 or 500 June 13 June 12 June 1
Clethodin{ 17, 34 or 67

Barley 2007 Imazamethabénz 125, 250 or 500 June 14/15 June 11 June 5

Florasulam/MCPA estér 5/240

When specified on product labels, herbicides wpmied with recommended adjuvants.

®Puma Super 120: Bayer Crop Science Inc. #100, 3181 Ave. S.E., Calgary, AB, Canada T2Z 3X2.
“Triton C: DuPont Canada Inc. 4444 72 Ave. S.E. @aIgAB T2C 2C1.

I iberty: Bayer Crop Science Inc. #100, 3131 — 114 /S.E., Calgary, AB, Canada T2Z 3X2.

°Select: Arysta LifeScience Canada Inc. 998, 1056-Growfoot Cres. N.W., Calgary, AB, Canada T3G 3T2
"Assert 300: Nufarm Agriculture Inc. 5507 — 1st 8tr8.E. Calgary, AB T2H 1H9.

9Frontline: Dow AgroSciences Canada. #2100, 450-StLsS.W. Calgary, AB T2P 5H1.
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Table 3.4. The relationship between 2005, 2006 and 200 rkngsformed wild oat biomass and emergence witl 200
and 2007 spring and fall log-transformed wild cagd bank densities across Beaverlodge, Fort Vemmdlnd
Lacombe, Alberta.

Estimate*®
B'orgz?d Emgfg?gg and Seed bank I nter cept Biomass Emergence  R?
2005 Spring 2006 0.81 (<0.0001) 0.76 (<0.0001) 0.27 (<0.0001) 0.78
2006 Fall 2006  2.46 (<0.00010.27 (<0.0001) 0.75 (<0.0001) 0.79
2006 Spring 2007 2.11 (<0.0001) 0.35 (<0.0001) 0.61 (<0.0001) 0.76
2007 Fall 2007 1.72 (<0.0001).55 (<0.0001) 0.44 (<0.0001) 0.83

%Using stepwise multiple regressions, biomass anergemce were the remaining variables in each nwmgeificant at
0.05.
Pn-values are listed beside each estimate value.
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Table 3.5. The relationship between 2005, 2006 and 2007 lgsformed wild oat biomass, emergence and seed
production with 2006 and 2007 spring and fall logasformed wild oat seed bank densities at BeadgeloFort
Vermilion and Lacombe, Alberta.

Estimate®
Biomass,
Emergence , . Seed 2
and Seed Seed bank L ocation I nter cept Biomass Emergence Production
Production

2005 Spring 2006 Beaverlodge  0.63 (0.0204) 0.90 (<0.0001) 0.82
Fort Vermilion -0.39 (0.1316) 0.97 (<0.0001) 0.29 (0.0011) 0.1
Lacombe 1.90 (<0.0001) 0.63 (<0.0001) 0.35 (<0.0001) 0.69
2006 Fall 2006 Beaverlodge 2.59 (<0.0000)28 (<0.0001) 0.77 (<0.0001) 0.83
Fort Vermilion 0.10 (0.8286) 0.64 (0.0070) 0.78 (<0.0001p.68
Lacombe 2.32 (<0.0001)0.52 (<0.0001) 0.30 (0.0177) 0.80
2006 Spring 2007 Beaverlodge 1.90 (<0.0001)0.35 (<0.0001) 0.67 (<0.0001) 0.76
Fort Vermilion -0.26 (0.5541) 0.74 (<0.0001) 0.71 (<0.0001) 0.68

Lacombe 2.36 (<0.0001)0.40 (<0.0001) 0.44 (0.0009) 0.76

2007 Fall 2007 Beaverlodge 2.46 (<0.00010.20 (0.0030) 0.55 (<0.0001)0.13 (0.0333) 0.85
Fort Vermilion 1.73 (<0.0001) 0.85 (<0.0001) 0.72

Lacombe 4.10 (<0.0001) 0.50 (>0.0001) 0.78

@Using stepwise multiples regressions, independarigables for each location were left in the modgnhiicant at 0.05.
Pp-values are listed beside each estimate value.
2006 biomass data for Fort Vermilion is not inclddie the model.
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Figure 3.1. Mean wild oat seed bank density for the springfaticbf 2006 from Beaverlodge, Fort Vermilion and
Lacombe, Alberta. Data are back-transformed mealmgydransformed data. Pre-planned contrastsistedl beside
each graph and are considered significant at F040.The statistical significance of the differeletween a given
log-mean and the Short-1x-Cont treatment withirheggarter, half and full herbicide rate are dendted < 0.05,
% P <0.01.
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Figure 3.2. Mean wild oat seed bank density for the springfaticbf 2007 from Beaverlodge, Fort Vermilion and
Lacombe, Alberta. Data are back-transformed mealugdransformed data. Pre-planned contrastsistedl beside
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and Lacombe, Alberta. Data are reported as LSm&aasplanned contrasts are listed beside each gragphare
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Figure 3.5. Linear relationship between 2006 fall wild oat sbadk and 2007
wild oat emergence from Beaverlodge, Fort Vermilo Lacombe, Alberta.
Symbol ) represent log-transformed values and the lineesgmts a fitted linear
regression.
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regression.
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Chapter 4. Seasonal emer gence and survival patterns of wild oat (Avena

fatua L.) under integrated weed management systemsin central Alberta

4.1. Introduction

Wild oat (Avena fatud..) is an economically significant grass weed asro
the Canadian Prairies. The cost of managing witdrogpring wheatTriticum
aestivumL.), barley Hordeum vulgard..) and canolaBrassicanapusL.) crops
in western Canada can exceed $500 million dollanmially (Leeson et al. 2006).
Herbicides have been effectively used to elimimateinimize losses in crop
yield and quality from wild oat (O'Donovan et ab(3; Wille et al. 1998).
However, for many growers an overreliance on hebghas resulted in repeated
applications of herbicides with the same mode tibaand the selection of
herbicide resistant weed biotypes (Beckie 2007).

Resistance to common graminicides include bothmgfo(acetyl- CoA-
carboxylase (ACCase) inhibitor) and Group 2 (aeet@ite synthase (ALS)
inhibitor) modes of action. In a field survey ofrbieide resistant weeds in
Alberta, 11% and 13% of fields contained ACCasebitdr and ALS herbicide
resistant wild oat (Beckie 2004). Coupling cultureded management practices
with lessfrequent selective herbicide use provides an oppdytto minimize the
evolution and spread of herbicide resistant weBdsKie 2007). Consequently
mitigating the evolution of herbicide resistanceviid oat populations will

require integrating various cultural weed managédrpeactices with alternative
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herbicide use to ensure cropping systems remaimoeaically and
environmentally sustainable.

Robust weed management strategies can be achigvetkrating
numerous cultural management practices to pronroeampetition and
minimize weed establishment. IWM strategies wittamola cropping systems
that combine a competitive canola cultivar withreased seeding rate and early
weed removal can improve canola yields and redwesxvbiomass (Harker et al.
2003). Similarly, within a direct seeded spring wheanola rotation, a
combination of early seeding, increased crop sgedites, and spring-banded
fertilizer reduced weed biomass and weed seed hahiks maintaining high crop
yields (Blackshaw et al. 2005). Integrating agroropnactices with chemical
control measures have been successful in redudidgat biomass, seed
production and seed bank densities (Blackshaw 2088; Harker et al. 2009;
O'Donovan et al. 2008). O'Donovan et al. (2006pregul less wild oat biomass
and seed in the soil seed bank when wild oat hiedsovere applied to wheat
seeded at 150 kg fiahan at 75 kg h&

The time of weed emergence relative to crop emesgenalso important
for considering potential crop yield loss (O'Dono al. 1985). Generally, when
weeds emerge with or prior to the crop, greatep gield loss can occur (Bosnic
and Swanton 1997; O'Donovan et al. 1985; Willenlsirgl. 2005b); therefore,
early seeding (Chen et al. 2005; Clayton et al4280rkland and Johnson 2000)
and pre-emergent weed control (Johnson et al. 2802naximize weed control

and grain yield. O'Donovan et al. (1985) reporté¥@reduction in crop yield for
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each day that wild oat emerged prior to wheat oeelgaLate emerging weed
seedlings typically have a minimal impact on cragdd/(Bosnic and Swanton
1997; Swanton et al. 2008). While yield response=arly weed removal has been
consistently reported (Harker et al. 2001; Harkeal €2008; Martin et al. 2001;
O'Donovan et al. 1985; Willenborg et al. 2005ag, ithplication for weed
populations are less clear. In western Canadag trerno reports of the success
of weed cohorts that follow a herbicide applicatsord their role in replenishing
the seed bank.

Timing control measures to optimize weed contral araximize yield
requires knowledge of the time and extent weedggefeom the soil seed bank.
Dormancy, germination and emergence are three taptbiological processes
that regulate wild oat soil seed banks. Wild oadsgermination and emergence
are largely influenced by the induction and releafsgrimary and secondary
dormancy. The level of dormancy within a wild oaéd population is influenced
by a range of environmental and genetic interastiéor example, a broad range
of dormancy phenotypes ranging from nondormankteemely dormant can be
expressed within a genetically distinct wild oagd@opulation (Adkins et al.
1986). Furthermore, an extensive range of envirartaheonditions influence the
level and ability of a wild oat seed to be releaged induced from a dormant
state including ambient air temperature (SawhnelyNawylor 1980), soil moisture
(Sawhney and Naylor 1982) and photoperiod (Armsgframd Adkins 1998). A
period of after-ripening under warm, dry condition®iecessary for wild oat

seeds to overcome primary dormancy (Myers et &719Vild oat seeds that

137



experience a prolonged period of after-ripening matgr and re-enter secondary
dormancy (Hou et al. 1997). Secondary dormancyirmydan permit wild oat
seedlings to emerge intermittently, allowing soreediings to escape early in-
crop control efforts. Efforts to develop predictemergence models for wild oat
within western Canada will require additional inf@tion on factors that regulate
wild oat seedling emergence across geographiewviinich diverse cropping
systems.

Empirical emergence models have been developed tisgnmal time or
GDD, using mean accumulated daily air or soil terapees (De Corby et al.
2007; Dexter et al. 2010; Lawson et al. 2006). HAydrothermal time) models
have been successful in predicting and modelinglveegergence since they
incorporate soil water potential and soil tempa&{rorcella et al. 2000;
Martinson et al. 2007). Wild oat seedling emergdme been correlated with soll
GDD and HTT (Bullied et al. 2003; Martinson et2007). HTT models can
provide a more accurate prediction of emergenceagsiy when soil moisture

conditions are limiting (Martinson et al. 2007).

The objective of this study was to determine themrgance period of wild
oat as a function of growing degree days in cedtliadrta and to establish the
impact IWM practices have on wild oat seedling egeace and survivorship.
Additional information on the emergence period dfiwat and the capability of
wild oat seedlings to contribute to the wild oaddd®ank can improve our
understanding on the efficacy of weed control messimplemented in IWM

systems.
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4.2. Materialsand Methods

4.2.1. Site Description

Four seven-year cropping systems trials were eshadul at Agriculture
and Agri-Food Canada (AAFC) locations across wasBanada (Beaverlodge,
AB, Brandon, MB, Fort Vermilion, AB and Lacombe, ABHarker et al. 2009).
The initial study quantified the effects of comlpigicrop rotation, barley cultivar
and barley seeding rate under reduced and fullgrmosrgent wild oat herbicide
rates on barley grain yield and biomass as welNiltsoat density, biomass and
seed production.

For ease of discussion and consistency, “low manag¥ (i.e. Short-1X-
Cont) will be used to describe the short cultiiaf,barley seeding rate and
continuous barley rotation and “high managemeng. (Tall-2X-Rot) will define
the tall cultivar, 2X barley seeding rate and devieed barley rotation treatment.
In conjunction with the initial study, data werdleoted at Lacombe, Alberta
(52°27' N, 113°45" W) in 2006 and 2007 to charaotewild oat seedling
emergence and their contribution to the wild oaddeank within integrated weed
management systems. The soil at Lacombe is and®Btack Chernozem (Typic
Haplustoll) with a loam soil texture (51% sand, 38i%and 19% clay) pH of 6.6

and 7.8% organic matter.
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Plots were direct seeded with a ConservaRikseeder with 1 cm wide
knife openers and 23 cm row spacing (Table 4.10). 9ze was 3 by 15 m.
Nitrogen, phosphorous, potassium and sulfur feers were side banded at
seeding using soil test recommendations. ShortafYiand tall (AC Lacombe)
barley varieties were seeded at a 3 cm depth undermal seeding rate of 200
seeds i or a doubled rate of 400 seed$.ranola (Invigor 5020) was planted at
a recommended rate of 150 seedsana depth of 1 cm. Seeding rates were
calculated using thousand kernel weights.

An application of glyphosaté450 to 900 g ae Hawas applied in the
spring of 2006 and 2007 to control early emergingual weeds and winter
annuals. In 2006, plots with barley received eithguarter, half or full
application of fenoxaprop-p-ettiy(23, 46 or 93 g ai A8 tank mixed with
quinclorac/thifensulfuron/tribenurdif50 /15/15 g ai h3 at the three- to four-leaf

stage (Table 4.1.). Similarly, glufosinate-toleraanola received either a quarter,

! Direct-seeding equipment, Conserva Pak Air Seddedel CP 129A, Conserva
Pak Seeding Systems/Division of Vale Farms LtdD,.lBox 1420, Indian Head,
SK SO0G 2K0, Canada.

2 Glyphosate, Roundup, Roundup Transorb, or RouideatherMax, Monsanto
Canada Inc., 67 Scurfield Blvd., Winnipeg, MB R3%4, Canada.

3 Fenoxaprop-p-ethyl, Puma Super 120, Bayer Cropn8eiInc., 100, 3131-
114Ave. S.E., Calgary, AB T2Z 3X2, Canada.

* Quinclorac/thifensulfuron/tribenuron, DuPont Caaddc. 4444 72 Ave. S.E.,
Calgary, AB T2C 2C1, Canada.
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half or full application of glufosinatg125, 250 or 500 g ai Hxand a tank mix
of clethodinf (17, 34 or 67 g ai haplus adjuvaritat 0.5% v/v) at the three-leaf
stage (Table 4.1.). In 2007, barley receivedppiieation of imazamethabehz
(125, 250 or 500 g ai Hxtank mixed with florasulam/MCP2ester (5/240 g ai

ha') (Table 4.1.). Herbicides were applied at 275 kP23.5 L h&" of water.

4.2.2. Wild oat seedling emergence

Wild oat seedling emergence was measured weeklgéombe in 2006
and 2007 from May until July in three permanenttn2 quadrats, randomly
placed in each plot following seeding. Newly emergald oat seedlings were
counted and denoted with an avian leg band. Eaek walifferent color/pattern
of avian leg band was used to characterize theganee periods. Emergence
counts ceased in the beginning of July to preser@éntegrity of the plots. Wild

oat emergence counts were divided into two timegdsr (1) emergence up to

® Glufosinate, Liberty, Bayer Crop Science Inc., 18081-114Ave. S.E.,
Calgary, AB T2Z 3X2, Canada.

® Clethodim, Select, Arysta LifeScience Canada 19@8, 105-150 Crowfoot
Cres. N.W., Calgary, AB T3G 3T2, Canada.

" Adjuvant, Amigo, Bayer Crop Science Inc., 100, B34 Ave. S.E., Calgary,
AB T2Z 3X2, Canada.

% Imazamox/imazethapyr, Odyssey, BASF Canada 14& Garlingview Dr.,
Toronto, ON M9W 6N9, Canada.

® Florasulam/MCPA, Frontline, Dow AgroSciences Canal 00, 450 St.
S.W., Calgary, AB T2P 5H1, Canada.
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and including the day of post-emergent herbiciddiegtion and (2) emergence
following post-emergent herbicide application.

Avian leg bands were removed from seedlings tHatg¥ely succumbed
to the post-emergent herbicide application or thiteproduce seed prior to
harvest. Consequently, the remaining seedlings deeened successful survivors
in their ability to contribute seeds into the seadk. Similar to emergence
counts, seedling success was segmented into tveoptamods: (1) seedlings that
survived from prior to and including the day of pemergent herbicide
application and (2) seedlings that survived poshikele application (i.e.
seedlings not exposed to the herbicide application)

Precipitation (rainfall) and daily air temperatul@a for 2006 and 2007
were collected from Environment Canada using theoh@de, AB weather
station. Air temperature data collected from theiEsEmment Canada weather
station was used to calculate daily growing degiges (GDD) for 2006 and
2007. Daily GDD measurements were calculated fdanuary 1 of each year
until emergence counts ceased. Cumulative GDD wedeilated for each year
using the following equation:

GDD=}[(T maxt Tmin)/2- Toasd [1]
where, Thaxis the daily maximum air temperaturey;Tis the daily minimum air
temperature andpylsds the base temperature (0°C) for wild oat growtt a
development (Shirtliffe et al. 2000; Willenborgatt 2005b). Daily GDD values

that were negative were changed to 0.
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4.2.3. Statistical Analyses

4.2.3.1. Emergence Timing

The density of wild oat seedlings was expressetl@snulative
percentage of total wild oat emergence during weekkervations. GDD were
summed over each emergence period in 2006 andt@aGflitain an accumulated
weekly GDD total. The emergence response to GDPfittad to a log-logistic
curve using NLIN in SAS. The model fitted was:

D-C [2]
1+ exp[b(logk) - log (E50))]

y=C+

where,y is cumulative percent emergence of wild aas the cumulative GDDC
represents the lower asymptof®,— Crepresents the upper asymptote (maximum
emergence)kso is thex value (GDD) at the midpoint or inflection point thie
curve and is the slope (Burke et al. 2005; Seefeldt et 85)9The lower
asymptote of the curve was constrained at zeropasmnergence occurred at O
GDD. To test if the 2006 and 2007 curves were feralurves were analyzed
systematically for common C and D, commay &d common b using the lack-
of-fit F-test at the 0.05 level of significance €&adt et al. 1995). A coefficient of
determination (B was calculated using the residual sum of squaake as
described in Kvalseth (1985). The log-logistic rebid Equation [2] is similar to
the emergence model used to characterize volucseeda (Lawson et al. 2006),

volunteer wheat (De Corby et al. 2007) and voluntiee ( Dexter et al. 2010;

143



emergence periodicity; therefore, a similar logistig model was chosen for its

simplicity, accuracy in fitting data and biologiagplication to weed growth.

4.2.3.2. Seedling Emergence and Survivor ship

A test for normality and heterogeneity on the reald was performed
using PROC GLIMMIX (Littell et al. 2006). Data fevild oat emergence and
seedling survivorship from both prior to and postiicide application had a right
skewed distribution and heterogeneous variancesefitbre, logarithmic
transformations (log (x+1)) were performed. Data were analyzed using PROC
MIXED of SAS (Littell et al. 2006) whereby year argplicate were treated as
random effects. The significance of main effectsfaotation, seeding rate,
barley variety and herbicide rate) and their intBoms were determined for each
variable (data not shown). Discussion will focustioa pre-planned contrasts
conducted on specific treatment differences arated|to comparisons referred to
in Harker et al. (2009), whereby contrasts of fiedi@cts were corrected using

Bonferroni adjustments and considered significai<.004.

4.3. Results and Discussion

4.3.1. Emergence Timing

4.3.1.1. Weather Data

Weather conditions in Lacombe during the 2006 gngvaeason were
more consistent with the 30 year long term avecagepared to 2007 (Table
4.2.). Mean monthly temperatures during the 20@b2007 growing seasons
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were consistent with mean temperatures from 19200®. In the spring of 2007,
soils were saturated as a result of significantwamsof rainfall during May and

June.

4.3.1.2. Time of Emergence

Using a base temperature of 0°C, GDD provided plgirand effective
measurement of thermal time for wild oat emergaehaéeng the 2006 and 2007
growing season (Figure 4.1.). The emergence peitgdif wild oat was similar
between 2006 and 2007 (P=0.9938) despite highemadations of precipitation
in 2007. Early season moisture in 2007 may haveiged slightly more
favorable conditions early in May and June to redesecondary dormancy and
permit germination slightly earlier than in 2006ilt\bat seeds respond favorably
to additional moisture, whereby maximum seedlingrgance is reached when
soil moistures range between 50 to 75% field capdSharma et al. 1976).

The wild oat population reached 50% emergence agb8 509 GDD in
2006 and 2007, respectively, and 90% emergenc@baarid 749 GDD in 2006
and 2007, respectively (Table 4.3.). Extended plerif emergence may be a
function of secondary dormancy release (Benech-@drabal. 2000) and/or
favorable conditions for germination among seedosites (Boyd and Van
Acker 2004). Bullied et al. (2003) observed 50%dweiat emergence at 511 and
417 GDD (Thase0°C) in conventional and conservation tillagedgein Manitoba,
respectively; however, soil moisture was limitingridg this study. Martinson et

al. (2007) reported 50% wild oat emergence in Fakid and Crookston, MN at
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245 GDD, but since a base temperature of 1°C wed msthe GDD calculations,
data from this emergence model cannot be directhypared. Wild oat emergence
is more prolonged than weeds like volunteer caanthvolunteer wheat, which
rapidly emerge in the growing season prior to segdnnual crops. Lawson et al.
(2006) reported 50% volunteer canola emergenc@3? &DD (Thase= 5°C).
Similarly, the Eofor volunteer spring wheat was calculated 285 GDD (Thase
=0°C) (De Corby et al. 2007).

Both GDD (Bullied et al. 2003; Martinson et al. Z0@nd HTT
(Martinson et al. 2007) models have been usedacackerize wild oat
emergence; however, HTT models that use bothewmiperature and soil
moisture tend to be more accurate in successfudlgigting wild oat emergence
over GDD models (Martinson et al. 2007). DevelopngTT emergence model
of wild oat in western Canada would be benefiaalgrowers and agricultural
professionals to predict wild oat emergence anstasgth implementing weed

management practices.

4.3.2. Wild Oat Emergence

Main effects were significant in 2006 and 2007, ibtgractions were not
significant (data not shown). Wild oat emergenoenf2006 and 2007 reflects
five and six years, respectively, of cumulative IW&thniques at Lacombe,
Alberta. Emergence was divided based on the nuoftsgedlings that emerged
prior to and following post-emergent herbicide aadion. The post-emergent

herbicide applications in barley and canola duig6 occurred at 557 GDD and
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573 GDD, respectively, corresponding to 53% and Sb#aulative wild oat
emergence (Figure 4.1.). In 2007, post-emergetidide applications occurred

at 566 GDD in barley at 57% cumulative wild oat egeace.
4.3.2.1. Wild Oat Emergence Prior to Post-Emergent Herbicide

4.3.2.1.1. Lacombe 2006 and 2007

High management strategies significantly reducedatnount of wild oat
seedlings prior to herbicide application in 2006 2007 (Figure 4.2.). The
impact of tall barley cultivars (f<0020) and crop rotation (B0002) were
highly effective at the quarter herbicide rate.ndgsoptimal agronomic practices
with quarter herbicide rates in 2006 and 2007,eesyely, reduced wild oat
emergence from 800 and 819 planté imthe Short-1X-Cont treatment to 31 and
77 plants rif in the Tall-2X-Rot treatment. In 2006, with theception of the
Short-2X-Cont treatment, all remaining Cont and Red&tments were
significantly more competitive than the Short-1XfEtreatment. Using high
management strategies under the quarter herbigidealso resulted in less wild
oat emerging than using low management strategibsavhalf herbicide rate
(P<0.0007). No statistically significant differencesn detected between the low
management strategy (Short-1x-Cont) at the fulbicede rate and high
management strategy (Tall-2x-Rot) at the quartenibiele rate (P8.4889).

At half and full herbicide rates, crop rotation whae most significant
agronomic practice (P<0.0001); whereby, all treatisién the Rot treatments
were significant from the Short-1X-Cont treatmédnt2007, all treatments within
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the full herbicide rate had significantly fewer avivats emerging than from the
Short-1x-Cont. No significant difference was detelah 2006 between the Tall-
2x-Rot treatment at the half herbicide rate and3hert-1x-Cont treatment at the
full rate (P=0.8304), but in 2007, significantlys$ewild oat emergence occurred
using high management strategies with half herbicade compared to low

management strategies at full herbicide rate (F3LY

4.3.2.2. Wild Oat Emergence Following Post-Emergent Herbicide

The magnitude of wild oats emerging subsequenbst-pmergent
herbicide application was noticeably less thamilm@ber of wild oats that
emerged prior to herbicide application, as represkhy the emergence model
(Figure 4.1.). The success of high managemenegiest was reflected in the
emergence of wild oat following the applicationpaist-emergent herbicides

across all three rate structures.

4.3.2.2.1. Lacombe 2006 and 2007

Across herbicide rates in 2006 and 2007, combialhthree optimal
agronomic practices (i.e. tall barley cultivar, ineg barley seeding rate and
diverse crop rotation) were influential in reducthg amount of late emerging
wild oat seedlings (Figure 4.3.). At the quarteridicide rate, using a diverse
crop rotation (P<0.0001) had the greatest impactdocing wild oat seedling
emergence. In 2007, using a tall barley cultivaxQ(P001) also resulted in
significantly fewer wild oat seedlings. Implemenmtinigh management strategies

at the quarter herbicide rate in 2006 and 2007aedligeedling emergence from
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239 and 341 plants frat the Short-1X-Cont treatment to 33 and 41 plartst

the Tall-2X-Rot treatment, respectively. In 2006réhwas no significant
difference between the amount of wild oat seedlingbe high management
system at the quarter herbicide rate and low managesystem at the half
herbicide rate (P=0.0087). In 2007, significandyér wild oat seedlings emerged
in the high management treatment at a quarter ¢idebiate (41 plants 1) than

in the low management system at half herbicide (288 plants rif; P<0.0001).

At the half herbicide rate, crop rotation was th&aimfactor reducing wild
oat emergence (P<0.0001). All treatments within ket significantly fewer wild
oat seedlings than the Shot-1X-Cont treatment, @dgein the Cont treatment
only Tall-1X-Cont had significantly fewer. In 20060 significant difference in
the amount of emergence occurred between the haglagement treatment in the
half herbicide rate versus the low managementrireat at full herbicide rate
(P=0.6821). In 2007, using high management withlaherbicide rate (10 plants
m) resulted in significantly less wild oat seedlirigan a full rate of herbicide
with low management (53 plants3rP<0.0001).

Diverse crop rotation (F3<0010) resulted in less wild oat emergence at the
full herbicide rate in 2006 and 2007. In 2007, éardultivar (P<0.0001) also had
a significant impact on reducing wild oat seedkmgergence. In general, Rot
treatments under the full herbicide rate signifttareduced wild oat seedling
emergence compared to the Shot-1X-Cont treatment.

The impact of using optimal agronomic practicesnbance crop

competitiveness with wild oat is consistent withliearesearch (Harker et al.
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2003; O'Donovan et al. 2000; O'Donovan et al. 2@dd and Beckie 2002).
Adopting higher barley seeding rates and usinglley cultivars can reduce
wild oat competition and enhanced crop competitasnfor example, barley
yield loss can be reduced from 20 to 14% by enlmgnisarley plant stands from
150 to 250 plants thin the presence of 50 wild oat plant¥ §©'Donovan et al.
1999). Furthermore, the incorporation of a vigorbybrid canola in the rotation
can minimize wild oat competition (Zand and Beck@®?2) and provide diversity
in post-emergent herbicide application timing arebies of action (Anderson
2003). Combining these agronomic practices provédsgstem that enhances
crop health and crop competition with weeds andydethe selection for

herbicide resistance (Harker et al. 2009).

4.3.3. Wild Oat Seedling Survivorship

Main effects were significant, but interactions &ent significant in 2006
and 2007 (data not shown). The number of wildseadling survivors reflects
the number of plants that contributed to the widl ®ed bank. Survivors from
prior to the herbicide application were generadlgdlings that escaped or
survived the herbicide application. Survivors frpost herbicide application
would have not received the herbicide applicatiberefore, their reproductive
success is based on their ability to compete foueces (i.e. light, water,
nutrients) late in the growing season and the caoinysness of the crop as a

result of the treatments.
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In general, the proportion of survivorship was haginoss all herbicide
rates, averaging between 56% and 80% in 2006 adid, 28spectively. The
efficacy of herbicide rates may have been compredhis/ adverse weather
conditions immediately prior or following applicati. The extent of wild oat
seedlings surviving herbicide application in 20@peared greater than in 2006,
ranging from 54% to 93% survivorship across albi@de rates. The excessive
precipitation during May and June of 2007 (Tab2 Y¥may have resulted in less
than ideal conditions for implementing post-emetdebicide applications or

reduced late season crop competition.
4.3.3.1. Wild oat Seedling Survivorship Prior to Post-emergent Herbicide

4.3.3.1.1. Lacombe 2006 and 2007

High management strategies were effective acré$edlicide rates in
reducing the number of successful wild oat seedlthgt emerged prior to the
application of a post-emergent herbicide (Figuse)4.In 2006 and 2007, crop
rotation consistently reduced the number of wiltdseedling survivors
(P<0.0018). In 2007, barley cultivar was also (P=04)Q¥ significant wild oat
management strategy. Using Tall-2X-Rot over Sh&HEbnt management
reduced the number of wild oat seedling survivessnf590 and 680 plants o
13 and 72 plants hin 2006 and 2007, respectively. Applying high ngeraent
strategies with quarter herbicide rates was mdeztfe in reducing the number
of wild oat seedling survivors than low managenstrategies used with half

herbicide rates (F3:0040). In both years, wild oat seedling survihgrsvas not
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significantly different between high managemerqurter herbicide rate and low
management at full herbicide rates.

At the half and full herbicide rates, crop rotatiwas the only agronomic
practice that resulted in fewer wild oat seedlingarors (P<0.0001). All Rot
treatments had significantly fewer wild oat seeglisurvivors compared to the
Short-1X-Cont treatment. Within the full herbicidge treatments, all treatments
but the Short-2X-Cont had reduced the number ad wdt seedling survivors
compared to Short-1X-Cont. In 2006 and 2007, thalmer of seedlings surviving
under the full herbicide rate between low and mginagement systems was
reduced from 19 and 69 plant&o 1 and 5 plants /) respectively. In 2007,
high management systems incorporated with halfitierates (9 plants ) led
to significantly fewer wild oats survivors than lomanagement at full herbicide
rate (69 plants ifi P=0.0004). In 2006, no significant differencetie number of
wild oat seedling survivors occured between thé nigginagement system at half

herbicide rate and low management at full herbicede (P=0.3844).
4.3.3.2. Wild Oat Seedling Survivorship Following Post-Emergent Herbicide

4.3.3.2.1. Lacombe 2006 and 2007

High management treatments remained effectivedaaieag the number
of wild oat seedling survivors that emerged follog/ia post-emergent herbicide
in 2006 and 2007 (Figure 4.5.). Crop rotation (P809) was the most effective
management strategy under the quarter herbicidarr&006. Similarly, in 2007,

crop rotation (P<0.0001) and barley cultivar (P808) significantly reduced the
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number of wild oat seedling survivors under thertpréherbicide rate. In 2006
and 2007, the Tall-2X-Rot treatment had signifibafewer wild oat seedling
survivors compared to the Short-1X-Cont treatmizam 100 and 202 plants 't
to 21 and 24 plants frespectively. In 2006, there was no signifiagifference
in the number of wild oat seedling survivors wittire high management system
at quarter herbicide rate than the low managemetes at half herbicide rate
(P=0.0126) or full herbicide rate (P=0.7743). Sarlyt, in 2007, a high
management system at quarter herbicide rate didigioificantly reduce the
amount of wild oat seedling survivors compared lovamanagement system at
full herbicide rate (P=0.6055). But in 2007, thesere significantly fewer wild
oat seedling survivors in the high management systtequarter herbicide rate
than low management system at half herbicide R&€©.0001).

At the half herbicide rate, crop rotation was thestrinfluential agronomic
practice reducing wild oat survivors (P<0.0001). tAéatments under the Rot
treatment had significantly fewer wild oat survisdhan the Short-1X-Cont
treatment. No significant difference in the numbgwild oat seedling survivors
was found between the Tall-2X-Rot treatment at hatbicide rate and the Short-
1X-Cont treatment at full herbicide rate in 2006 2007.

Under the full herbicide rate, diverse crop rotatfg<0.0001) and tall
barley cultivar (P<0.0001) were the optimum manag@rstrategies reducing
wild oat seedling survivors in 2007. In 2006, mgngicant differences were
found among rotation, barley cultivar or barleydiag rate at the full herbicide

rate. All rotation treatments under full herbicidges in 2006 and 2007 were
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significantly different from the Short-1X-Cont ttezent. The number of
survivors in 2006 and 2007 at the full herbicidi nander low management
versus high management was reduced from 18 anth@6pn to 5 and 3 plants

m.

4.3.4. Management I mplications

Emergence models were developed to improve thecimgahtation of
agronomic practices and chemical control measutestiming of post-emergent
herbicides is typically bound by crop staging oedestaging for maximum weed
control and minimum crop tolerance issues. In shisly, post-emergent herbicide
applications in 2006 and 2007 occurred prior to 80i%d oat emergence.
Although many farmers typically delay post-emerggnaiminicide applications to
reduce wild oat escapes, the delay prolongs wilccompetition.

Early weed removal has been shown to consistentigce crop yield
through reductions of competitive early weeds (@'@@n et al. 1985; Stougaard
et al. 1997) or by reducing direct competition ptmweeds initiating shade
avoidance in the crop (Liu et al. 2009). In gendede emerging weeds have been
found to have little to no impact on crop yield[P@©hovan et al. 1985; Stougaard
et al. 1997) but these studies did not addressdgdling survivorship or fitness
associated with delayed emergence. In generalidiebinjured and late-
emerging weeds have reduced fithess compared|toezaerging and healthy

weeds (Clay et al. 2005; Hartzler et al. 2004).[iteseports that late emerging
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weed seedlings are not a significant contributaeted return (Bosnic and
Swanton 1997; Swanton et al. 2008), results withig study indicate otherwise.

Between 40 and 50% of the wild oat continued torgeéollowing
herbicide application and many of these weed segslket seed. The importance
of late emerging wild oat seedlings is largely umkn, with the exception of
some research from Europe demonstrating increasstlisg mortality among
later emergingivenaspp. (Chancellor & Peters 1972; Fernandez-Quitaatlal.
1986). Under high management conditions, later gmgiwild oat are relatively
few and would be influenced by a competitive ciasphough low in numbers,
they may be very important in the survival of waldt populations in the seed
bank. Under low management, late emerging wild assat high plant densities
and would compete intra-specifically and inter-sipeally. For example, under
full herbicide rates and low management, 18-30 wiltiplants i3 set seed. As
such, this cohort is likely to contribute signifitly to the cumulative increase in
seed banks, wild oat biomass and seed productpmntesl previously (Harker et
al. 2009). In addition, later emerging wild oate aot being selected by
herbicides, which may be a factor in delaying seeador herbicide resistance.

Adopting integrated weed management practicesatiegless reliant on
herbicides can create opportunities to optimize ¢trealth and delay or manage
herbicide resistant weed populations. In this stinyh management systems at
low herbicide rates led to less wild oat emergeara seedling survivorship than
low management systems at high herbicide rates.b@wng optimal cultural

practices, such as crop rotation, with low herlaaigtes can reduce the rate of
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development of target- site weed resistance (BeakieKirkland 2003). Crop
rotation significantly reduced wild oat emergenaod aeedling survivorship
across herbicides; subsequently, incoporating ctitiygecrops in a management
system can enhance weed competition and facihiatieicide rotation. Although
herbicides are an effective weed control tool, difging cropping systems and
practices can reduce herbicide use and therefersdaiection of herbicide

resistance.
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Table 4.1. Field operations and dates at Lacombe, Alberta 2066-2007.

Field Operations 2006 2007
Pre-seed herbicide application May 05 May 08
Seeding (barley, canola) May 04 May 11
Barley post-emergent herbicide application May 31 June 05
Canola post-emergent herbicide application June 01 n/a

Final seedling mortality counts Aug. 10 Aug. 30
Barley harvest Aug.16, 18*  Sept. 17
Canola harvest ** n/a

* AC Lacombe barley harvested before Vivar harve$det. 15, 2006.
** No harvest as canola swaths were damaged by.wind

Table 4.2. Monthly mean air temperature and precipitationlfacombe, Alberta,
in the 2006 and 2007 growing season and the 30narar'.

Apr May  Jun Jul Aug Sep Oct

Temperature (°C)
2006 6.7 11.3 15.3 17.6 14.7 111 2.4
2007 2.4 9.8 14.9 19.1 13.2 9.4 5.5
Thirty-year norm 4.3 10.1 13.9 154 14.7 9.8 4.5

Precipitation (mm)
2006 7.5 55.1 66.4 89 74.4 50.6 38.6
2007 515 117.9 174 48.8 69.2 46 12.2
Thirty-year norm 21 55.6 75.7 89.4 70.8 47.3 16.6

#Thirty year norm is based on year between 197 D60 Zrom the Lacombe CDA2 weather
station, Lacombe, Alberta.

157



Table 4.3. Parameter estimates (standard errors in paren)fes&snergence
periodicity response of wild oat E0°C) in Lacombe, Alberta in 2006 and
2007. Cumulative percent emergence of wild oatexgsessed as a function of
accumulated growing degree days (GDD). A non-linegHogistic model was
fitted to the data (see Materials and Methods flladescription).

Parameter estimates Emergence
Year C? Db b° E5od Egoe R®
GDD
2006 0 100.9 (0.68) -5.8 (0.14) 537 (2.44) 785 (9.31) 0.99

2007 O 101.3(1.82) -5.7 (0.42) 509 (6.37) 749 (28.62)

®Lower limit (asymptote) of the response curve.
bUpper limit (asymptote) of the responsive curve.
“Slope.

YGrowing degree days at 50% wild oat emergence.
“Growing degree days at 90% wild oat emergence.
'Growing degree days.
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Figure4.1. Cumulative wild oat emergence at Lacombe, Albertz006 @) and
2007 ©) as related to cumulative GDQ L0 °C. Lines represent a fitted log-
logistic curve. (See Table 4.3. for parameter estis). Dashed lines represents
timing of post-emergent herbicides. In 2006, pasergent herbicide were
applied to barley and canola at 557 GDD and 573 Giegpectively,
corresponding to 53% and 55% cumulative wild oa¢gance. Post-emergent
herbicide application in barley during 2007 occdra¢ 566 GDD, corresponding
to 57% cumulative wild oat emergence.
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Figure4.2. Mean wild oat plant density prior to post-emerdastbicide application in 2006 and 2007 at LaconAtteerta. Data are
back-transformed means of log-transformed datapRrened contrasts are listed beside each graphrantbnsidered significant at P
<0.004. The statistical significance of the diéiece between a given log-mean and the Short-1x4Gzatiment within each quarter,
half and full herbicide rate are denoted *’ P €%, **' P < 0.01.
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Figure 4.3. Mean wild oat plant density following post-emeargkerbicide application in 2006 and 2007 at Lacepfdberta. Data
are back-transformed means of log-transformed &a&aplanned contrasts are listed beside each graphre considered significant
at P <0.004. The statistical significance of tiieecence between a given log-mean and the Sho@dmt treatment within each
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Figure 4.4. Mean wild oat seedling survivorship prior to pestergent herbicide application in 2006 and 2007aabmbe, Alberta.
Data are back-transformed means of log-transfortia¢a. Pre-planned contrasts are listed besidegraph and are considered
significant at P <0.004. The statistical significa of the difference between a given log-meantl@d&hort-1x-Cont treatment
within each quarter, half and full herbicide rate denoted *’ P < 0.05, **' P < 0.01.
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Figure 4.5. Mean wild oat seedling survivorship following p@shergent herbicide application in 2006 and 200Q7aabmbe,
Alberta. Data are back-transformed means of logstaamed data. Pre-planned contrasts are listaddeach graph and are
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Chapter 5. Conclusions

5.1. Summary of Results

Development of integrated weed management (IWM)atjies with herbicide
applications has an important role in managing wesgllations in an economically,
ecologically and socially sustainable manner. tpocating knowledge of weed biology and
weed ecology with agronomic practices may have tenm benefits in reducing weed
emergence, weed densities, weed-crop competitieagweed inputs and weed seed bank
densities (Blackshaw et al. 2008; Buhler 2002; Nyrpt al. 2006). Despite being one of the
most well-researched weeds in western Canada j@ualiinformation on the biology and
ecology of wild oatAvena fatud..) is still required to optimize management effoAs new
technologies and cropping practices are introdumgdwestern Canada, the impact that they
have on wild oat populations requires further eatain. The research presented in this thesis has
provided additional information regarding the egyl@and agronomy of wild oat and will
contribute to improvements and new developmenitstegrated weed management systems for

wild oat.

Several agronomic practices have been integrédamaduction of weed populations and
enhancement of grain yield; as a result, combipnagtices provides synergy to enhance the
long term management benefits (Anderson 2003).y8tgdhe wild oat seed bank provided an
excellent indicator of the success of cumulatifeas$ integrated weed management strategies

have on wild oat populations (reviewed in ChapjeiR&sults from this research indicate:

* The use of diverse crop rotation (Barley-Can@eaésica napus.)-Barley-PeasKisum

sativumL.) vs Continuous Barley), competitive barley oudts (Tall vs Short) and
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higher barleylordeum vulgard..) seeding rates (2X vs 1X) in combination with
herbicides provided an effective strategy to redtheewild oat seed bank, especially

under quarter herbicide rates (Figure 3.1. andrEi§L2.).

* The cumulative effects of using high managemeategiies (diverse crop rotation, tall
barley cultivar and double barley seeding rate) reflected in the wild oat seed bank

after six and seven years of treatments.

* The rank of each practice on its influence to redseed bank densities: herbicides > crop
rotation > barley cultivar > barley seeding.
* In some cases, using high management strategibdomier herbicide rates resulted in

smaller wild oat seed banks than low managemestiegfies with full herbicide rates.

The implementation of IWM strategies in western &mvaries greatly by farm and agro-
ecological region. Growers may find economic liidas to adopting a combination of cultural
weed practices, with decreased profits associatdgnowing a diversity of crops and increased
costs associated with using increased seedingaatesompetitive crop cultivars, despite off-
setting costs resulting from reduced herbicidestai®M systems that include wider crop
diversity, such as a winter cereal or perenniader may confer additional reductions in wild
oat populations and yield benefits compared to ahoropping systems. In addition, adopting
integrated weed management systems that divergipping systems with competitive crops
create an opportunity to diversify herbicide raiat as well as potentially reduce the use of

herbicides, thereby reducing the selection of loatbiresistance.

168



Despite the majority of seeds removed from the daedt through germination, additional
losses can occur from predation, microbial decgygaor exposure to abiotic stresses such as
extremes in temperature or freeze/thaw cycles §adtlet al. 2004). Determining the role
agronomic practices have on enhancing wild oat seathlity was determined in spring and fall

seed banks (reviewed in Chapter 3). Results frasrésearch indicate:

» Combining optimal agronomic practices (diverse aation, tall barley cultivar and
double barley seeding rate) did not significantiaiege seed mortality compared to less
optimal agronomic practices (continuous barleytrota short barley cultivar and normal
barley seeding rate) (Figure 3.3. and Figure 3.4.).

* The rate of seed mortality averaged across alirtresats in spring and fall 2006 was 83
and 84%, respectively, and 56 and 76%, respectiuelhe spring and fall 2007.

* The amount of seed lost between fall 2006 and g@@07 seed bank ranged from 0 to

65%, with greater seed losses occuring under texaswith larger wild oat seed banks.

In western Canada the factors that influence tbpation of weed seeds lost from the seed
bank and the factors that increase seed mortabtyat well understood. The role of seed
predation by vertebrates and invertebrates reqturéser research. There are no studies that
have identified species or feeding preferencegedl predators or the cropping practices that

may favour predation on the Canadian Prairies.

Knowledge of factors that affect seed banks andlsgeemergence can improve the
development and implementation of IWM practicesufily 2003). Using wild oat seed banks to
predict wild oat emergence can provide necessaty for growers to estimate the magnitude of

a wild oat population. In this research:
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* A strong relationship occurred between the fall®@@d oat seed bank and spring 2007
wild oat emergence @R0.76; Figure 3.5.) as well as between the spri@y2vild oat
seed bank and spring 2007 wild oat emergen&eQR8; Figure 3.6.).

* Biomass and emergence are the best predictordeéguent wild oat seed banks (Table
3.4)

* Wild oat emergence best predicted wild oat see#daompared to seed production and

biomass across Beaverlodge, Fort Vermilion and irdi Alberta (Table 3.5.).

The geographic diversity in wild oat populationdigates that additional information on seed
banks, seed production, emergence and biomasgusad to fully evaluate these relationships.
Further examination will be needed to examine heedsgproduction, seed bank densities and

biomass predict seedling recruitment or to improo® seedling recruitment is characterized.

A fundamental principle behind IWM is the precisrihg and application of cultural,
mechanical, chemical or biological control meastoesnsure timely weed control measures that
promote crop competition and yield (Norris et &02). Consequently, developing weed
emergence models can improve the implementatidthese control measures. The emergence
potential and timing was characterized for wild imaltacombe, Alberta within IWM systems
using thermal time (GDD) with a base temperatur@°af (reviewed in Chapter 4). This research

found:

* The wild oat population in Lacombe reached 50% gerre at 537 and 509 GDD in
2006 and 2007, respectively (Table 4.3. and Figute.
» Between 40 and 50% of wild oat seedlings emergkolWng herbicide application,

contributing seed to the wild oat seed bank.
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Unlike wild oat, volunteer crops such as voluntebeat (De Corby et al. 2007) and
volunteer canola (Lawson et al. 2006) are earlyrgmg weed species that can be easily
managed with pre- or post-seed herbicide applioatimcorporating information on soil
moisture and soil temperature would help increbseatcuracy in predicting wild oat emergence
(Martinson et al. 2007). A comprehensive hydrothedrtime (HTT) emergence model using a
consistent base temperature for wild oat has next beveloped in western Canada. Delineation
of genotypic variance in wild oat populations woaldo be required to ensure the model can be
generally applied. Developing a model practicalgmwers and agricultural professionals to
predict wild oat emergence for weed managementipescwould be an integral component to

accompany field scouting and integrated weed managepractices.

Similar to the seed bank study, wild oat seedlimgeence was evaluated over the
growing season in Lacombe, Alberta to identifyithpact optimal cultural practices have on
early and late emerging wild oats and the implaraithose practices have on seedling

survivorship (reviewed in Chapter 4).

* Ranking each practice on its influence to redueellésy seedling emergence and
survivorship: herbicides > crop rotation > barteNtivar > barley seeding rate;
although, crop rotation was the most consistergragnic practice to have a significant
effect across all herbicide rates.

» Combining optimal agronomic practices (diverse aation, tall barley cultivar and
double barley seeding rate), especially under guégrbicide rates, reduced the amount
of wild oat seedling emergence and seedling surship, both prior to and after the

post-emergent herbicide (Figure 4.2, Figure 4.¢ure 4.4. and Figure 4.5.).
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» Using high management strategies with lower hedbicates frequently resulted in less
seedling emergence and survivorship than low managestrategies at full herbicide
rates.

» Later emerging wild oats found within high managatreystems are low in densities, but
may play an important role in maintaining wild @aipulations through additions to the
seed bank.

» Later emerging wild oats found within low managetr®rstems are high in densities and

contribute to the cumulative increases in wild papulations.

The premise that late emerging weeds are not dasitad source of seed returns needs to be
further studied. Unselected cohorts are likelyealibuted and slow the selection for herbicide
resistance. Further examination of the fecundity @ability differences between cohorts in a
wild oat population will improve our understandioigthe evolution and spread of herbicide

resistance.

Demonstrations of the cumulative effects of IWMqtiees are critical to their adoption. A
growing group of progressive growers in westernddianare combining various agronomic
practices to improve yield potential and profitdpjland are seeing the additional benefits of
enhanced weed management. In spite of the compiogly behind wild oat, knowledge on the
relationships between wild oat populations and weadagement practices will be a function of

collaboration between the research community, agrosts and local farmers.
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Figure A.1.1. Mean monthly air temperature (A, C, E) and preatmn (B, D, F) from 2005 to

2007 at Beaverlodge, Fort Vermilion and Lacombéyehtia, respectively.
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