
Emergence timing and persistence of volunteer wheat
(Triticum aestivum L.) as affected by

cultivar and tillage

By

Kristi Anne De Corby

A thesis
submitted to the Faculty of Graduate Studies

in partial fulfillment of the requirements
for the degree of

MASTER OF SCIENCE

Department of Plant Science
University of Manitoba

'Winnipeg, Manitoba

O Copyright by Kristi Anne De Corby 2005



l*I Library and
Archives Canada

Published Heritage
Branch

395 Wellinoton Street
ottawa oNrKlA 0N4
Canada

Bibliothèque et
Archíves Canada

Direction du
Patrimoine de l'édition

395, rue Wellinqton
Ottawa ON KlA-0N4
Canada

NOTICE:
The author has granted a non-
exclus¡ve license alloWing Library
and Archives Canada to reproduce,
publísh, archive, preserye, conserve,
communicate to the public by
telecommunication or on the lnternet
loan, distribute and sell theses
worldw¡de, for commercial or non-
commercial purposes, in microform,
paper, electronic and/or any other
formats.

The author retains copyright
ownership and moral rights in
this thesis. Neither the thesis
nor substantial extracts from it
may be printed or otherwise
reproduced without the author's
permission.

0-494-08842_7

AVIS:
L'auteur a accordé une licence non exclus¡ve
permettant à la Bibliothèque et Archives
Canada de reproduire, pubtier, arch¡ver,
sauvegarder, conserver, transmettre au public
par télécommunication ou par I'lnternet, prêter,
distribuer et vendre des thèses partout dans
le monde, à des fins commerciales ou autres,
sur support microforme, papier, électronique
elou autres formats.

Your file Votre éférence
/sB^t
Our file Notre rèrérence
/SB/Vi

ln compliance with the Canadian
Privacy Act some supportíng
forms may have been removed
from this thesis.

While these forms may be íncluded
in the document page count,
their removal does not represent
any loss of content from the
thesis.

T*T

L'auteur conserve la propriété du droit d'auteur
et des droits moraux qui protège cette thèse.
Ni la thèse ni des extraits substantiels de
celle-ci ne doivent être imprimés ou autrement
reproduits sans son autorisation.

Canada

Conformément à fa loi canadienne
sur la protection de la vÍe privée,
quelques fofmulaires secondaíres
ont été enlevés de cette thèse.

Bien que ces formulaires
aient inclus dans la pagination,
il n'y aura aucun contenu manquant.



Emergence Timing and Persistence of Volunteer Wheat (Triticum øestivum L.) as

Affected by Cultivar and Tillage

BY

TIIE UNTVERSITY OF MANITOBA

F'ACULTY OF' GRADUATE STUDIES
+++.L+

COPI'RIGHT PERMISSION PAGE

A Thesis/Practicum submitted to the Faculty of Graduate Studies of The flniversity

of Manitoba in partial fulfillment of the requirements of the degree

of

MASTER OF'SCMNCE

KRISTI ANNE DE CORBY O2OO5

Kristi Anne De Corby

Permission has been granted to the Library of The University of Manitoba to lend or sell copies
of this thesis/practicum, to the National Library of Canada to microfilm this thesis and to lend
or sell copies of the film, and to University Microfitm Inc. to publish an abstract of this
thesis/practicum.

The author reserves other publication rights, and neither this thesis/practicum nor extensive
extracts from it may be printed or otherwise reproduced without the author's written
permission.



THE LTNIVERSITY OF MANITOBA

FACULTY OF GRADUATE STUDIES
*{<rF**

MASTER'S THESIS/PRACTICUM FINAL REPORT

The undersigned certiff that they have read the Master's Thesis/Practicum entitled:

Emergence Timing and Persistence of Volunteer Wheat (Triticum øestivumL.)

as Affected by Cultivar and Tillage

submitted by

KRISTI DE CORBY

The Thesis/Practicum Examining Committee certifies that the thesis/practicum (and oral
examination if required) is:

in partial fulfillment of the requirements for the degree of

MASTER OF SCIENCE

E th"ri,

I Practicum

Approved
(Approved or Not Approved)

Advisor:

Date: August 22,2005

R.C. Van Acker, Plant Science

Advisory Committee:

A.L. Brû1é-Babel, Plant Science

M. Tenuta, Soil Science

S. Fox, Plant Science



I would like to acknowledge the following people and organizations whose contributions
aided in the completion of the project and the preparation of this thesis:

Dr. Rene Van Acker, who is an exemplary supervisor and mentor.

Dr. Anita Brûlé-Babel, for the wealth of advice she provided.

Dr. Stephen Fox, and Dr. Mario Tenuta for their advice, and for graciously agreeing to
review this thesis.

ACKNOWLEDGEMENTS

Lyle Friesen, who provided assistance with the statistical analysis as well as much
appreciated support and encouragement.

Rufus Oree and Andrea Bartlinski for their assistance and technical support.

The summer students who assisted with data collection.

My fellow grad students, who shared their knowledge and time generously.

NSERC and CFIA for providing funding for this project.

Dave and our families (mom, Kara, Marian, Garry, and Kim), who always supported me.
Thank you to rny friends, who let me complain as necessary. Special thanks to Rebecca
and Candice, who gave me a place to come home to.



TABLE OF CONTENTS

2.0 LITERATURE REVIE\ / ......................3
2.1 Introduction: Weed Persistence and Seedbank Longevity. ..................... 3

2.1.1 Dormancy.......... .......3
2.l.2Dormancy and the Soil Seedbank.. ..............4
2.1.3 Exiting the Seedbank........... ......8
2.l.4Bmergence and Emergence Period .............. 9

2.2 The Effects of Management Practices on Emergence and Emergence Periodicity 1 1

2.2.I Crop Rotation.... ..... 11

2.2.2 Tlllage ............... ..... 12
2.3 Volunteer Crops ............ 18

2.3.IHerbicide-tolerant volunteer crops ........ ...................... 18
2.3.2 Glyphosate Tolerant Volunteers and Direct Seeding..... ................20

2.4 Canola as a Volunteer............ .........27
2.5 Wheat as a Volunteer............ ..........23

2.5.2Entry of Wheat Seeds into the Seedbank.. ...................27
2.5.3 Dormancy and Persistence in Wheat .........28

2.6 Summary................ .......33

3.0 MATERIALS AND METHODS ........39
3.1 Experimental Design .....39
3.2 Measurements ...............42

3.2.1 Soil Temperature.............. ........ 42
3.2.2 Soil Moisture... ....... 43
3.2.5 Survival After Control Measures ...............44
3.2.6Wheat Seed Fate in Soil....... ......................45
3.2.7 Seed Persistence .....47

3.3 Statistical 4na1yses................ ......... 47
3.3.1 Germination Tests......... ...........47
3.3.2 Emergence Timing...... .............47

4.0 RESULTS AND DISCUSSION............ ................s3
4.1 Volunteer Wheat Emergence Timing ............... 53
4.2 Volunteer Wheat Emergence Levels ................ 61



4.3 Survival After Control Measures ....69
4.4 Volunteer'Wheat Seed Fate in Soil....... ............72
4.5 Seed Persistence ............76

5.0 GENERAL DISCUSSION ..................79
5.i Emergence Timing ........79
5.2 Persistence............ .........82
5.3 Recommendations for Future Studies...... ......... 86
5.4 Summary...-.......... ........87

6.0 LITERATTIRE CITED ......90

111



Table

2.L Dates for f,reld operations.

4.I Thermal time (GDD- growing degree days- Tbase 0'C) required to achieve 53
25o/o (E2s),50% (850), and 80% (E3e) emergence of volunteer wheat at
Winnipeg 03, Carman 03, Winnipeg}4 and Carman 04. See materials and
methods for details.

4.2 F test results comparing parameter estimates of volunteer wheat emergence 60
period models for years Winnipeg 03, Carman 03, Winnipeg04, Carman 04.
See materials and methods for models (standard errors in parentheses).

4.3 Total monthly precipitation (mm) and the 3}-year normal total monthly 60
precipitation for Winnipeg and Carman, Manitoba.

4.4 Mean germination percentage (%) recorded for seed produced in 2002 and 62
2003 at a coÍlmon nursery at Brandon, Manitoba, Canada (standard effors
in parentheses).

4.5 Mean emergence of volunteer wheat, reported as a percentage (%) of wheat 64
seed broadcast in the fallu for eight spring wheat cultivars in2003 and2004
at Winnipeg and Carman, Manitoba, Canada (standard errors in
parentheses). Data pooled over tillage treatments.

4.6 Mean number of volunteer wheat plants (plants m-2)othat survived herbicicle 69
control measures (see materials and methods for details) V/innipeg and
Carman, Manitoba, Canada in2004 (standard effors in parentheses).

4.7 Mean number of spikes (spikes m-2) produced at Winnipeg and 70
Catman, Manitoba, Canada in2004 from wheat plants surviving herbicide
control measures (standard errors in parentheses).

4.8 Mean germination percent (%) for wheat seed collected in the fall of 2004 70
from wheat plants surviving herbicidal control measures, at Winnipeg and
Carman, Manitoba, Canada (standard errors in parentheses).

4.9 Mean number of volunteer wheat seeds (m-2) recovered frorn plots at two 72
sampling dates at Winnipeg and Carman, Manitoba in2004 (standard
errors in parentheses).

LIST OF TABLES

Page

42

iv



4.10 Classification of wheat seed recovered in the spring of 2004 from fall 74
tillage (no spring tillage) plots where seed had been spread and tilled into
the soil in the fall of 2003. Results reported as mean percentage (%) of
total recovered seed m-2 (standard emors in parentheses).

7.2 Monthly mean temperature (C) and the 3O-year norm for Winnipeg and 102
Carman, Manitoba.

7.3.T Analysis of variance of 1og10 transformed volunteer wheat I02.
emergence timing data as affected by year, site, tillage, and cultivar.

7.3.2 Analysis of variance of 1og10 transformed volunteer wheat 103

emergence timing data as affected by year, site, tillage, and cultivar.

7.4 Analysis of variance of proportional emergence levels
of volunteer wheat data as affected by year, site, tillage, cultivar and
replicate.

7 .5 Analysis of variance of germination percentage (%) recorded for seed 105

produced in2002 and 2003 at a common nursery in Brandon, Manitoba,
Canada, as affected by the year the seed was produced, run (timing of
germination tests relative to storage), temperature at which the
germination test was conducted, cultivar (genotype), and replicate.

7.7 Appendix Partial F-tests for wheat emergence (percentage emergence) 107

by site-year (pooled over tillage and cultivar).

t04



Figure

3.1 Cumulative emergence of volunteerwheat at four-site years in
Manitoba. Markers represent data points. Lines represent models. See
materials and methods for models and Table 3.1 for parameter estimates.

7.I.1 Average volumetric soil moisture within tillage treatments at two depths:
fall tillage (FT), 0-3 cm depth; fall tillage (FT), 3-6 cm depth, fall and
spring tillage (FST), 0-3 cm depth, fall and spring tillage (FST), 3-6 cm
depth, at V/innipe g 2003.

7.1.2 Average volumetric soil moisture within tillage treatments at two depths:
fall tillage (FT), 0-3 cm depth; fall tillage (FT), 3-6 cm depth, fall and
spring tillage (FST), 0-3 cm depth, fall and spring tillage (FST), 3-6 cm
depth, atCarman2003.

7.L3 Average volumetric soil moisture within tillage treatments at two depths:
fall tillage (FT), 0-3 cm depth; fall tillage (FT), 3-6 cm depth, fall and
spring tillage (FST), 0-3 cm depth, fall and spring tillage (FST), 3-6 cm
depth, at Winnipeg.

7.1.4 Average volumetric soil moisture within tillage treatments at two depths:
fall tillage (FT), 0-3 cm depth; fall tillage (FT), 3-6 cm depth, fall and
spring tillage (FST), 0-3 cm depth, fall and spring tillage (FST), 3-6 cm
depth, at Carman 20Q4.

7.6.1 Average daily soil temperature ('C) within tillage treatments at two depths:
fall tillage (FT), 1.5 cm depth (,- -); fall tillage (FT), 4.5 cm depth ( _ ),
fall and spring tillage (FST), 1.5 cm depth (-----), fall and spring tillage
(FST), 4.5 cm depth ( _ ), at Winnipeg2}}3.

7.6.2 Average daily soil temperature ('C) within tillage treatments at two depths:
fall tillage (FT), i.5 cm depth (-----); fall tillage (FT), 4.5 cm depth ( - ),
fall and spring tillage (FST), 1.5 cm depth (-----), fall and spring tillage
(FST),4.5 cm depth ( _ ), at Carman 2003.

7.6.3 Average daily soil temperature ("C) within tillage treatments at two depths:
fall tillage (FT), i.5 cm depth ( ---); fall tillage (FT),4.5 cm depth ( ),
fall and spring tillage (FST), 1.5 cm depth (-----), fall and spring tillage
(FST), 4.5 cm depth ( _ ), at Winnipeg2}}4.

7.6.4 Average daily soil temperature ('C) within tillage treatments at two depths:
fall tillage (FT), i.5 cm depth ( -- "); fall tillage (FT), 4.5 cm depth ( ),

LIST OF FIGURES

Page

59

100

i00

101

101

10s

106

106

t07

VI



fall and spring tillage (FST), 1.5 cm depth (-----), fall and spring tillage
(FST), 4.5 cm depth ( _ ), at Carman 2004.

vil



De Corby, Kristi Anne. M. Sc., The University of Manitoba, July, 2005. Emergence
timing and persistence of volunteer wheat (Triticwn aestivum L.) as affected by
cultivar and tillage. Major Professor: Rene Van Acker.

The introduction of herbicide toleiance into crops has led to the development of

herbicide-tolerant volunteers which can be difficult to control and further limit effective

control methods available to the producer. The proposed registration of glyphosate-

tolerant wheat in North America, since withdrawn, highlighted the knowledge gaps

relative to the nature of wheat as a volunteer. The emergence timing of volunteer spring

wheat has not been documented, yet emergence timing can affect both eff,rcacy and the

synchrony of flowering and gene flow between volunteer and cropped wheat. In

addition, in western Canada, volunteer wheat has been shown empirically, to persist for

several years, but the mechanisms for this persistence are unknown.

ABSTRACT

The objectives of this study were to charactenze the emergence timing and

persistence of eight lines of Canadian Western Red Spring (CWRS) wheat spread as

volunteers in a field setting and to determine whether genotype or tillage influence

emergence timing and persistence. The CWRS lines in this study included: AC Barrie,

AC Domain, AC Intrepid, AC Majestic, CDC Teal, Katepwa, McKenzie, and Superb.

For this study, 500 seeds m-2 of each cultivar were spread by hand onto the soil

surface and tilled under in the fall. In the spring, half of these plots were be subjected to

spring tillage, while the other half were left untilled. Results from the two-year study

indicated that wheat is a relatively early emerging weed with limited persistence. ln the

eastern Canadian prairies (where this study was conducted) the majority of volunteer

wheat seedlings emerged prior to crop seeding. There was no significant effect of tillage,
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cultivar or site on emergence timing, but there was a signihcant year effect which was

attributed to differences in soil moisture between years.

Proportional volunteer wheat emergence levels were higher at the Carman site

than the V/innipeg site in both years of the study. There v/as no consistent effect of

genotypq (cultivar) on proportional emergence levels. The significant effect of site and

year on proportional volunteer wheat emergence levels was attributed to differences in

soil moisture levels between sites and years in both the spring and fall, and the effect of

soil moisture levels on the rates of seed germination and seed decomposition.

Following the spring emergence period soil cores were taken to examine the fate

of volunteer wheat seed remaining in the seedbank. Only a very small proportion of

viable volunteer wheat seed was found. Evidence was found of decomposed seeds and

seeds which germinated but did not emerge.

The results of this study suggest that in the eastern Canadian prairie, where fall

and spring rainfall are reliable and soil moisture levels are relatively high, volunteer

wheat emerges early and does not form a very persistent seedbank.
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Wheat (Triîicum aestivumL.), amember of the Graminaceae family, is one of the

world's most widely grown and consumed cereal crops. In2004, world production of

wheat was 624 million metric ton-nes and trailed only that of maize (FAOSTAT 2005).

Historical records indicate that hexaploid wheat appeared around 9500 BP in what is now

Turkey and Iran (Feldman 2001),likely as the result of hybridization between diploid

cultivated Triticum tauchii and a hexaploid cultivated wheat such as Triticum dicoccon or

Triticum parvicoccum (Feldman200I). Since its initial domestication, wheat has been

exported and grown throughout the world. Cultivars have been selected and bred for

their suitability to the agroecological conditions in particular wheat growing areas.

In Canada, most wheat is grown in the west-central prairie or great plains where

the growing season is short and summers are hot and dry (De Pauw and Hunt 200i).

Nearly all of the wheat grown in Canada is spring wheat (De Pauw and Hunt 2001).

Although Canada produces only approximately 5% (De Pauw and Hunt 2001) of the

world's wheat, 80% of Canadian production is generally exported. Therefore Canadian

exports account for 20o/o of the international wheat trade (DePauw and Hunt 2001). In

2004, Canada's production totaled over 24 million tonnes (FAOSTAT 2005).

1.0 GENERAL INTRODUCTION

Wheat grown on the Canadian prairies accounts for the majority of spring and

durum wheat grown in Canada. This wheat is sold through the Canadian Wheat Board, a

single-desk marketer and price-pooling organization that is responsible for the sale and

shipping of wheat and barley from western Canada. Canadian grain is recognized for the

quality standards upheld by the'Wheat Board. The Canadian Wheat Board faces new

challenges with respect to segregation, as progÍess is made towards the registration of



cultivars that do not fit the current wheat class system. Since complete and perfect

segregation of varieties is recognized as an unlikely, if not impossible, task, groundwork

is being laid to determine the impact of the integration of genetically modified wheat in

both the existing agroecological system, as well as the current economic system. This

text will focus on the former, seeking to build, from the existing literature, a base of

knowledge beginning with a general discussion of the biology and ecology of weed seeds

within the seedbank, proceeding to a more specific discussion of volunteer crops, with a

particular look at volunteer canola (Brassica napus L.), followed by a discussion of the

biology and ecology of volunteer wheat in the soil seedbank.



2.0 LITERATURE REVIEW

2.1 Introduction: Weed Persistence and Seedbank Longevity

2.1.1 Dormancy

Prolific seed production is one of the key factors in the establishment of weed

populations. Once these seeds are shed they may enter the soil seedbank if they are

physiologically mature. Thompson et al. (1993) emphasize the importance of seed or

diaspore size in terms of entry and persistence in the soil seedbank. Smaller seeds are

more likely to enter into a persistent existence in the soil seedbank based on the ease of

burial via such means as penetration of cracks in the soil, being carried into the soil by

rain, or ingestion by earthworms (Thompson et al.1993). Germination requirements,

resistance to pathogens, and dormancy mechanisms also affect the longevity of seeds

(Thompson ef al. 1993).

To have any more that a transient life in the soil seedbank, seeds must remain or

become dotmant. Seeds are considered dormant when they remain ungerminated,

despite environmental conditions suitable for the growth of the seedling (Taylorson

1987). Seed dormancy is classified as primary, or innate, when seeds exhibit dormancy

prior to or immediately following their release from the rnother plant (Taylorson 1987).

Brenchley and V/arington (1933) described this condition as "natural dormancy" and

described the phenomenon in poppy (Papaver rhoeas L.). Poppies continuously

germinated from soil samples thoroughly mixed eight times per year over a period of six

years. If a seed does not possess this first type of dormancy, or if primary dormancy has

been broken, secondaty dormancy may be imposed. Secondary dormancy, also known as

induced dormancy, is a dormant state that may arise with the onset of conditions



unfavourable for germination (Taylorson 1987). Although the imposition of dormancy

differs between primary and secondary dormancy, but it is not known if the physiological

bases for these two types of dorrnancy are similar or completely unrelated (Egley i986).

Once secondary dormancy is induced, seeds may not germinate even once favourable

conditions prevail, as specific stimuli are required to break the dorma¡rcy so gennination

may occur (Taylorson 1981). Although temperature is important in breaking dormancy

(Leblanc et al. 1998; Vleeshouwers et al.1995; Egley 1986), comparison of the

germination characteristics of 403 species demonstrated that dormancy-breaking stimuli

are species-specific. Thus, one species that demonstrated low germinability prior to a

dormancy-breaking treatment may display a substantial increase in germinability

following the treatment, whereas another species would show no increase in

germinability in response to the same treatment (Grime et al. 1981).

According to Buhler et al. (1997), most weed seeds possess at least one type of

dormancy. Those seeds with no dormancy will have only a transient life in the seedbank

as they will germinate soon after being shed. In climates where a cold or dry period

intervenes between growing seasons, seeds must remain dormant to prevent germination

just prior to the onset of unfavourable conditions. Persistence in the soil seedbank

through dormancy allows seeds to remain viable from one growing season to another by

escaping these intervening periods of unfavourable conditions.

2.1.2 Dormancy and the Soil Seedbank

Germination is defined by Egley (1986) as "the resumption of embryo growth that

results in protrusion of the embryo (usually the radicle) thu'ough coverings surrounding

the embryo. Taylorson (1987) refers to germination as "an all or nothing event" as any
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one particitlar seed does or does not germinate in a particular environment; however,

differences in relative dormancy may be examined by observing the germination of

samples of multiple seeds. A sample of seeds with the highest proportion of germinated

seeds is relatively less dormant, or may be said to exhibit less intense dormancy

(Taylorson L987). In addition to differences in relative dormancy between species,

differences in relative dormancy are also observed amongst populations of seed of the

same species (Taylorson 1987). Differences may be observed between samples of

material with a high degree of genetic homogeneity, because the environmental

conditions to which the seed is exposed can vary (Taylorson 1987; Strand I989a,1989b,

i991). While the conditions that prevail during the maturation of the seed are influential,

the relative dormancy present in seeds continues to be affected by environmental factors

once the seed is shed from the plant (Taylorson 1987; Strand 1989a, 1989b, i99i).

Those seeds which remain or become dormant are unaffected by direct control measures

(Taylorson 1987) and in become the soil seedbank. The seedbank that originates from

the field's native weeds is augmented by seeds which are transported to the field by farm

equipment, contaminated crop seed, animals, wind, and livestock manure (Buhler et al.

1997). Although these are generally accepted to be less important seed sources than the

weeds present in a field, they may introduce new weeds which become established in

both the weed population and the soil seedbank (Buhler et al. 1997).

According to Bàrberi and Lo Cascio (2001), the seedbank acts as a "biodiversity

reservoir" and is the rnain source of infestations (Grundy and Bond 1998). The

importance of the seedbank has long been recognized, as is evidenced by the old proverb

"one year's seeding is seven years weeding." Taylorson (1987) suggested that the most



successful management of the seedbank would either induce dormancy permanently or

stimulate a mass germination which would then allow emerged seedlings to be destroyed

with one control event. The complete eradication of the weed seedbank is theoretically

possible if optimal management techniques are combined with a complete inhibition of

_ seed production (Buhler et al. 1997). However, this theoretical approach underestimates

the difficulties involved in completely eliminating seed retum, which would likely be

uneconomical, if not completely impossible, on a commercial field scale, and belies the

true complexity of managing the soil seedbank (Buhler et al. 1997). Dyer (i995)

believed that a "magic bullet" solution is unlikely in view of the dynamics of the

seedbank and its interactions with the environment. Buhler et al. (1997) suggested that it

is more realistic to accept the seedbank as an integral component of the agricultural

system and attempt to better understand seedbank biology, ecology, and effect of

management practices on the seedbank. Producers can employ practices which minimize

the infestations of weeds originating from the seedbank. Understanding how to interpret

the seedbank also has the potential to lead to better control of emerged weeds, as the

composition of the seedbank may be quite predictive of the density of weed populations

(Buhler et al. 1997).

A great deal of work remains to be done to improve the management of

seedbanks. To understand the seedbank, knowledge is required of seed biology and

ecology of all the seeds in the seedbank, and then how soil, climate, and management

factors relate to the functioning of each seed. In addition to the complications resulting

from the number of factors at work, seedbank studies are complicated by intensive labour

requirements (Thompson et al. i993; du Croix Sissons 1999) and difficulties involved in

6



sampling (Benoit ef al.1992; Cardina and Sparrow 1996; Forcella 1992; Ãmbrosio et al.

1991). Ambrosio et al. (L997) identif,red setting the size of the sample to achieve

maximum precision as one of the greatest difficulties. According to Ambrosio et al.

(1997), the sampie size must be "extremely large" to achieve an acceptable degree of

accuracy in a field study. They estimated that atotal of 1296 sampling units of a

diameter of 4.6 cm and a depth of 25 cm were needed to accurately determine the

seedbank content of an area less than 0.6 ha in size. However, researchers recognize the

value of the knowledge gained, and continue to undertake the work despite these

difficulties.

Although sampling methods may be controversial, the value of studying the soil

seedbank remains largely undisputed. Böstrom and Fogelfors (2002) indicated that

seedbank dynamics are a critical factor that must be considered when weed control is

absent or reduced. Bàrberi and Lo Cascio (2001) pointed to the fact that long-term

seedbank studies provide additional information about weed dynamics and potential long-

term population dynamics projections that add to the knowledge provided by short-term

studies of the above-ground weed flora. According to Tørresen and Skuterud (2002), the

relationship between the weed seedbanks and the above-ground weed population is

unclear and varies between species. Tørresen and Skuterud (2002) pointed to the

perennial species giant cane (Arundinaria gigantea Roth) and quackgrass (Elymus reperus

(L.) Gould), as evidence of the ambiguity in the relationship between seedbank and

above-ground weed populations. Although these were the dominant species among the

above-ground weeds in the reduced-tillage plots of their study, no viable seeds of either

species were dominant in the seedbank. Zhang et al. (1998) indicated that the



relationship between the weed seedbank and the above-ground weed flora may be

somewhat predictive in terms of annual weeds, since each year these originate mainly

from the soil seedbank. Buhler et al. (1997) note that the most serious threat with respect

to both crop yield losses and control costs is due to the less persistent portion of the

seedbank, and relates to short-term seedbank dynamics. Although dormancy may be a

factor in persistence, weed seeds do not necessarily require a high degree of dormancy to

be persistent.

2.1.3 Exiting the Seedbank

Seeds exit the seedbank through germination, decay, predation, and physical

movement due to water movement through a f,reld and transport by field equipment

(Buhler et al.1997; Egley 1986). The proportion of seeds lost through decomposition is

not well quantified (Greenfield 2000) and will vary for seed species and seed size.

According to Thompson et al. (1993) the resistance to pathogens possessed by a seed will

influence its longevity within the soil seedbank. Losses to predation have been shown to

be significant, especially when seeds are left on the soil surface (Brust and House 1988,

Reader 1991, both in Buhler et al.1997). In soybean,42o/o more weed seed was lost

through predation when conservation tillage was practiced rather than conventional

tillage (Brust and House 1988). Holmes and Froud-Williams (2001) suggest that post-

dispersal seed predators may influence the structure of the plant community by

selectively feeding on preferred seeds, shifting the plant community in favour of the less

palatable species. A study of seed predation by a population of captive chaffinches

(Fringilla coelebs L.) demonstrated that seed preference was inversely correlated to seed

weight (Holmes and Froud-Williams 2001). Despite the preferential consumption of



smaller seeds by the chaffinches, Holmes and Froud-Williams (2001) noted that weed

seeds were consumed to some extent. Given that chaffinches are a relatively small

species, larger birds might consume similar quantities of relatively larger seeds. The

physical movement of seeds out of the soil seedbank with water and equipment is thought

to be a minor contributor to seedbank dynamics (Buhler et al.1997).

Although these generalizations may be made regarding the importance of each of

these mechanisms, their relative importance may be influenced by both seed species and

prevailing environmental conditions (Buhler et al. 1997). The primary concern, in terms

of management, is those seeds that exit the seedbank through germination.

2.1.4 Emergence and Emergence Period

Not all seeds that germinate will need weed control since the seed microsite, or

the conditions in the immediate surroundings of the seed, may prevent a germinating seed

fiom emerging from the soil. Those seeds which do emerge provide the impetus for

weed management. Although emergence is quite closely linked to germination, once

initiated, germination is largely an internal process while successful emergence is

strongly influenced by the conditions extemal to the seed (Leblanc et al. 1998). It is

unfortunate that more work has not been done to conclusively explain the factors that

underlie this well-documented discrepancy between the number of seeds that germinate

and the number of seeds that emerge (Leblanc et al. 1998). 'Wilson 
and Lawson (1992)

and Mullett and Smith (197 5) suggest some possible explanations which will be further

explored later in this review.

Emerging weeds are the focus of weed control. Emergence timing of weeds is a

key issue. The emergence period refers to both the time of emergence of a particular



weed, and also the pattern of emergence; whether the weed emerges in a single discrete

flush, or in a series of flushes or a continual flush throughout the growing season. Some

weeds emerge throughout the growing season showing no discrete emergence period

(periodicity) (Brenchley and Warington 1933). Where weeds demonstrate some form of

defined emergence period, weed control will be most successful when a weed control

method is applied after the peak emergence of the dominant species has occurred.

Emergence period may determine how successfully a plant competes with its neighbours

and whether it matures and produces mature seed before the end of the growing season

(Forcella et al. 2000). Pickett (1989) suggested that it might be possible to manipulate

the emergence periodicity of volunteer cereals by modifying the factors that determine

the duration of dormancy. Since emergence periodicity differs among species (Brenchley

and Warington 1933), modifying the emergence periodicity of all species present to

achieve one massive gennination event is unlikely. Thus Buhler et al. (1991) suggest that

optimal management of the soil seedbank, rather than eradication, should be the goal.

Optimal management achieves the desired effect on weed emergence and

emergence periodicity. Emergence will depend on the factors which lead to the

accumulation of seeds within the soil, the induction or breaking of dormancy,

germination, and the promotion or inhibition of the emergence of the germinating

seedling.

Emergence periodicity is highly species-dependent. Egley and Williams (1991)

suggest that it also may vary within species, as they hypothesize that early-season

emergence flushes of spurred anoda (Anoda cristata (L.) Schltdl.) could be attributed to

the presence of a population of seed capable of germinating in the lower soil temperatures
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experienced during the months of March to May, wliile the mid-season emergence flush

observed from late June to July or August was due to a population of seeds requiring

either a higher soil temperature, or a longer period of time at a higher soil temperature.

Therefore genotype may have an effect on emergence periodicity. However, Erviö

(i981) attributed the preçence of more than one discrete emergence flush to different

climatic factors, concluding that the conditions 12 days before emergence had the

greatest influence on emergence.

According to Buhler et al. (1997) "All forms of disturbance result in survival and

selection of the best adapted plant species." Within the agroecosystem, management

practices effect a form of selection, as these practices modify the conditions that prevail

within the system. Seed germination is largely govemed by seed microsite location and

conditions: depth of burial of the seed in soil (Grundy and Bond i998; Reid and Van

Acker 2005), exposure to light ('Wesson and'Wareing 1969), temperature and moisture

(Zimdahl et al. 1988). All of these factors are influenced by management practices.

2.2 The Effects of Management Practices on Emergence and Emergence Periodicify

2.2.1 Crop Rotation

The main effect of crop rotation on weed populations is due in large part to the

influence on the timing and degree of soil disturbance associated with the practices

employed (Vanasse and Leroux 2000; Bàrberi and Lo Cascio 200L; Tuesca et al. 200i)

which has been found to account for variation in both seedbank size, composition

(Bàrberi and Lo Cascio 200I) and deniity. However, Cardina et al. (2002) found that

crop rotation affected the densities ofseveral species present in the seedbank, but linked

some of the variation for one of the species to the herbicide used in the rotation.
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Therefore studies of the effect of crop rotation on the seedbank must be carried out

carefully to ensure tliat the effects of the herbicides are not confounded with the effects of

the rotations themselves. ln farming systems, rotation influences the timing of planting,

weed control and harvest, which may be either too early or too late to eliminate weeds

emerging fi'om the seedbank, or to prevent weeds from returning seeds to the seedbank.

2.2.2 Tillage

Tillage is generally recognized to be one of the primary factors influencing the

nature of the seedbank. Froud-Williams et al. (1983) found that weed seed populations

declined more rapidly under cultivation than with no cultivation, as cultivation

encourages germination. Tørresen and Skuterud (2002), found that a larger seedbank

resulted under low- or no-tillage than under fall ploughing. However, Tørresen and

Skuterud (2002) also noted that there was little difference in the size of the seedbank

under zero tillage or spring harrowing at one site in the study.

The tillage regime can have multiple effects on the germination and emergence of

seeds, both by modifying the microsite (Mohler and Galford 1997) and influencing seed

placement in the soil (Malhi and O'sullivan 1990; Reid and van Acker 2005). Reid

(2003) conducted a study on the effects of tillage on cleavers (Galium aparine L)

recruitment and concluded that seed movement by ttllage had a more profound effect

than any change in microsite conditions. When no-till management is practiced, seeds

accumulate near the soil surface, whereas moldboard plowing in combination with

disking evenly distributed seeds with depth (Yenish et al. 1992; Tørresen and Skuterud

2002). According to Dessaint et al. (1996) who looked at the redistribution of plastic

"seeds", the uniformity of the distribution of seeds depends on the number of ploughings,
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where a single ploughing results in most of the seeds being concentrated in the lower

layer of soil, while two or more ploughings resulted in more uniform seed distributions of

seeds. Vanhala and Pitkänen (1998) found that the distribution of seeds with depth was

more homogenous with moldboard ploughing than cultivation with a field cultivator.

The results obtained by du Croix Sissons et al. (2000) were consistent with the

vertical redistribution of seeds through cultivation, as the seed recruitment zone was

consistently deeper under conventional tillage than under zero-tillage. Seed size, which

largely dictates seed reserves, has been linked to the seed's ability to emerge from

increasing depth (Wilson and Lawson 1992, Hoffman et al. 1998, du Croix Sissons et al.

2000; Van Acker et aL.2004). Chancellor (1964, in Wilson and Lawson 1992)

demonstrated that over 90o/o of seedlings of small-seeded species including poppy,

chickweed (Stellaria medta (L.) Vi11.), creeping speedwell (Veronica persica Poir.), and

corn speedwell (Veronica arvensis L.) recruited from the top 3 cm of soil, while at least

half of the seedlings of ivy-leaved speedwell (Veronica hederifolia L.) a larger-seeded

species, recruited from deeper than 3 cm. A few of the ivy-leaved speedwell seedlings

were even found to have recruited from deeper than 10 cm (Chancellor 1964, in Wilson

and Lawson 1992). Therefore, the redistribution of seeds that results from the different

types of tillage may affect the emergence of seedlings, dependant on species' seed size,

as seed size largely dictates seeds' reserves (Van Acker et al. 2004). Wilson and Lawson

(1992),looking at seedbank decline and seedling emergence, suggested that the large

seedbank decline of cleavers and ivy-leaved speedwell recorded in the first year of their

study was due in part to a high proportion of the seeds germinating but not surviving,

since the seeds were located too deep in the soil for successful recruitment. The results
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of Benvenuti et al. (2001) were consistent rvith those of Wilson and Lawson (1992) with

respect to the most common zone of emergence as Benvenuti et al. (2001) found that only

4 of 20 species studied demonstrated any capavity to emerge from a depth of greater than

i0 cm. However, when Benvenuti et al. (2001) looked at what became of the seeds of the

20 species when they were buried at a depth from which none of the species successfully

emerged, they found that approximately 85% of these seeds were induced into depth-

mediated dormancy. The depth-mediated dormancy was confirmed when all20 species

achieved germination percentages similar to those observed in non-buried seeds when

they were retumed to optimal germination conditions in petri dishes (Benvenuti et al.

2001). Although depth-mediated dormancy has been recognized since 1969 (Wesson and

Wareing 1969), it is not yet completely understood (Benvenuti et al. 2001). However, it

is thought that it is due to the increasing limits on gas exchange with increasing soil depth

(Benvenuti et al. 2001) and may relate to a lack of oxygen (Benvenuti and Macchia 1995)

or to tlre increased carbon dioxide that is a byproduct of seed metabolism (Holm 1972, in

Benvenuti et al. 2001). In general, the deep burial of seeds is known to reduce

emergence, due to inhibition of germination (Taylorson i 987). However, not all seeds

develop depth-mediated dormancy. Benvenuti et al. (2001) were able to account for 85o/o

of the buried seed as having been subject to depth-mediated dormancy, however, the

remaining l5o/o of the seed did germinate, but failed to emerge. Chepil (1946) also

remarked on this phenomenon, noting that such seeds do not have a "marked dormancy."

According to Chepil (1946), the methods of control for weeds which do not show a

marked dormancy should be different for those that do, as seeds with low dormancy will

germinate and "rot away without emerging" if ploughed under while seeds with a high
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degree of dormancy will simply persist in the soil and germinate when they are brought

nearer to the soil surface.

When the germination of unburied weed seeds is studied, aeration, illumination

(Wesson and Wareing1969), temperature and moisture (Wilson and Hottes 1927) are key

factors. Soil disturbance results in changes in illumination and aeration (Wesson and

Wareing 1969), soil temperature, soil moisture (Wesson and Wareing1969; Malhi and

O'Sullivan i990) and also in the degree of soil compaction ('Wesson and'Wareing1969).

It is these changes that are thought to result in the effect of cultivation on the germination

of buried weed seeds (Wesson and Wareing 1969). Although Wesson and Wareing

(1969) noted that disturbance is likely to affect the microbial populations present in soil,

this is not likely to lead to a great deal of variation in terms of germination of weed seeds.

According to Egley (1986), that emergence periods are generally linked to

different seasons is indicative of the importance of soil temperature in seed germination.

In a five-year study of soils under zero-till and conventional tillage, springtime

temperatures recorded at the 2.5 cm depth in soil under zero-tll management were 2.8"C

lower, on average, than those recorded at the same depth in soil under conventional

tillage (Malhi and O'Sullivan 1990). Zero-till and conservation tillage management leave

plant residue on the soil surface; this surface residue has a higher reflectivity and a lower

thermal conductivity than soil (Johnson and Lowery 1985). The amount of surface

residue is not the only difference between conventional and conservation tillage as the

plow layer also has different thermal properties. For example, Johnson and Lowery

(1985) found that soil thermal diffusivity was20-25o/o higher in the 5-15 cm zone of soil
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under no-till management than soil under chisel plow or conventionai till (moldboard

plow) management.

Temperature is known to have an important effect on seed germination and

emergence periodicity. Egley and Williams (1991) suggested that higher than normal

temperatures early in the growing season may have led to an earlier emergence period for

3 of 6 annuai weeds they studied, including velvetleaf (, butilon theophrasti Medik.),

prickly sida (Sida spinosa L.), and hemp sesbania (Sesbania exaltata (Raf.) Co.y). Erviö

(1981) concluded that it was climatic factors that led to different discrete emergence

flushes, and that temperature \¡/as more significant than rainfall pattern.

Tillage also has an effect on soil moisture. ln comparing soils under zero-till and

conventional till management, Malhi and O'Sullivan (1990) found that the soils under

zero-tillage had, on average,7.2o/o more moisture on a gravimetric basis in the 0-15 cm

surface layer than conventionally-tilled soils. Malhi and O'Sullivan (1990) relate this in

part to the residue management of zero-tillage, stating that the stubble left on the field

aids in retaining winter precipitation. However tillage is not the only factor that can

influence soil moisture. Soil moisture content has also been positively correlated with the

clay content of soil (da Silva et al. 2001). Rahman et al. (1998) found no direct

relationship between weed density or weed seed numbers and soil texture. In this case

the lack of relationship may have been a product of the herbicide regime that resulted

from the continuous cropping of maize on the site previous to the study.

Tillage may also influence the relative compaction of the soil. da Silva et al.

(200i) found that bulk density was significantly higher under no-till management than

under conventional tillage. Soils under zero-tillage also offered greater resistance to
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penetration than soils under conventional tillage (Malhi and O'Sullivan 1990). Increased

resistance to penetration could affect the emergence of seedlings.

Egley and Williams (1991) reported that the yearly emergence periodicity of six

annual weed species studied was not affected by tillage. However, all of the weed

species in this study emerged primarily in discrete flushes with only a few plants

emerging at other times during the growing season (Egley and Williams 1991). Contrary

to the findings of Egley and Williams (1991), Bullied et al. (2003) found that tillage

system did affect the emergence periodicity of five of the seven weeds in their study.

Bullied et al. (2003) found that the conservation tillage system promoted earlier

emergence of field pennycress (Thlaspi a.ryense L.), common lambsquarters

(Chenopodium album L.), green foxtail (Setaria viridis (L.) Beauv.), wild oat (Avena

fatua L.) and wild buckwheat(Polygonum convolvulu.s L.) relative to conventional

tillage. Bullied et al. (2003) found few significant differences in terms of soil moisture or

temperature. They attributed these differences to a greater depth of recruitment in the

conventional tillage system noting that deeper soil depths require more time to be

warmed to temperatures conducive to germination. Therefore, if the weed seeds are

located deeper in the soil profile their germination will be delayed by the slower

warming. In the same study Bullied et al. (2003) noted that the emergence periodicities

of redroot pigweed (Amaranthus retroflexus L.) and wild mustard (Sinapis arttensis L)

were not influenced by the tillage system. However, of the seven weeds studied, these

two species have the longest-lived seedbanks. They suggested that the lack of any

difference in emergence periodicity between tillage systems may be due to the presence

of a "remnant seedbank" in the conservation tillage systems. The remnant seedbank
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would consist of the seeds produced and added to the seedbank prior to the adoption of

conservation tillage. Since conservation tillage fields were required to have been under

conservation tillage for only three years prior to the study this is a plausible explanation.

The seedlings from the remnant seedbank in the conservation tillage system would have

recruited from the same depth as those within the conventional tillage system, masking

any influence of the conservation tillage. In addition to the effect of tillage on emergence

timing, Wilson and Lawson(T992)noted that the timing oîthr cultivation can affect total

weed emergence, which is consistent with the findings of Kabanyana (2004).

2.3 Volunteer Crops

2.3.1 Herbicide-tolerant volunteer crops

Navas (i991) stated, "The only common attributes of weeds are their occurïence

in habitats disturbed by man and their undesirability." Therefore any plant may be a

weed, such as when agronomically important species establish themselves in locations

where they are not desired. According to Beckie et al. (200lb) the weediness of

volunteers depends on species, management practices, and seed disbursement at haruest.

Volunteers may compete with the crop for resources, lead to harvesting difficulties,

harbour pests, or even lead to contamination so significant that the harvested crop may be

rejected for human consumption (Orson 1993). Bond and Grundy (200i) pointed out that

the plants that emerge early have a competitive advantage in the field. When volunteers

are more advanced than the sown crop, the seed may be shed through shattering when the

crop is harvested (Garstang 1993). These seeds may remain in the seedbank until they

become part of a future infestation. Volunteers may partially dictate crop rotation (Orson
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1993) and they can also interfere with proper herbicide rotation by limiting the

producer' s herbicide choices.

The mid-nineties saw the wide-scale introduction of herbicide-tolerant (HT)

crops, including HT soybean, cotton, corn, and canola (Glick 2001). The adoption of HT

crop varieties in North America was rapid and widespread (Glick 2001) and has led to the

development of new herbicide-tolerant volunteers which can be more difficult to control

and further limit the effective control methods available to the producer (Beckie at al.

2001b).

HT crops offer simplified weed control, and have been touted to offer superior

weed control, reduced crop injury and increased flexibility in the timing of application to

allow for a reduction in both the number and amount of herbicides used (Glick 2001).

Glick (2001) stated that since the overwhelming majority of area seeded to HT crops is

seeded to varieties that contain the Roundup Ready@ trait, farmers who grow HT

varieties often replace the use of herbicides with a range of different active ingredients

with glyphosate. This results in a net environmental benefit due to the low soil mobility,

short persistence of glyphosate in the soil, and low mammalian toxicity. However,

herbicide rotation, wherein a variety of herbicides of differing active ingredients are used,

is widely recognized as the principal method of delaying resistance development (Beckie

etal.2001a). The increased selection pressure created by the widespread and repeated

use of one herbicide, and the resulting increase in the risk of the development of

resistance to that herbicide must be weighed against the environmental beneht.

Glick (2001) stated that farmers have adopted HT crops because they eliminate

the need for tillage, allowing farmers to benefit fiom the economic and environmental
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advantages associated with the reduced tillage. However, glyphosate tolerance has begun

to present special problems for producers who rely on direct seeding as part of a reduced

tillage management system (Friesen ef aL.2003). Direct seeding can lead to reduced costs

related to machinery, fuel, and manpower, as well as improved soil water and soil

conservation (Malhi and O'Sullivan 1990). In some areas of 'Western Canada, zero-

tillage management is not only advantageous, but necessary for the yearly production of

crops because soil moisture leveis under conventional tillage are not sufficient to allow

for continuous cropping of the land (Lindwall and Anderson 1981).

2.3.2 Glyphosate Tolerant Volunteers and Direct Seeding

In direct seeding, the soil is undisturbed prior to seeding, therefore the weeds that

emerge prior to the crop must be controlled by the use of a seeder that results in complete

soil disturbance, or by the application of a herbicide "burn-off' or "burn-down" (Friesen

et aL.2003). Since a broad-spectrum, non-selective herbicide with no residual effects is

required, farmers who use this method often rely on glyphosate (Friesen et aL.2003).

Friesen et al. (2003) suggest that this accounts for a majority of the 8.i million ha of land

in'Western Canada under no-till and zero-till management. Presently, those producers

relying on glyphosate for a spring bum-off who expect to have glyphosate-tolerant canola

volunteers in their fields generally tank-mix an auxin-type herbicide with the glyphosate

to control the resistant volunteers (Friesen et aL.2003). However, these auxin-type

herbicides do not demonstrate the same absence of residual activity demonstrated by

glyphosate, and may cause injury to certain broadleaf crops. In addition to residual soil

activity, Simard et al. (2002) found that the hardiness and size of the canola plants at the
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time of the herbicide application make it difficult to achieve complete control of the

glyphosate-tolerant canola vo lunteers with auxin-typ e herbic ides.

The problems created by herbicide-tolerant volunteers that result from the

introduction of herbicide-tolerant crops, are likely to be faced by all producers, not just

those who choose to grow the HT crops. This is evident by the contamination of

conventional canola with HT traits (Friesen et al. 2003) as well as the advent of multiple-

herbicide tolerant canola volunteers (Beckie et al. 2001b; Hall et al. 2000) that have

resulted from the widespread adoption of HT canola.

2.4 Canola as a Volunteer

In canola, shattering can lead to the loss of many small seeds. In quantifying

these iosses, Gulden et al. (2003) calculated an average harvest loss of 5.8olo over two

years, resulting in an average seedbank addition 3,590 seeds m-'per year (Gulden et al.

2003). As the typical seeding rate for canola is 4-5 kg ha-l, harvest losses amounted to

more than 100 kg ha-r; in excess of twenty times the normal seeding rate (Gulden et al.

2003). Gulden et a\. (2003) identified time of swathing in relation to time of harvest and

combine setting and operation as the two most critical determinants of harvest losses.

However, when farmers participating in the study were surveyed with respect to timing of

swathing relative to the recommended stage, no clear relationship was established

between time of swathing and harvest losses. Gulden et al. (2003) suggested that this

lack of relationship could be due in part to the differing perceptions of the farmers

surveyed with respect to the staging of their canola relative to the recommended stage.

These substantial harvest losses, along with the persistence of volunteer canola in the soil

seedbank, make volunteer canola a successful weed.
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Herbicide tolerant volunteers complicate weed management because they

severely limit herbicide choices (Simard et aL.2002). This is one possible reason that

To/o of HT canola growers found control of volunteers was more difficult with an HT

system (Devine and Buth 2001). These concerns are intensifying as evident from recent

studies that have shown that considerable levels of contamination of conventional canola

seed is occurring (Friesen et aL.2003; Marvier and Van Acker 2005). Some studies

suggest that this contamination is not only due to the harvest of seeds of volunteer plants

arising from seed shed by an HT cultivar, but also from gene flow between conventional

and HT cultivars, which may involve volunteer plants (Rieger et aL.2002; Beckie et al.

200Lb; Hall et aL.2000; Lutman andLopez-Granados 1998). Rieger et al. (2002)

conducted a large scale survey of acetolactate synthase (AlS)-inhibitor tolerant seed

produced in conventional canola fields as the result of gene flow (pollen flow) from

neighbouring HT fields in Australia. In the study, the HT fields were almost undoubtedly

the source of the gene flow, as no AlS-inhibitor tolerant canola had been grown

previously in Australia on a commercial scale. Although low frequencies of ALS-

inhibitor resistance have been reported to occur naturally, the frequencies of natural

resistance were consistent with the frequencies observed in the samples taken from the

conventional fields (Rieger et al. 2002). In this study, gene transfer had occurred in 630/o

of fields- at low frequencies, but over distances of up to 3 km (Rieger et al. 2002). Hall

et al. (2000) demonstrated that multiple-resistant B. napus volunteers have arisen by way

of pollen transfer among herbicide-tolerant varieties in the field. Beckie et al. (2001b)

referred to this effect as "gene-stacking."
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In western Canada, volunteers mainly result from seeds with the capacity to

remain or become dormant, as these seeds remain in the soil to germinate during a future

growing season. The seed's capacity for the development of secondary dormancy is

related to its potential as a volunteer. Recent studies have shown that variability exists in

the capacity to develop secondary dormancy among accessions of genotypes (Pekrun et

aL.1997). However, suitable environmental conditions are required to induce secondary

dormancy among those seeds with the potential to become dormant (Lutman andLopez-

Granados 1998).

The management of volunteer canola and its seedbank has been studied quite

extensively in recent years (Pekrun and Lutman 1998; Gulden et al 2003). Some of the

key factors involved in the induction of dormancy, andtherefore, persistence in the

seedbank have been identified. Light exposure iscritical in preventing its entry into

secondary dormancy (Pekrun and Lutman 1998). Pekrun and Lutman (i998) recommend

clelayed tillage where possible such that seed may remain on the soil surface for as long

as possible. In addition to light, dormancy development is reliant on moisture stress

conditions (Lutman and Lopez-Granados 1998). Slight variations in soil moisture may

actually lead to widely varying persistence (Lutman andLopez-Granados 1998).

2.5 Wheat as a Volunteer

The nature of wheat as a volunteer came under intense scrutiny when Monsanto

sought to introduce a glyphosate-tolerant wheat cultivar in westem Canada. The

knowledge gained as a result of experiences with herbicide-tolerant canolas produced a

more cautious approach to the introduction of herbicide tolerance into wheat, Canada's

most important crop (Van Acker et al. 2003). Although Monsanto has shelved plans to
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market glyphosate-tolerant wheat, the increased sensitivity to the issue of volunteer wheat

has served to reinforce the knowledge gaps that exist with respect to its biology and

ecology (Van Acker et al. 2003). As other genetically modified wheats, developed with

herbicide tolerance or other novel traits, are almost certainly on the horizon, the

behaviour of wheat as a volunteer must be studied so that regulatory bodies can make

informed decisions that protect the best interests of farmers and society at large.

Contamination of wheat crops by volunteers of other non-genetically modified

cultivars is a concern associated with volunteer wheat. In Canada, an excess of admixed

wheat of other cultivars results in the downgrading of the wheat being sold, and therefore,

a lower price for the farmer.

Limiting the control of volunteer wheat by conferring herbicide tolerance wiil

intensify the problems volunteers create in crops of all other species as well. Holzman

(2001) stated that the cost-benefit analysis of HT wheat must encompass not only the

effects of the introduction on the adopters of HT wheat, but also include the effects on

those who choose not to grow HT wheat. These potential effects on non-adopters must

be an important consideration, as concerns about gene flow via pollen have already been

raised with wheat (Zemetra et al. 1998; Waines and Hegde 2003; Van Acker et al. 2003).

'Wheat is primarily a self-pollinated species, with a majority of hermaphroditic flowers

(Waines and Hegde 2003). Although wheat is generally thought to have an outcrossing

rate of less than lo/o outcrossing, rates higher than lo/o have been observed (Hucl and

Matus-Cádiz200l). Waines and Hegde (2003) suggest that the presence of some male-

sterile unisexual flowers on a spike provide an excellent opportunity for outcrossing if

there is a neighbouring field to act as a pollen source. In a study of isolation distances to
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minimize outcrossing, Hucl and Matus-Câdiz (2001) observed up to 3.8Yo outcrossing in

Oslo wheat, and outcrossing distances of 27 m for Roblin and Olso. However, gene flow

rate decreased with distance from the pollen source.

outcrossing, to occur, pollen must travel from the donor to the recipient plant, a process

which is affected by the environment. Thus'Waines and Hegde (2003) assert that

knowledge of how gene flow is affected by environmental variables is central to the

understanding of the dynamics of gene flow in wheat.

Waines and Hegde (2003) stated that for pollen-mediated gene flow, or

It is important to note that concems relating to outcrossing are not limited to

intraspecific gene flow events. Gene outflow may also occur with closely-related wild

relatives. Although Waines and Hegde (2003) assert that gene flow is likely to occur

more frequently between plants of the same species due to their sexual compatibility as

well as the likelihood that they may be grown close together within a cropping season,

Seefeldt et al. (1998) have already found herbicide-resistantjointed goatgrass produced

by natural hybridization with herbicide-tolerant wheat in a field setting.

There has been a great deal of evidence for gene outflow from HT canolas, even

within Canada's certified seed production system, where field buffer zones are regulated

to minimize genetic contamination through outcrossing (Friesen et al. 2003). The levels

of contamination that have been witnessed in canola do not bode well for the introduction

of genetically modified wheats. As Waines and Hegde (2003) state that there is sufficient

evidence to demonstrate that cross-pollination occurs regularly in wheat, and may occur

in particularly high frequency under certain conditions. According to Waines and Hegde

(2003), "For any crop that sheds pollen, a guarantee of zero gene flow is not possible."
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Although the outcrossing frequency in wheat is thought to be much lower than that in

canola, wheat is also grown more fi'equently and on a larger scale than canola in Canada.

For example, in Manitoba, canola occurs 23o/o of the time in rotation, while wheat occurs

43o/o of the time in rotation (Thomas et a1.,1999). And, in each of the last five years

(from 2001-2005) at least 4 million more hectares of Canadian farmland was planted to

wheat than canola (Statistics Canada 2005).

There is much speculation regarding the potential problems arising from

herbicide-tolerant wheat as a great deal of work remains to be done with respect to the

biology and ecology of volunteer wheat. According to Leeson et al. (2005), volunteer

wheat is found in 10.8% of fields in western Canada. However this excludes fields in

which volunteer wheat cannot easily be identified. Indeed, the study of volunteer wheat

may be somewhat more challenging than the study of other weeds, and even that of some

other volunteer crops, since much volunteer wheat may go unnoticed in cereal fields.

Evidence for this comes from Talbot (1993) who analyzed data from a i988 U.K. weed

survey. Although volunteer cereals were the most frequently occurring volunteers

identified by the survey, Talbot (1993) asserted that the occurrence of volunteer cereals in

cereal crops was actually understated, based on the fact that winter cereals were found in

only 7o/o of winter wheat crops, 7o/o of winter barley crops, and 5o/o of spring barley crops,

but in over 20o/o of sugar beet and potato crops and in 88% of oilseed rape crops. Little

work has been done to charactenze the production or maintenance of the wheat seedbank,

although Thomas and Leeson (1999) have done some preliminary work on both the

frequency with which volunteer wheat occurs in fields in'Western Canada, and the

persistence of the volunteers (with respect to how many years the volunteers continue to
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appear after the planting of the crop from which the volunteers originated) using weed

survey data. Anderson and Soper (2003) noted that volunteer wheat may persist for up to

two years after the harvest of the last wheat crop. Preliminary work using weed survey

data led Thomas and Leeson (1999) to hypothesizethat the persistence of volunteer

wheat may be due to long-term survival in the seedbank and./or to the replenishment of a

short-lived seedbank by plants that escape control.

2.5.2 Entry of Wheat Seeds into the Seedbank

Wheat seeds enter the seedbank through both shattering and grain loss during

harvest operations (Anderson and Soper 2003). According to Hughes (1974, in Anderson

and Soper 2003), grain loss occurs both at the cutter bar, and also with the discard of the

chaff after threshing. Komatsuzaki and Endo (1996) (as cited in Harke¡ et al. 2005)

reported that grain losses at harvest differed by combine type. Field survey data from the

UK showed that the average grain loss at haruest was equal to 2%o of wheat yield (Soper,

unpublished data, in Anderson and Soper 2003). In Canada, with a mean spring wheat

yield of | ,7 63 .4 kg ha-l , this would amount to a loss of approxim ately 3 .53 g m-' o,

approximately 95 kernels m-2 (using an average 1000 kemel weight of 37 gl1000 kemels

of Canada Western Red Spring wheat (Manitoba Agriculture and Food 2005). Kemel

density on the soil surface will also be affected by the efficiency with which the combine

spreads the chaff on a field; combines that discard chaff into a narrow band will produce

higher densities of kernels on relatively small areas (Anderson and Soper 2003). As with

canola harvest losses, harvest losses of wheat are also likety to be affected by the

precision of the combine settings and combine operation (Gulden et aI.2003).
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2.5.3 Dormancy and Persistence in Wheat

Seed dormancy is important in the cultivation of wheat and other small grains, as

it is thought to prevent undesirable pre-harvest sprouting (Mac Key 1976; Strand I989a;

i989b; 1991). Breeding of cereals for high protein, and vigourous seed may have

unwittingly lead to selection for very low dormancy, and therefore for pre-harvest

sprouting (King, 1983). As Mac Key (1976) points out, the value of donnancy was not

recognized until the cultivation of cereals spread into more marginal climates.

Strand (1989b) has studied dormancy extensively in several European wheat

cultivars, concentrating on how the dormancy varies according to climatic conditions and

genetic differences. Strand (1989b) found that the effects of climatic factors on

dormancy in wheat cultivars varied not only with genetic differences, but with the

developmental stage of the wheat. In addition, Strand (1989a, 1989b) found, as did

Gulden et al. (2000) and Pekrun et al. (1997) in canola, that dormancy in wheat varies not

only among genetically distinct cultivars, but even among the kernels of a spikelet.

Among the wild diploid wheats differential dormancy is known to develop between

spikelets within a spike (Mac Key 1976).

Most studies of dormancy in wheat have sought to relate findings to pre-harvest

sprouting, therefore this work is insufficient to charactenze and explain the persistence of

wheat as a volunteerin a field setting. Questions regarding the long-term persistence of

wheat in a cropped soil remain, as the low level of initial dormancy predicted by King

(1983) and Strand (1989b) may be replaced by a longer-lasting, more intense induced

dormancy.
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Persistence is not solely a function of dormancy. Some degree of dormancy is

necessary for a seed-bearing plant to persist in the seedbank in non-tropical climates.

With no dormancy, seeds shed onto the soil through shattering, or as the result of harvest

losses, would germinate soon after being shed. If germination occurred prior to the onset

of freezing temperatures, resulting seedlings could have a reduced likelihood of survival. -

Howevet, seeds with low levels of primary or secondary dormancy may actually

be quite persistent based strictly on yearly cycles of germination, emergence, maturation,

seed shed, and regeneration. The existence of volunteer wheat plants originating from

the previous seasons' crops (Thomas and Leeson 1999) suggests that, some dormancy

may be present in wheat. Based on the existing literature with respect to wheat (King

1 983; Strand 1989), as well as the corresponding work with canola, which is known to

exhibit cultivar-dependent secondary dormancy (Gulden et al. 2000), it would seem

reasonable to expect the same phenomenon to be manifested in wheat, a suggestion that

was put forth by Van Acker and Entz (2001). However, the work to date in this area has

been done with the aim of charactenzingnot the long-term dormancy in wheat, but the

sprouting resistance, a form of short-term primary dormancy which may or may not

affect the long-term dormancy potential of a wheat seed or its seedbank persistence.

Canola serves as a useful model of the potential for persistence where the capability for

secondary dormancy exists, however this question remains unanswered for spring wheat

Wilson and Hottes (L927) studied the influence of moisture and temperature on

the germination of wheat and found that the varieties of red spring wheat they tested

proved to be germinable under a wide variety of moisture conditions. They noted that, in

general, lower germination temperatures (10-15'C) were conducive to higher
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proportional germination of the wheat seeds, and higher germination temperatures (20-

30"C), although promoting faster germination, led to lower overall germination.

Although Wilson and Hottes (1927) also mention that higher temperatures led to more

intense mold infestations, the authors did not link the two directly in a causal relationship.

The increased mold infestations at the higher temperatures could have implications in

terms of the survival of the seeds at those higher temperatures, and could play arole in

the lower proportional germination of the seeds at higher temperatures. The findings of

Lafond and Baker (1986) are somewhat contradictory, as they determined that although

temperature, cultivar, and seed size all had signif,rcant effects on germination time, final

germination percentage was not affected by any of those factors. Final germination of

over 90%o of all seeds was recorded at temperatures as low as 5"C and as high as 30'C

(Lafond and Baker 1986). Lafond and Baker (1986) found that the effect of moisture

stress on the proportional germination was limited, as wheat seeds of several cultivars of

spring wheat subjected to osmotic potentials of 0, -0.4, and -0.8 MPa all achieved over

90% germination. However, moisture stress did have a significant effect on germination

rate.

Boyd and Van Acker (2003) found that although depth of planting influences

cumulative emergence of wheat, signif,rcant cumulative emergence can be observed from

a variety of planting depths up to 7 cm when soil moisture is maintained at held capacity.

When pots were maintained at field capacify,93o/o emergence from a planting depth of 1-

2 cm was obsewed at 19 days after planting, which was significantly different from the

emergence observed both from the surface and the 3-4 cm planting depth. The successful

emergence of wheat from a planting depth of up to 6-7 cm is not surprising, as du Croix
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Sissons et al. (2000) recorded a maximum recruitment depth for wheat of 11.2 cm in a

field under conventional tillage. However the mean recruitment depth of volunteer wheat

was identified as 2.79 cm in conventional till fields and 0.75 cm in zero till f,relds in the

pre-seed period, and3.74 cm in conventional till fields and2-I1 cm in zero till fields in

the pre-spray period (du Croix Sissons 1999). Soil temperatures are generally lower in

zero till than conventional till fields (Malhi and O'Sullivan 1990). Because soil

temperature generally increases as the season progresses, the differences in mean

recruitment depth between conventional and zero till fields and between earlier and later

sampling periods suggests a strong link between wheat seed germination and soil

temperature. This is evident by the fact that mean volunteer wheat recruitment depth is

greater in conventional till fields than in zero tlll fields. This is consistent with Malhi and

O'Sullivan's (1990) observation that soil temperatures in zero till fields were 2.8"C lower

than soil temperatures at the same depth in a conventional till fields, and in both

conventional and zero tlll fields, mean recruitment depth increases in the later sampling

period, when additional warming of the soil has occurred. According to Boyd and Van

Acker (2003), the effect of depth on recruitment is further modified by soil moisture.

When soil moisture was limited, cumulative emergence of wheat from the soil surface

was reduce d to 55o/o at I 9 days after planting, significantly different from the 89o/o and

85olo cumulative emergence observed from the l-2 cm and3-4 cm planting depths,

respectively (Boyd and Van Acker 2003). This implies that climatic conditions may

dictate the threat posed by seeds that remain on the soil surface after being shed or lost at

harvest.
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Mullett and Smith (1975) reported on testing of "carry-over" wheat seed done by

the Department of Agriculture in Australia. The testing was initiated due to concerns

over the potential problems with the germinability and vigour of the seed, which was

harvested in 1972, but kept for planting in the 1974 season since 1973 proved too wet to

sow wheat (Mullett and Smith 1975). According to Mullett and Smith (T975), wheat

seed vigour declined with storage time. Of the 58 seedlots that were tested, 4 seedlots

were determined to be too weak for sowing (Mullett and Smith 1975). Extrapolation

based on the 4 unsuitable seedlots of the 58 tested suggested that approximately l4Yo of

farmers would experience problems with their wheat crop due to the sowing of weak seed

(Mullet and Smith 1975). Over 80% of the samples submitted for testing achieved

satisfactory emergence percentages in controlled laboratory settings (Mullett and Smith

1975). However, in the field, over half of these seedlots with acceptable germination

showed poor emergence, leading them to suggest that, if possible, cary-over seed should

not be used (Mullett and Smith 1975). As no possible explanation for the decline in

vigour was given, it is difficult to say whether this generalizafion could or should be

applied outside the Australian regions where the study was carried out. Mullett and

Smith (1975) make an interesting suggestion with respect to the discrepancy between

germination percentages in the laboratory and emergence in the field. The authors

suggest this may be due to seeds which are capable of germinating, but are not vigourous

enough to push through the soil and emerge in the field (Mullet and Smith 1975). They

wam that "artificial tests for seed vigor" can only be viewed as approximations of how

the seed will behave in field conditions, and for more useful results, tests should be

carried out in soil at sowing depth (Mullett and Smith 1975).
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The suggestion that wheat seed could decline in vigour in storage may have some

implications for the persistence of wheat seed in soil where it is likely to be exposed to

higher moisture levels and larger and more diverse microbial populations. Although

there has been little work detailing the decomposition of seeds in soil (Greenfield 2000),

it is known to vary with seed size and species (Kremer 1993). The effect of

decomposition on the persistence of wheat, which is a relatively large-seeded species

known to be susceptible to fungal attack in germination tests (Witson and Hottes lgZT),

should be investigated.

Mac Key (1976) noted that wild type wheats are known to have a covered

caryopsis, rather than naked caryopsis as is the case with the cultivated varieties.

According to McKey (Ig76)the glumes are highly water-repellent. Thus wiid wheat

seeds would likely exhibit greater longevity under high moisture conditions than

cultivated varieties, which are generally not intentionally subjected to high moisture

storage.

2.6 Summary

Prolific seed production is one characteristic of weedy plants that allows them to

establish and maintain populations. However, for weed seeds to have any more than a

transient life in the seedbank, the seeds must have some type of dormancy, or they would

germinate, and therefore exit the seedbank immediately upon being shed. When seeds

exhibit dormancy prior to, or immediately following, their release from the mother plant,

they are said to be exhibiting primary or innate dormancy (Taylorson 1987). Seeds

exhibiting this type of dormancy would remain ungerminated, despite conditions suitable

for germination (Taylorson 1987). Secondary or induced dormancy, is dormancy that is

JJ



triggered by exposure to unfavourable conditions (Taylorson 1987). Once secondary

dormancy is manifested, some specif,rc stimulus, or perhaps a combination of stimuli, are

required to break the dormancy. Grime et al. (1981) demonstrated that the dormancy-

breaking stimuli are species specific.

As germination is said to be an "all or nothing event" (Taylorson 1987) that

begins with the resumption of embryo growth and culminates in the protrusion of the

radicle through the seed coat (Egley 1986), differences in relative intensity of dormancy

are observed in populations, rather than single seeds, whereby the population with the

fewest ungerminated seeds is said to have a relatively less intense dormancy (Taylorson

t987). Differences in the manifestation of dormancy are a product of both genotype and

the environmental conditions to which the seed is exposed (Taylorson 1987; Strand

1989a,1989b, 1991).

Seed dormancy is one way that weeds escape conventional control measures.

Although there is a great difficulty in achieving accurate representations of the soil

seedbank, it is generally agreed that the seedbank is an important component in weed

population dynamics, therefore work continues despite the associated difficulties. ln

spite of the general agreement with regard to the importance of the seedbank, the

literature produces conflicting accounts of how predictive the seedbank is of the

aboveground weed flora. Buhler et al. (1997) noted that the most serious threat, with

respect to both crop yield losses and control costs, is due to the less persistent portion of

the seedbank, and relates therefore to short-term seedbank dynamics. Therefore,

although some manifestation of dormancy is required for a seed to have even a transient
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existence in the seedbank, long-term persistence is not necessarily a characteristic ofall

weeds.

Seeds that enter the seedbank may exit through germination, decay, predation, or

physical movement (Buhler et al.1997; Egley 1986). Although seed loss through

predation is known to be significant, the impact of decomposition has not been well

quantified (Greenfield 2000). Even though a significant proportion of seeds exit the

seedbank through germination, not all seeds that germinate will successfully emerge.

Only those seedlings that do emerge, or recruit, successfully will necessitate weed control

measures. If the seedlings that successfully recruit are the focus of weed control, the

emergence period exhibited by the seedlings is a key issue. Emergence period refers to

both the time of emergence of a particular weed, and also whether the emergence takes

place in a single discrete flush, or in multiple flushes throughout the growing season.

Weed control will be most successful when control measures are applied immediately

following the peak emergence of the weed species. Emergence periodicity is species-

specific (Brenchley and Warington i933), but is also affected by environmental

conditions (Erviö 1981), and therefore by any management practice that modif,res the

environmental conditions, or the microsite, surrounding the seed. Tillage, for example,

can modify microsite conditions (Mohler and Galford 1997) or cause seed movement

within the soil (Malhi and O'Sullivan 1990; Reid and Van Acker 2005).

Work on emergence periodicity has not been limited to traditionally weedy

species, but has begun to branch out into the area of volunteer crops, agtonomic species

which become established in a location or time period when they are not desired. Orson

(1993) notes that volunteers may compete for resources, harbour pests, or lead to
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harvesting difficulties and potential contamination of the harvested crop. Volunteers may

also contribute to gene escape, as has been the case with canola since the wide-spread

adoption of herbicide-tolerant varieties (Beckie et al. 2001b; Friesen et al.;2003 Hall et

al. 2000). Volunteer canola is a particularly successful weed due to generally substantial

harvest losses (Gulden et al. 2003), and persistence.

Concerns about both the persistence of volunteer wheat, as well as the potential

for gene escape from wheat were raised when Monsanto sought to introduce a

glyphosate-tolerant cultivar of spring wheat. This highlighted the knowledge gaps that

existed relative to wheat as a volunteer. Although wheat is primarily a self-pollinated

species (Waines and Hegde 2003), outcrossing rates as high as 3.8o/ohave been observed

(Hucl and Matus-Câdiz 2001).

Presently, volunteer wheat is found in 10.8 % of fields in western Canada (Leeson

et al. 2005), and this does not account for those fields in which it is not easily

distinguished, and therefore may be an understatement of the frequency of volunteer

wheat (Talbot, 1993). Anderson and Soper (2003) note that volunteer wheat is known to

persist up to two years following the harvest of the last wheat crop. However, Thomas

and Leeson (1999) point out that the mechanism underlying this persistence is not known,

and may be related to either persistence in the soil or reseeding by plants that escape

control. It is not clear whether the level of dormancy that has been identified with pre-

harvest sprouting will affect volunteer wheat recruitment or persistence. The role of seed

decomposition in seedbank persistence has not been thoroughly explored (Greenf,reld

2000), but Kremer (1993) notes that it varies with seed size and species. The intensity of

-1()



the fungal attack on germinating wheat described by Wilson and Hottes (1927) does not

bode well for the longevity of wheat seed in soil.
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2.7 Purpose and objectives

The objectives of this project were:

1) To charactenze fhe emergence timing of volunteer wheat.

2) To determine if the emergence timing of volunteer wheat is influenced by

genotype (cultivar).

3) To determine if the emergence timing of volunteer wheat is affected by tillage.

4) To investigate the longevity of wheat seed within the soil seedbank.
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3.0 MATERIALS AND METHODS

3.1 Experimental Design

In the fail of 2002 and2003, experiments were established at Carman and

Winnipeg, Manitoba to examine the effects of cultivar and tillage treatment on the

proportional recruitment level and emergence period of volunteer spring wheat. The

plots were arranged in a split-plot design with tillage as the main plot and cultivar as the

sub-plot, with four replications. Sites were chosen where spring wheat had not been

sown for at least the previous three years. The Carman site was a Reinfeld sandy loam

(74o/o sarñ,9.0o/o sllt, 17 .0% clay) with a pH of 6.3 and3.9Yo organic matter. The

V/innipeg site was a Riverdale silty clay (13% sand, 45o/o s1\t,43% clay) with a pH of 7.4

and 5.5o/o organic matter (Entz et al. 2000). In the lall of 2002 and}O}3, seed from eight

Canada Western Hard Red Spring wheat cultivars (AC Domain, AC Majestic, McKenzie,

AC Superb, AC Barrie, Katepwa, AC Intrepid and cDC Teal) was obtained from a

cotnmon nursery at the Agriculture Canada Research Station in Brandon, Manitoba.

These cultivars were chosen with the advice of Dr. Stephen Fox (Agriculture and Agri-

Food Canada, Cereal Research Centre, Winnipeg, Manitoba) to represent not only those

most commonly grown in western Canada but also aÍange of pre-harvest sprouting

resistances, a quality which may affect seed persistence in soil.

At each site in the fall of 2002 and2003, wheat seed was broadcast onto plots by

hand at a rate of 500 seeds m-2. Seed for each cultivar was spread onto individual 6 m

wide by 2 mlongplots (see Table 2.2 for dates of field operations). To ensure that the

correct amount of seed was applied to each plot, a thousand kernel weight (1000 KWT)

was calculated for each of the cultivar seedlots and this was used to determine the weight
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of seed required per plot. Germination tests were performed on seed produced in2002

and 2003. As the germination tests were not performed on the seed produced in2002

until August of 2003, gennination tests were performed on the seed produced in 2003

both shortly after the seed was received (October 2003) and after nine months of storage

under laboratory conditions (July 200a) so that the effect of storage on seed germination

could be ascertained. Germination tests were performed on 50 seeds of each cultivar at

15 and 20'C in the dark for a period of 10 days. Municipally-treated tap water was used

in germination tests. Each cultivar by temperature treatment was replicated four times.

A completely randomized design was used. Seed was not received in time to perform

germination tests prior to broadcasting the seed, in both 2002 and2003.

A control treatment (no wheat seed) was established in each experiment to ensure

that there was no indigenous volunteer wheat at either site in either year. For this

treatment, white cylindrical glass beads were broadcast at a rate of 500 beads m-'. The

beads, 4 mm in length and 1 mm in diameter, had a thousand kernel (bead) weight (1000

KWT) of 24.4 g. Typical measurements for wheat would be a length of 5 mm, a diameter

of 2.5-3.0 mm, and a 1000 KWT of 32.0-40.0 g.

treatments would be included in the experiment: fall tillage, fall and spring tillage, spring

tillage, and zero tillage. Thus one-half of each of the plots were tilled in the fall of 2002

(for the 2003 experiment), as this was the fall tillage, and the first component of the fall

and spring tillage treatments, and the other half of the plots remained untilled in the fall

as these were intended for the zero tillage and spring tillage only treatments. Tillage was

one pass of a field cultivator with 15 cm sweeps on 20 cm spacings to a depth of 7.5 cm.

At the time of establishment (fall2002), it was intended that four tillage
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However, prior to any lasting snow cover, wildlife (most notably geese) foraging in the

Winnipeg plots in the fall of 2002 consumed virtually all seed that was left on the surface

of the untilled plots. Wheat seed was re-broadcast by hand on the Winnipeg untilled plots

in November,2}}2, but was once again eaten by wildlife prior to snow cover in the fall

of 2002. Unfortunately, wildlife also consumed the seed on the untilled plots at Carman.

These seed predation events forced abandonment of the zero tillage and spring tillage

only treatments, leaving only two tillage treatments: fall tillage, and spring and fall

tillage. All plots in these remaining two tillage treatments were tilled shortly after the

wheat seed was broadcast each fall, and the second component of each of the tillage

treatments was applied in the spring just prior to seeding of the flax crop. In the

experiments that were established in the fall of 2003, only two tillage treatments were

planned (fall tillage, or fall and spring tillage) and all plots were titled in the fall

immediately after wheat seeds were broadcast.

In the spring before the flax crop was seeded into the experiments, glyphosate was

applied aL arate of 450 g ae ha-r to those plots which would not be tilled in the spring

(Table 3.1). The fall and spring tillage plots (which were to receive spring tillage) were

tilled once prior to crop seeding with one pass of a field cultivator to a depth of 7 .5 cm in

a direction opposite to that of the fall tillage pass (Table 3.1). This was done to counter

the effect of any seed movement that may have occurred with the fall tillage. No

fertilizer was applied in any site-year.

Immediately after spring tillage or glyphosate application (on the same date,

Table 2.L) the experiment sites were seeded to flax (cv CDC Bethune) at a rate of 33 kg

ha-r using a double disc press drill with 15 cm row spacing. To mimic standard farming
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practice, sites were sprayed with an in-crop herbicide mixture consisting of Poast Ultra

(sethoxydim at 500 g a.i. ha-r), Buctril M (280 g a.i. bromoxynil and 280 g a.i. MCpA

ha-l), and Merge a-djuvant (1.0 L ha-r), when the flax was approximately 5-7 cm tall

(MAFRI 2005). In2003, the experiments were not harvested but \/ere mowed once in

mid-July after volunteer wheat emergence counts ceas_ed. In2004, the spikes of wheat

plants surviving the in-crop herbicide application were collected and mowing had to be

delayed until these spikes were mature (October).

Table 3.1. Dates for field operations.

Site-year

Winnipeg 03 September 28^
Carman 03

Winnipeg 04 September 29
Carman 04

Seed broadcast

"For one replicate at Winnipeg, wheat seed was re-broadcast to an adjacent area on
October I,2003 to ensure that residue cover was consistent throughout the experimental
area.

3.2 Measurements

3.2.1 Soil Temperature

Soil temperature was monitored with Stow Away@ TidbiTrM temperature loggers

(Onset Computer Corporation, Box 3450, 536 MacArthur Blvd., Pocasset, MA 02559-

3450). These loggers were placed at two depths (1.5 and 4.5 cm) in one fall tilled, and

one spring and fall tilled plot within three of the four tillage treatment replicates at each

site in each year (i.e. a total of 6 TidbiTs per site-year). TidbiTs were removed prior to

October 8

October i

Field operations

Tillage/glyphosate
application and seeding

}/,ay 22
}lf.ay 2l
June 4
May 28

In-crop herbicide
application

June 11

June 9
June 30
Iune24
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tillage operations and replaced immediately following seeding. Missing soil temperature

data was replaced with local air temperature for these short time periods. Daily soil

temperatures from TidbiTs were converted into growing degree days (GDD) using the

equation:

(McMaster and Wilhelm 1997) where T.,* is the maximum daily temperature, Tmin is the

minimum daily temperature, and T6ur" is the base temperature of O"Celsius. Cumulative

GDD's were then averaged over depth and replication to obtain a cumulative GDD

measurement for each tillage treatment at each site-year.

3.2.2 Soil Moisture

GDD: {(T,nu* + Tn'in)/21 - Tbu,"

Volumetric soil moisture was measured weekly. A ring with a diameter of 5 cm

and a depth of 3 cm was used to take soil samples from three randomly selected locations

within plots in three of four replications at each site-year. At each location within the

plot, samples were taken from 0-3 and 3-6 cm depths. The three samples from each

depth interval within each plot were bulked and sealed in airtight containers. The sample

containers remained tightly closed until they were weighed in the lab and placed in a

100'C oven. The samples were dried for 48 hours and then weighed. The weight of the

empty container was subtracted from the weight of the container and sample to determine

the weight of the dry soil sample. Volumetric water content was calculated as follows

(McKeague 1978):

(i)

where Pv : water content (volume basis), Pw: water content (weight basis), and Dbm :

bulk density at field capacity water content (WA/ g/"^t,where W: oven-dry weight of

Water content (volume basis) Pv: Pw x Dbm (2)
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sample and V: volume of sample). Volumetric soil moisture measurements were

averaged over replications within site-year to obtain one volumetric soil moisture

measurement for each depth and tillage treatment per week during the emergence

monitoring period at each site-year.

3.2.4 Emergence and Emergence Timing

Volunteer wheat emergence was monitored in every plot at each site-year within a

randomly placed permanent 0.25 mz quadrat. Volunteer wheat emergence was monitored

within each quadrat every 3-4 days, except in May of 2004 when a heavy snowfall

followed by substantial rainfall prevented entry into the field for approximately one

week. Emerged wheat plants within quadrats were counted and marked using coloured

plastic rings with a unique colour for each sampling date. Quadrats were not protected

nor avoided during tillage, spraying or seeding operations.

3.2.5 Survival After Control Measures

In2003, we were surprised to observe that some volunteer wheat plants survived

the in-crop herbicide application. In 2003, these plants were clipped at the soil surface

following the in-crop herbicide application to avoid any reseeding that could affect the

outcome of the persistence study. In2004, we again noticed that a number of volunteer

wheat plants survived the in-crop herbicide application and since we had decided to

abandon the persistence study these surviving volunteers were left untouched and

allowed to continue their development in order that we could assess how much seed they

would produce and the reproductive quality of this seed. In 2004, surviving volunteer

wheat plants were counted in each of four 0.25 m2 quadrats placed randomly within each

plot after a minimum of 12 days after in-crop herbicide application. As very few plants
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emerged after the in-crop herbicide application, it is likely that any plants that contributed

to reseeding would be those that survived control measures. To gain some insight into

the consequences of volunteer wheat survival, any spikes that were produced by

surviving plants were harvested by hand on October 25 in Winnipeg and October 26 in

Carman. The spikes were dried in ambient temperature for 1 week and threshed. Seeds

were tested for germinability using the germination test method described previously.

3.2.6 Wheat Seed Fate in Soil

To recover unrecruited wheat seeds (or glass beads in the control plots) soil

samples were taken within plots seeded with Superb and CDC Teal, as well as the control

plots (where only beads were broadcast), at two sampling dates in2004 within the fall

tillage (no spring tillage) plots. The sampling dates were April 28 and June 28 in

Winnipeg, and April 29 andJune23 in Carman. The two cultivars were chosen because

tliey had both demonstrated moderate levels of recruitment in the 2003 season. Soil

samples were taken early in the spring before volunteer wheat emergence began and after

emergence monitoring had ceased. A soil corer with a diameter of 5.5 cm and 7.5 cm

was used to take 15 soil cores (7.5 cm deep) from each plot. The cores were bulked

within plot, and the bulked plot soil samples were sealed in plastic bags and stored in a

cold room at 4C. When the bags were removed from the cold room, the samples were

divided into halves. One half of each sample was placed into a plastic tray such that the

soil depth did not exceed 2.5 cm. These trays were placed in a growth chamber at20"C

(day) and 15"C (night) and watered daily. The trays were monitored for volunteer wheat

emergence every 7 days for a period of three weeks and emerged wheat seedlings

counted. After three weeks, the trays were removed and placed in a -25"C walk-in
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fÍeezer, where they remained for three weeks. After three weeks the trays were placed

again in the growth chamber, watered daily, and monitored for volunteer wheat

emergence for 3 weeks. Three cycles of this process were completed. This method for

determining the viable seed content in soil seedbank follows that published by Cardina

and Sparrow (1996).

The remaining half of each bulked soil core sample was spread thinly on trays and

placed in a greenhouse for one week to air dry. After the samples were dry, soil clods in

the samples were broken by hand and the soil was passed through 7164 inch mesh sieves.

Wheat seeds that were recovered from the soil samples were placed in paper envelopes

and kept at room temperature. These seeds were visually inspected to assess viability.

Seeds that had produced a radicle and coleoptile, but had obviously ceased growing and

exhibited signs of extensive decomposition not associated with the drying process were

classified as 'failed recruitment.' If a seed had produced a radicle and coleoptile that

appeared to have been healthy prior to the drying process, the seed was classified as

viable. When a seed was ungenninated and had visible signs of obvious physical damage

or extensive decomposition, it was classified as non-viable. If an ungerminated seed had

no signs of either physical damage or extensive decomposition, pressure was applied with

forceps to assess the viability of the seed. Seeds with little or no resistance to the

forcep's pressure were classified as non-viable while those that exhibited resistance to

pressure were classified as viable (Gulden et al. 2003).

The total number of seeds (or beads) recovered was expressed on a per area (m2)

basis. The number of seeds that failed to recruit, the non-viable seeds, and the viable

seeds were expressed as a percentage of the total number of seeds recovered.
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3.2.7 Seed Persistence

In2004, the 2003 sites were used to monitor second year persistence of volunteer

wheat recruitment from wheat seed broadcast in the fall of 2002. These sites were tilled

with three passes of a field cultivator in the spring of 2004 to ensure good weed control,

and were seeded to flax at the same rate and using the same seed drill as for the 2004

experiments. In-crop herbicides were applied as detailed previously (see Table 2.I for

dates of field operations). Every 10 days from early May until mid-July, the entire

experiment was visually inspected for the presence of volunteer wheat seedlings.

3.3 Statistical Analyses

3.3.1 Germination Tests

Germination percentages were determined from the seed germinated at the end of

the 10 day period under controlled conditions. kritial analysis indicated that neither

temperature nor run (pre- or post-storage timing of germination test) were significant

factors affecting mean germination percentage of the seed produced in 2003 and data

were pooled over these factors for subsequent analysis. Year was a signif,rcant factor

affecting mean germination percentage and subsequent analysis was performed

separately for each year. Treatment means (cultivar) were separated using LSD tests

(P<0.05).

3.3.2 Emergence Timing

Emergence timing was represented by the percentage of cumulative emergence

that had occurred on each sampling date. Plots with zero total emergence were not

included in the analysis due to the arbitrary nature of assigning a value of either 0 or

I00% cumulative elnergence to these plots.
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With regard to site-year effects, year as a factor commonly is significant because

weather, which includes temperature, precipitation, and relative humidity/humidex, is

seldom identical between years. Site as a factor is also commonly signif,rcant because of

variation between sites in soil type, soil texture, landscape aspect and slope, weed species

and densities present, localized insect infestations, and diseases present, etc (Froese et al.

2005). To include 64 curves (2 years x 2 sites x 2 trllage treatments x 8 cultivars) in a

systematic non-linear regression analysis is unmanageable, therefore preliminary

analyses of variance (ANOVA, SAS PROC GLM) were conducted to determine whether

data could be pooled over any of the above factors which would reduce the number of

curves to be fitted. For each of the initial seven sampling dates (which encompassed the

great majority of the emergence period), an ANOVA was conducted. To simplify

ANOVA, year and site were expressed as site-year. Cumulative percent emergence was

analyzed according to a split-plot experimental design (Gomez and Gomez 1984) with

tillage as the main-plot effect and cultivar as the sub-plot effect. Specific error terms

were used to test the significance of site-yeaÍ, tillage, cultivar, and interactions with

partitioning of variance as suggested by Dr. A. Brûlé-Babel (pers. comm.). In these

initial seven ANOVA's site-year was significant for the first six sampling dates, and the

main effects of tillage and cultivar were not significant for any of the seven sampling

dates, and only one interaction effect was significant for only one of the seven dates (for

an example of these ANOVA results see Appendix7.3.I). The results of these

ANOVA's indicated that the percent cumulative emergence should be subjected to

nonlinear regression by site-year. To further examine the significance of tillage and

cultivar within each site-year, an additional series of ANOVA's (a total of 28) were
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conducted (four-site years x seven sampling dates). Results of these ANOVA's indicated

that tillage, cultivar, and all interactions were not significant in the majority of instances.

For example, tillage as a factor was significant in only 2 of 28 instances, namely,

sampling day 3 at Carman 03 and sampling day 5 at Carman 04, and cultivar as a factor

was significmt in only 4 of 28 instances, namely, sampling day 2 at winnipeg 03,

sampling day 7 at Winnipeg 03, sampling day 4 at Winnip eg04, and sampling day 5 at

winnipeg 04 (for an example of these ANovA results see Appendix7.3.2). The

ANOVA approach suggested that non-linear regression could proceed with data pooled

over tillage and cultivar.

Nonlinear (logistic) regression analysis was used to model the emergence period

for each of the four site-years as a function of cumulative soil GDD using the SAS NLIN

procedure (SAS, 1999). The logistic model fitted was

y: a/ (l+be-")

where y is the dependent variable (cumulative percentage volunteer wheat emergence), x

is cumulative soil GDD, ¿ is the base of the natural logarithm, a is the estimated value of

maximum emergence (upper aslanptote) , and b and c arc nonlinear parameters that

interact to determine the slope and shape of the curve. The emergence at the inflection

point of the curve is alL, and (ln b)/c is the cumulative soil GDD (x-axis intercept) at the

inflection point. The logistic model was chosen because of its simplicity, biological

meaning, and the suitability of the model to fit the shape of the data (Friesen et al. lg92).

Lack-of-fit,F tests (Appendix 7.7), as outlined by Seefeldt et al. (1995), were used to test

significance (P < 0.05) between parameter estimates of the equations fitted for each site-

year. A coefficient of determination (R2) was calculated using the residual sum of

(3)
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squares value frorn the SAS output, as described by Kvalseth (1985). As outlined by

Seefeldt et al. (1995), SAS provides only one residual sum of squares value for the model

as a whole, even though parameters for several equations (the four site-years) are

estimated simultaneously. Standard errors of the parameter estimates are presented

(Table 4. 1); the standard error of a parameter estimate is a measure of confidence, and if

it is large, the parameter is poorly estimated. Parameter estimates were used to calculate

cumulative GDD's at which 25o/o (E2s),50% (E50), and 80o/o (Es6) emergence were

reached using the following equation:

-r: -ln ((a-y)lyb)lc

as described in Bullied et al. (2003).

3.3.4 Proportional Emergence Level

The total number of volunteer wheat plants m-t thathad emerged at the end of the

field season was represented as a proportion of seed broadcast (500 seeds m-2), adjusted

for the mean germination percentage for each of the cultivars (Table 4.3). The data was

analyzed using ANOVA, following the same partitioning of variance approach as

described previously (Appendix 7.4). ANovA indicated that site-year and the

interaction of site-year*cultivar were significant, therefore results were presented by

cultivar for each site-year (pooled over tillage treatment). Treatment means were

separated using LSD tests (P<0.05).

3.3.5 Wheat Seed Fate in Soil

Prior to the analysis of the seed recovery data, two data points each greater than

i000 beads --t *".. identified as outliers (since only 500 beads m-t *"r" broadcast) and

removed from the dataset. These outliers were the result of sampling error, and they are

(4)
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not representative of the majority of plots. For the total number of volunteer wheat seeds

and beads recovered from the soil, an ANOVA indicated that the only main factor that

was significant was cultivar and that the only interaction that was significant was

sampling occurence(date)*site. Therefore, the data was presented by site, sampling date,

and cultivar. Means and standard errors are presented and means were separated using a

Fisher's Protected LSD test (P<0.05). For the classification of seed recovered from the

soil (classif,red as viable, non-viable or failed recruitment), only means and standard

elrors were presented for viable and failed recruitment classes because the dataset was

too sparse to ailow for ANOVA. For the non-viable class, where the dataset did not have

an unusual number of zeroes, ANOVA indicated that cultivar was the only significant

factor and no interactions were significant. Therefore the data for non-viable class was

presented pooled over site and sampling date. This presentation (data pooled over site

and sampling date) was also used for presenting the means of viable seeds and failed

recruitment classes.

3.3.6 Seed Persistence

Due to the overwhelming number of zeroes in the dataset, it was not possible to

analyze the seed persistence dataset. Results are summarizedin the results and

discussion section.

3.3.7 Survival After Control Measures

Survival of volunteer wheat plants in our experiments was not expected and

characterization of these plants was not part of the original project plan. As such, data

was collected but the datasets for the variables number of volunteer wheat plants that

survived herbicidal control measures, mean number of spikes and kernels produced by
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volunteer wheat plants that survived herbicidal control measures, and germination

percentage of seed collected from surviving volunteer wheat plants had insufficient

representation of treatments and/or replicates and contained a large number of zeros. The

state of the datasets prevented ANOVA. Therefore, means and standard errors were

calculated (using PROC MEANS in SAS) and presented.
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4.0 RESULTS AND DISCUSSION

4.1 Volunteer Wheat Emergence Timing

In2003, there was substantial GDD accumulation prior to the onset of emergence

monitoring, aîd a significant proportion of volunteer wheat emergence occurred by the

time monitoring began. Therefore the emergence curves for Winnipeg 03 and Carman 03

do not provide a data-based representation of early volunteer wheat emergence timing.

However, the occurrence of the onset of volunteer wheat emergence at less than 100

GDD (at Tbur" 0 C) is well supported by data in the Winnipeg 04 and Carman04

emergence curves. The results of our two year study suggest that volunteer wheat has a

defined emergence period, emerging in a single discrete flush, rather than throughout the

growing season.

Table 4.1. Thermal time (GDD- growing degree days- Tbase OoC) required to achieve
25o/o (E2s), 50o/o (Esù, and 80o/o (Ese) emergence of volunteer wheat at Winnipeg 03,
Carman 03, Winnipeg04 and Carman 04. See materials and methods for details.

Site-year

Winnipeg 03

Carman 03

V/innipeg 04

Carman 04

Ezs

In 2003, E25 was achieved by 174 and 154 GDD's at Winnipeg and Carman,

respectively, while E56 occurredby 254 GDD's at Winnipeg, and 221 GDD's at Carman

(Table 4.1). Esç was achieved by 345 GDD's at Winnipeg and 305 GDD's at Carman in

2004 (Table 4.1).

174
154
116

r43

Eso

249
221
L4T
205

Eso

345
30s
173
283
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Although we became aware of the remarkably early emergence of volunteer

wheat in 2003, our best efforts to sample in advance of any emergence in 2004 still

resulted in failure to capture the absolute zero emergence point at either site. However,

much less proportional emergence took place prior to the onset of monitoring in 2004

versus 2003. ln the spring of 2004, one potential reason for the inability to capture the

point of zero emergence in the spring became clear when a pale, etiolated volunteer

wheat seedling that appeared to have over-wintered at the Winnipeg site was spotted on

April 21,2004. This raises the possibility that some fall germination had occurred. The

successful recruitment of fall-germinated seeds causes seeds to exit the seedbank;

whether or not the seedlings necessitate control is dependent upon their survival over the

winter. Although we have only anecdotal evidence that the wheat seedling had survived

winter conditions, the presence of relatively advanced (in development) wheat seedlings

prior to the onset of monitoring, which began prior to the accurnulation of 90 GDD's at

'Winnipeg in2004, is perhaps not surprising, given that final germination of over 90% of

spring wheat seeds has been recorded at temperatures as low as 5oC (Lafond and Baker

1e86).

In2004, E25 was achieved by 116 and I43 GDD's at Winnipeg and Carman,

respectively, while E5s occurred by 141 GDD's at Winnipeg, and 205 GDD's at Carman

(Table 4.1). Ess was achieved by 205 GDD's at Winnipeg and 283 GDD's at Carman in

2004 (Table 4.1).

The emergence period of volunteer wheat was much earlier than that of volunteer

canola, which, according to Lawson (2005), begins between 200 and 300 GDD,

independent of tillage regime. Similarly, Bullied et al. (2003) found that several common
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annual weeds including green foxtail (Setaria veridis L.), wild oat (Avena fatua L.), wild

buckwheat (Polygonum convolvulus L.), wild mustard (Sinapis arvensis L.), common

lamsquarters (Chenopodium album L.), redroot pigweed (Amaranthus retroflexus L.), and

field pennycress (Thlaspi arvense L.), all required much greater accumulations of GDD's

to achieve Ezs,Eso, and Ess in comparison to volunteer wheat.

This is consistent with what is known about the biology of cultivated wheat.

Wheat seeds possess little innate dormancy (Beckie et al. 200lb) and should therefore

germinate as soon as suitable conditions exist. This study also corroborates work by

Marginet (unpublished data) who recorded early emergence of volunteer wheat in

farmers' fields in Manitoba. In this study, volunteer wheat emergence was signif,rcantly

earlier than other weed species, despite soil cultivation to a depth of up to 7.5 cm.

However, volunteer wheat has been shown to successfully recruit from soil depths greater

than 11 cm (du Croix Sissons 1999). The ability to emerge from a variety of depths is

thought to be due to the seed reserves possessed by larger-seeded species such as wheat

(V/ilson and Lawson I992,Hoffman et al. 1998, du Croix Sissons et al. 2000).

Although increasing burial depth has a limited, and somewhat inconsistent, effect

on volunteer wheat emergence levels (Boyd and Van Acker 2003), burial depth

profoundly influences volunteer wheat emergence timing (Bullied and Van Acker 2004).

Boyd and Van Acker (2003) found that at 10 days after planting (DAP), maximum

emergence percentage of wheat from a depth of l-2 cm, while significantly different from

maximum emergence from both the surface and3-4 cm, was not significantly different

from maximum emergence from 6-7 cm. They also found that although the percentage of

wheat that emerged from the surface was significantly lower than the greatest emergence
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percentage (92o/o for seeds at the 1-2 cm depth), the wheat sown on the surface still

achieved 7lo/o emergence by 10 days after planting. At both 10 and 19 DAP, wheat had

the highest maximum percent emergence when seeds were on the soil surface compared

to a number of other weed species, which is evidence that wheat is a particularly

successful surface germinator. Boyd and Van Acker (2003) also found high proportional

emergence for wheat seeded at 6-7 cm versus six of the seven other weeds included in

their study at both 10 DAP and 19 DAP.

Although emergence timing as a function of thermal time was not recorded in the

study by Boyd and Van Acker (2003), it is interesting to note that in their study at 19

DAP, maximum emergence percentages for wheat had changed very little compared to

results at 10 DAP. Maximum percent emergence was unchanged between dates for seeds

at the surface, while it increased by I% for seeds at the l-2 cm depth and 4o/o for seeds at

the 3-4 cm depth (Boyd and Van Acker 2003). These results supporl the rapid emergence

of volunteer wheat witnessed in our study.

The rates of volunteer wheat emergence were very similar at Carman in 2003 and

2004 (Figure 4.I). Emergence was slightly slower at Carman in2003 versus 2004,but

the Ese values differed by only 22 GDD's. The rate of emergence at'Winnipeg in 2003

was slower than the emergence rate at Carman in either year. The rate of emergence at

Winnipeg in2004 was more rapid than in any of the other site-years (Figure 4.1). In

2004, Ese at Winnipeg was achieved by only 173 GDD's. Because cumulative percent

emergence was measured on a thermal rather than a calendar time basis, differences

between site-years in rate of heat unit accumulation do not account for the differences

between site-years in rate of emergence. However, soil moisture may have been a factor
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since the 2003 and 2004 seasons were different with respect to precipitation. Although

total monthly precipitation was higher at both sites in April of 2003 than in April of 2004

(Table 4.3), differences in rate of emergence may reflect differences in residual soil

moisture levels, since above normal precipitation was recorded at both Winnipeg and

Carman in March, 2004 versus March, 2003 (Table 4.3). Precipitation levels were also

significantly above normal in May of 2004 at both sites (Table 4.3).

The two sites in this study represented two different soil textures, which may have

contributed to the differences in emergence period between site-years. Soil moisture

content has been positively correlated with the clay content of soil (da Silva et al. 2001),

and the Riverdale clay loam soil at V/innipeg has a much higher clay content than the

Reinfeld sandy loam soil at Carman (approximately 43o/o clay versus only l7o/o clay ).

Although we found differences in soil moisture to be inconsistent between site-years

(Appendix 7.1) we did not measure soil moisture very early in the season, when

differences in residual soil moisture may have existed. We did find, however, that soil at

the 3-6 cm depth generally had greater moisture content than soil at the 0-3 cm depth.

Therefore, higher residual soil moisture levels at both V/in-nipeg and CarmaninZ}}4 may

have allowed for more s;.nchronous germination in the upper and lower recruitment

zones, producing a higher cumulative emergence percentage earlier in the season in2004

versus 2003.In 2003 the lack of residual soil moisture in the spring may have meant that

only those wheat seeds deeper in the soil profile (below 3 cm) would have had sufficient

moisture to germinate, while the seeds in the upper portion of the recruitment zone,

especially seeds very near the soil surface, would have been unable to germinate until

additional precipitation augmented the soil moisture content in the 0-3 cm soil layer.
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Overall, spring wheat behaves as an emergence generalist, capable of germinating

under limited soil moisture conditions (Lafond and Baker 1986), and on the soil surface,

exhibiting more successful surface germination than many other weed species (Boyd and

Van Acker 2003). But Boyd and Van Acker (2003) recorded only 50% germination for

wheat seeds placed on the soil surface when these seeds were subjected to fluctuating soil

moisture conditions. They also found that germination of wheat seeds located below the

soil surface (greater than I cm) was unaffected by fluctuating soil moisture levels.

Lafond and Baker (1986) found that moisture stress had a limited effect on wheat

germination levels, but a significant effect on germination rate. Additionally, Bullied and

Van Acker (2004) clearly demonstrated that the recruitment of volunteer wheat seed on

or very near the soil surface can be very significantly delayed compared to wheat seed

placed deeper in the soil profile (below 1 cm), even under relatively normal spring

precipitation conditions.

Harker et al. (2005) studied the emergence timing and persistence of glyphosate-

resistant wheat across the Canadian prairies and recorded volunteer wheat emergence

timings that were generally later than those recorded in this study. Whereas in our study

the bulk of volunteer wheat emergence consistently occurred prior to seeding, in the

study by Harker et al. (2005) a greater proportion of volunteer wheat seedlings emerged

after crop seeding. They did note, however, that this delayed emergence \Mas more

evident at the drier sites within their study, where spring precipitation levels were

generally low, and sometimes much lower than normal. These sites included

Beaverlodge, Lacombe, and Saskatoon (Harker et al. 2005). However, in this same

study, where spring precipitation levels were generally high (e.g. the Brandon site)
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volunteer wheat emergence levels were similar in both the pre and post-seeding periods

In this fashion, therefore, the results of Harker et al. (2005) resemble our results and

support the idea that volunteer wheat emergence may be delayed when soil moisture is

limiting.
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Figure 4. 1. Cumulative emergence of volunteer wheat
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Table 4.2. F test results comparing parameter estimates of volunteer wheat emergence
period models for Winnipeg 03, Carman 03, Winnipeg} , and Carman 04. See materials
and methods for models (standard errors in parentheses).

Site-year

Winnipeg 03

Carman 03

Winnipeg 04
Carman 04

e8.e8 (0.s6)
98.e8 (0.s6)
98.98 (0.s6)
e8.e8 (0.s6)

Parameter estimates
b

Table 4.3. Total monthly precipitation (mm) and the 3O-year normal total monthly
precipitation for Winnipeg and Carman, Manitoba.

38.9s (7.86)
38.es (7.86)

ss2.90 (2e7.s0)
38.e5 (7.86)

Sept 42.5
Oct 17.3

Nov 24.0
Dec I2.2
Jan I2.5
Feb 10.5

Mar i8.5
Apr 33.0
May 78.5
Jun 42.5
Jul 44.5

Winnipeg

0.01s (0.0008)
0.017 (0.000e)
0.04s (0.0038)
0.018 (0.0010)

38.5
18.5
13.5
28.0
40.5

8.5
59.7
¿).)

134.0
35.0
67.0

u'' Weather data provided by Environment Canada. Available at:
www.climate.weatheroffice.ec.gc.ca; accessed May I 8, 2005.
b 

3O-yeur normal based on years I971-2000 at Winnipeg International Airport,'Winnipeg,
Manitoba, Canada.
o 3O-y"at normal based on years Ig71-2000 for Graysville (latitude 49"30',longitude
98"10', elevation 284 m above sea level), as a 30 normal is not available for Carman
(latitude 49"26',longitude 98"09', elevation 282m above sea level) for the period I97l-
2000.

R2

52.3
36.0
25.0
18.5

19.7
t4.9
21.5
31.9
s8.5
89.s
70.6

0.98

Carman

21.0
8.7
9.0

12.6
8.0
7.4

13.4
32.2
82.0
81.0
s6.4

36.2.
24.1

11.8
34.3
29.7

6.6
60.3
2r.0

126.6
32.4
50.2

49.0
34.0
18.6
20.8
18.5
r7.7
21.7
42.5
52.7
72.8
69.1
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Differences in soil moisture between the two tillage treatments were different

(Appendix 7.1), and this may have been related to the similarity between these treatments

in the level of tillage applied (Van Acker et al. 2004) since plots within both the fall

tillage and fall and spring tillage treatments were tilled in the fall, and none of the plots

benefited from increased snow collection. Bullied et al. (2003) aiso found-that tillage

regime did not result in consistent differences in soil moisture or temperature within the

weed seedling recruitment zone (0-5cm). ln our study there was no significant effects of

tillage on the emergence period of volunteer wheat. Bullied et al. (2003) found that

tillage effects on weed emergence timing were related to the effect of tillage on seed

placement in the soil profile and Reid and Van Acker (2005) reported similar results in a

study on cleavers (Galium spp) emergence. It is the initial tillage pass that is most

important in determining seed placement in the soil profile (Van Acker et al. 2004). Thus

it is unlikely that there was any effect of tillage in our study because the fall tillage and

fall and spring tillage treatments differed by only one tillage pass. In a study with plastic

beads representing seeds, Dessaint et al. (1996) found that the only effect of repeated

ploughing was an increase in the uniformity of the distribution of the beads.

4.2 Volunteer Wheat Emergence Levels

Site-year was a significant factor affecting volunteer wheat emergence levels.

Although mean emergence differed significantly among site-years, the differences in

mean and rank among cultivars (according to emergence level) were not consistent

between site-years (Table 4.5). This suggests that differences in emergence levels were

not due to a cultivar effect alone, but to the effect of the significant site-year by cultivar

interaction.
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The seed produced in both 2002 and 2003 achieved over 80% germination (Table

4.4), and since proportional recruitment was corrected to reflect the total number of

germinable seeds that were spread, the differences in recruitment cannot be accounted for

by differences in germination ability of the seed. However, the difference in mean

germination of the 2002 and 2003 seedlots does point to potential differences in seed

quality that could affect recruitment in a farmer's field.

The seed produced in2002 had higher mean germination than the seed produced

in2003 (Table 4.4). The difference in germinability may reflect differences in the

prevailing growing conditions, as well as the presence and impact of microbial pathogens

or insect pests in a given season. However, apart from year of seed production, no other

factor had a significant effect on germination (Appendix 7.5). Therefore, seed storage

under laboratory conditions was not found to negatively impact the seed. The

temperature at which the germination test was conducted was also found to have no effect

on getmination levels, which is not surprising given that wheat has been found to achieve

satisfactory germination at temperatures between 5 and 30'C (Lafond and Baker, i986).
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Table 4.4. Mean germination percentage^ (o/o) recorded for seed produced in20}2 and
2003 at a common nursery at Brandon, Manitoba, Canada (standard errors in
parentheses).

Cultivar

AC Barrie
AC Domain 95.3 (1.4)
AC Intrepid
AC Majestic 93.8 (1.5)

Seed produced in year

CDC Teal
Katepwa
McKenzie

2002

Superb 95.3 (1.0)

e0.8 (2.6)

o 50 seeds per dish were gerrninated at 15 and 20"C for a period of i0 days. Results were
pooled over temperature treatment.
bMean germination percentages based on results of two separate germination tests
performed on the 2003 seed (the first in October 2003 and the second in July 2004) to
assess the effect of storage. Effect of run was not significant and results presented are
pooled over run.

Cultivar had no effect on mean germination percentage. Although, in the context

of pre-harvest sprouting, Strand (1989b) found dormancy to vary among wheat cultivars.

Dotmancy also varies among different accessions of the same cultivar, and, even among

the kernels within a spikelet (Strand 1991). And, since Strand (1991) found that the

effect of climatic factors on the development of dormancy varies not only with cultivar,

but also with developmental stage, therefore it is not surprising that cultivar had no

consistent effect on germination or recruitment. However, as stated above, the

differences in mean recruitment levels may be a product of the statistically significant

site-year by cultivar interaction, which may have arisen due to differences among

cultivars in terms of performance in different environments.

86.8 (2.2)

88.5 (1.3)
e3.8 (1.s)
8e.0 (4.1)

o//o-

2003b

82.0 (r2.s)
82.1(2.0)
87.0 (6.1)
86.s (2.3)
88.3 (1.s)
86.4 (2.4)
81.s (1.8)
8s.4 (2.2)
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Table 4.5. Mean emergence of volunteer wheat, reported as a percentage (%) of wheat
seed broadcast in the fall^ for eight spring wheat cultivars in 2003 and2004 at Winnipeg
and Carman (standard en:ors in parentheses). Data pooled over tillage treatments.

Cultivar

AC Barrie
AC Domain
AC Intrepid
AC Majestic 1.1 (0.3) bc t3.r (2.2) a 2.4 (0.7) b 3.3 (0.9) b

Winnipeg

CDC Teal
Katepwa
McKenzie
Superb

2003

3.3 (0.4) ab 9.5 (1 .7) ab 2.1 (0.s) b 2.e (0.8i b
0.e (0.4) c 8.e (1.s) b 3.6 (0.7) ab 4.s (1.2)b
1.4 (0.4) bc 6.4 (0.7)bc 2.s (1.0) ab 3.3 (0.6) b

emergence percentages have been adjusted to reflect seed germination percentages for
each cultivar seedlot.
bM"a.r, followed by the same letter are not significantly different according to Fisher's
protected LSD test (p<0.05).

Tillage had no effect on proportional emergence levels of volunteer wheat. This

is likely due to the similarity of the two tillage treatments used in this study. Harker et al.

(2005) generally observed higher volunteer wheat densities in higher disturbance systems

tlran in low disturbance systems. Anderson and Soper (2003) noted that other studies

have shown opposing effects of tillage on volunteer wheat recruitment levels.

Site and year significantly affected proportional emergence levels for volunteer

wheat (Appendix 7.4). Mean proportional emergence of volunteer wheat was higher at

Carman than at Winnipeg in both 2003 and 2004. ln 2003, emergence levels at Carman

in 2003 ranged from 4.4o/o (tL.3%) to 13.lYo (!2.2%) of the germinable seeds broadcast

in the fall of 2002, compared to only 0.9 % (L0.4%) to 3.3o/o (-.0.4%) at Winnipeg (Table

4.5). In 2004, differences between sites was less pronounced, although still significant,

Carman

2.3 (0.6) ab a.a Q3) c 3.a (0.e) ab 4.8 (1.3) b
3.1 (0.s) a 7.5 (1.a) bc 4.9 (T.2) a 7.9 (2.3) a
3.0 (0.7) a 5.5 (1.s) bc 3.3 (0.e) ab 2.8 (0.6) b
2.a @.4) ab 8.s (2.0) b 1.6 (0.6) b 2.8 (1.1) b

Winnipeg

o//o

2004

Carman
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with emergence levels ranging from2.8o/o (11.1%) to 7.9o/o (X2.3%) at Carman, and from

1.6% (:t0.6%) to 4.9% (+1.2%) at Winnipeg.

Within year, weather patterns were very similar at the two sites in this study

(Table 4.3, Appendrx 7 -2), resulting in fairly consistent soil moisture levels at both sites

within each year (Appendix 7.i). Although there was not a great deal of difference in

soil moisture levels between sites within year, the soil moisture measurements represent

only a snapshot of soil moisture conditions on a given sampling date rather than a

continuous representation of soil moisture over time. Sandier soils, such as those at the

Carman site, consist of a greater proportion of large particles and larger pores through

which water moves more quickly (Cavers 2005)compared to soils with higher clay

content. The Winnipeg soil with a higher proportion of clay may have become more

saturated during a given rainfall event and required a greater drying time than the Carman

soil. As soil moisture cannot be sampled until the experimental plots are sufficiently dry

so that they may be enterecl without causing damage, the rate of soil drying immediately

following a rainfall event was not measured in this study. However, differences in the

rate of soil drying could affect the length of time volunteer wheat seeds were exposure to

high soil moisture levels which in turn would affect the level of seed decomposition by

soil microorganisms. This would lead to differences between soil types (sites) in the

proportion of germinable seeds within the seedbank. Greater decomposition due to

increased exposure of wheat seeds to soil moisture may have also lead to the low

volunteer wheat recruitment levels recorded by Harker et al. (2005) at Winnipeg, the

eastemmost and wettest site in their study.
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constantly moist conditions and suggested that the constant cycling of wet and dry soil

moisture conditions is one of the factors that allow soil seedbanks to exist in nature.

However, the specific features of seed from a given species may also affect seed

longevity in soil (Lewis 1973). Lewis (1973) noted that differences between species in

seed bank longevity can be substantial. The extensive decomposition we noted during

germination testing in our study (unpublished observations) is evidence of the detrimental

effects of moisture on wheat seed. Although the wheat seed was stored under laboratory

conditions (approximately 20'C) for a period of several months prior to germination

testing, the appearance of the seed was unchanged and no decomposition was evident.

However, after only 3 days incubation at the same temperature, and even at 15oC under

higher moisture conditions, there was extensive evidence of microbial contamination and

decomposition of the wheat seeds. After 1 week, some of the microbial infestations r.vere

so extensive that the seeds were Lrnrecognizable under the layers of fungi and bacterial

colonies (unpublished observations). V/ilson and Hottes (1921) also noted that wheat

seed was very susceptible to microbial attack in germ tests. And, according to M. Allen

(pers. Com in Crist and Friese 1998) decomposition rates of seed can be significantly

higher under a snow pack than under dry summer conditions. It seems reasonable that

high soil moisture conditions could precipitate microbial decomposition of wheat seed

and soil moisture levels are a critical determinant of wheat seed longevity in the soil.

Volunteer wheat emergence levels were significantly different between years,

although the effect of year was less significant and less consistent than the effect of site.

At Carman, emergence levels ranged from 4.4o/o (tL.3%) to 13. l% (+2.2%) in 2003 and

Greenheld (2000) studied the decomposition of seeds by soil microbes in
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from2.8%o (l l.l%) to 7.9o/o (t2.3%) tn2004. At Carman there was a lower level of

emergence tn2004 for 6 of 8 cultivars (Table 4.5). At Winnipeg, emergence levels

ranged from 0.9 % ('0.4%) to 3.3o/o (!0.4%) in 2003 and from 1.6% (x0.6%) to 4.9%

(!1.2%) tn2004. At Winnipeg, emergence levels were higher in2004 than in 2003 for 6

of 8 cultivars in 2004 versus 2003 (Table 4.5).

The reduction in proportional emergence levels of volunteer wheat that occurred

between 2003 and2004 at Carman was more pronounced than the increase in

proportional emergence levels between 2004 and2003 at Winnipeg. The lower

emergence levels at Carman tn2003 versus 2004 may have been related to differences

between years in precipitation levels the previous fall. Although precipitation in the fall

(September and October) in both 2002 and 2003 was below normal at Carman (Table

4.3),30.6 mm more precipitation fell in the fall of 2003 than in the fail of 2004.

Additionally, although temperatures at Carman were slightly above normal in September

of 2Q02 and 2003, temperatures were markedly below normal in October of 2002,but

slightly above normal in October of 2003 (Appendix 7 .2). The higher precipitation in the

fall of 2003 may have contributed to a reduction in the wheat seedbank through either

promotion of fall germination or seed decomposition in the soil, especially when coupled

with the higher mean temperature recorded at Carman in October 2003. Although

significant fall recruitment was not recorded at Carman, we did find evidence of

volunteer wheat plants overwintering at Winnipeg and so we know that some fall

germination could have occurred. Given that the mean temperature at Carman in October

was 7.0oC, and that wheat seed can achieve 90o/o germination at 5oC (Lafond and Baker,

1986), wheat seeds may also have germinated, but not successfully recruited. Mean
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temperature may have been sufficient for germination, but temperatures below the mean

would not likely be optimal for the growth and development of volunteer wheat. An

investigation into the fate of seeds in the soil did provide evidence of seeds that

successfully germinated but failed to emerge (Table 4.10). However, we cannot tell

whether those seeds germinated (but failed to recruit) in the fall of 2003, or in the spring

of 2004. Many of the seeds we recovered exhibited signs of extensive decomposition.

We think that differences in decomposition rates must have also contributed to the

differences in emergence levels between years at Carman because the mean number of

seeds m-2 recovered af Carrnan, when combined with proportional recruitment levels, did

not account for the total number of seeds spread in the previous fall

At Winnipeg, where emergence levels ranged from 0.9 % (10.4%) fo 3.3Yo

(10.4%) in 2003 and from L6% (+0.6%) to 4.9% (xl.2%) in2004, there was slightly

greater proportional emergence in2004 versus 2003. As at Carman, fall precipitation

levels were below normal at Winnipeg in both 2002 and 2003 (Table 4.3). However,

unlike at Carman, there was only a slight difference in precipitation between the two

years (2.8 mm more precipitation fell in the fall of 2002 than in the fall of 2003) (Table

4.3). Differences in soil moisture levels between years at Winnipeg were perhaps not

sufficient to lead to any differences in either fall germination or seed decomposition. If

there was no difference in tetms of seedbank reduction, the volunteer wheat seedbanks at

Winnipeg should have been very comparable in the spring of 2003 and the spring of

2004. In the spring of 2004, the greater residual soil moisture that was a product of

higher precipitation from January to March of 2004 (Table 4.3) likely resulted in a higher

initial germination and subsequent emergence of volunteer wheat at Winnipe g in 2004
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versus 2003. Higher early season recnritment would mean that relatively fewer seeds

remained in the soil to be subjected to decomposition in2004 versus 2003. Conversely,

the lower levels of early season recruitment at Winnipeg in 2003 may have resulted in a

greater proportion of seeds decomposing in the soil prior to recruitment, and lower

overall proportional recruitment in 2003 versus 2004 (Table 4.5).

4.3 Survival After Control Measures

In the first year of our study, we noted that some of the emerged volunteer wheat

plants escaped all control measures, including tillage, glyphosate bumoff, and in-crop

herbicide application. On the basis of these observations, an effort was made in2004 to

charactenze plots that escaped control. A minimum àverage of 1 plant m-2 of each

cultivar survived all control measures (Table 4.6). Seed return ranged from less than 1

seed m-2 to over 50 seeds m" lTable 4.7), often approaching approxim ately 50o/o of

tlpical harvest losses for wheat.

Table 4.6. Mean number of volunteer wheat plants (plants m-'¡u that survived herbicide
control measures (see materials and methods for details) at Winnipeg and Carman in
2004 (standard errors in parentheses).

Cultivar

AC Barrie
AC Domain
AC Intrepid
AC Majestic
CDC Teal
Katepwa
McKenzie
Superb

Wiruripeg

r.e (0.7)
2.4 (0.8)
2.6 (0.e)
2.6 (0.6)
2.3 (0.6)
s.r (1.1)
2.1 (1.8)
i.7 (0.6)

Carman

5.3 (1.1)
6.0 (1.3)
4.7 (t.0)
s.1 (1.1)
3.4 (0.e)
4.1(1.1)
s.t (t.2)
2.4 (0.7)
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Table 4.7. Meannumber of spikes (spikes m-2) and number of kernels produced on
volunteer wheat plants surviving herbicide control measures at Winnipeg and Carman in
2004 (standard errors in parentheses).

Cultivar

AC Barrie
AC Domain
AC Intrepid
AC Majestic
CDC Teal
Katepwa
McKenzie
Superb

--spikes m-'-----kernels m-2-----spikes m-'-----kernels m-2--

Winnipeg

0.6 (0.4)
0.1 (0.1)
0.4 (0.3)
0.7 (0.3)
0.e (0.4)
0.4 (0.6)
0.8 (0.s)

In view of our findings of a maximum of 13.I% proportional emergence (Table

4.5),1seed m-2 is unlikely to result in any volunteer wheat plants in the following season.

However, if 50 seeds m-2 *ere retumed to the soil and a maximum proportional

emergence of 13. 1.o/o was achieved, this could produce more than six volunteer wheat

plants *-' in the following season. Given that fewer than 3.0 ds m-2 could produce over

50 seeds m-2 lTable 4.7), the potential seed return from 6 plants could be substantial.

e.0 (6.8) 2.e (0.6) s3.1 (14.3)
4.1 (4.r) 0.e (0.8) 1s.0 (6.6)
7.2 (s.4) 2.0 (t.e) 34.6 (r4.3)

i8.8 (e.8) 3.6 (0.8) sL.4 (e.7)
e.4 (2.s) 2.3 (0.4) 42.2 (e.t)

13.8 (8.e) 1.4 (0.6) 8.2 (4.4)
18.0 (10.6) 3.3 (1.3) s3.6 (2t.t)

0.02 (0.02) 0.2 (0.2) 0.3 (0.2) 3.2 (2.0)

Carman
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Table 4.8. Mean germination percent (%) for wheat seed collected in the fall of 2004
from volunteer wheat plants surviving herbicidal control measllres, at Winnipeg and
Carman in 2004 (standard errors in parentheses).

Cultivar

AC Barrie
AC Domain ll.7 (n/a)^
AC Intrepid 91.3 (7.1)
AC Majestic T9.6 (5.7)

Winnipeg

CDC Teal
Katepwa
McKenzie
Superb

e3.3 (3.3)

u Where no standard error is listed, wheat seed was only present in i of 4 replicates in the
fall

Carman

e8.3 (1.7)
e4.1 (3.0)
7 s.0 (1.7)
90.9 (nla)

Generally low mean germination percentages were recorded for AC Domain, AC

Majestic, and McKenzie (Table 4.8). This may have been due to the higher level of pre-

harvest spror-rting resistance exhibited by these cultivars (pers. com. S. Fox). In general,

mean germination for the seeds coming from the surviving wheat plants was higher at

Winnipeg than at Carman for 6 of 7 cultivars (Table 4.8). Strand (1989a, 1989b, 1991)

found that environmental factors can influence the germinability as well as dormancy

(sprouting resistance) in wheat seeds. Variations in dormancy may necessitate different

dormancy-breaking measures, and therefore, different levels of after-ripening. It is also

interesting that although mean germination percentage was generally higher at Winnipeg,

the ranking of cultivars according to mean germination percentage was very similar

between the two sites (Tabie 4.8). Katepwa proved to be an exception, as mean

germination of Katepwa at Winnipeg was quite different from mean gerrnination at

Carman (Table 4.8). The mean germination percentages recorded for these seeds was

87.s (4.2)
40.4 (16.3)
83.6 (s.6)
17.s (2.s)
90.0 (2.4)
7e.4 (6.r)
66.0 (6.2)
80.8 (2.s)
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generally lower than the germination percentages recorded for both the2002 and2003

seedlots used in this study (Table 4.4). This difference may reflect the less than optimal

growing conditions tn2004 (cool, wet summer with an early frost), and it suggests that

proportional emergence of any plants that result from reseeding (from volunteers) may be

even lower than the levels that we recorded in this study, due to both low persistence and

low seed quality levels. These findings suggest that some volunteers were surviving the

spring tillage treatments as well as the spring herbicide application. However, the issue

of persistence via reseeding is complex, as proportional emergence will be dependent

upon both the environmental factors that determine seed quality during seed formation

and also those that drive seed decomposition (and seed persistence).

4.4 Volunteer Wheat Seed Fate in Soil

Mean recovery of beads was generally higher than the mean recovery of wheat

seed of either wheat cultivar at both sites (Table 4.9). Because recruitment does not

account lor the discrepancy between the mean percent of beads recovered and the mean

percent of seeds recovered, the wheat seeds must have been affected by some process, or

processes, which do not affect the beads. Boyd and Van Acker (2004) found that for four

unique weed species, emergence in the field was 32-60% lower than germination levels

achieved in petri dish germination tests. The processes that underlie this difference could

include seed predation, seed movement into microsites with conditions that were

unsuitable for germination or into microsites with conditions that promoted the onset of

secondary dormancy.
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Table 4.9. Mean number of volunteer wheat seeds and beads (m-2) recovered from soil
samples taken (to a depth of 7.5 cm) from plots at two sampling dates at Winnipeg and
Carman, Manitoba in2004 (standard errors in parentheses).

Cultivar

Beads 325.5 (57.4) a^ 481.1 (1a8.9)a s84.9 (111.0) a 297.2 (127.4) a
CDC Teal 162.7 (4.7) ab 212.3 (84.s) ab 2t9.3 (s1.8) b 2s4.7 (i0a.6) a
Superb 92.0 (37.0)b 127.4 (70.8) b 261.8 (s3.4) b 240.6 (27.1) a

April23

Winnipeg 04

'Means followed by the same letter are not significantly different according to a Fisher's
Protected LSD test (p<0.05).

As predation by both Canada geese and white-tailed deer led to the abandonment

of our planned zero and spring tillage treatments, it is probable that predation by

mammals, birds, and invertebrates resulted in the disappearance of seeds from the

seedbank. We made no measures of seed predation but we did note that beads were

generally visible on the soil surface of every control plot, while wheat seed was almost

never visible on the surface of any plot. This may be evidence of predation.

At the end of three complete cycles of greenhouse grow outs, no wheat seedlings

had emerged from any of the soil samples. These results suggested that there was little

viable wheat seed present in the soil in the spring at either site. This is consistent with

the work of Crist and Friese (1998), who found an80o/o decrease in viable seed within a

soil seedbank after only 10 months of burial in the semiarid Wyoming shrub-steppe

ecosystem. They investigated the role of decomposition and fungal pathogenesis in seed

fate and found that decomposition and fungal attack accounted for substantial decreases

in seed survivorship. Lewis (1973) noted that cereals and large-seeded grasses often lose

viability quickly. He found that from a general seedbank, 660/o of the seeds lost viability

June 28 April29

Carman 04

June 28

t.t



in the first year and the great majority of the species which lost viability in the first year

were grasses or cereals. He was not able to determine a strong relationship between seed

longevity and seed size, but noted that the palea possessed by smaller-seeded species

generally provides greater protection for the embryo and endosperm. However, Crist and

Friese (1998) found that proportional decomposition was inversely related to seed size.

They suggested that this could be a function of seed reserves, or other anatomical features

of the seed, including the thickness or hardness of protective structures. Mac Key (I976)

noted that wild type wheats are known to have increased protection in the form of a

covered caryopsis with highly water-repellant inner and outer glumes. These added

protective features could contribute to greater longevity of feral wheat seeds under

conditions of moderate or high ntoisture, such as those found in the soil. Given that

cultivated wheat varieties lack these features, the embryo and endospenn are more

exposed to moisture in the soil, and perhaps more susceptible to decomposition as well.

The seed recovery effort in this study showed that there was only a small

ploportion of seed in the soil in the spring that was apparently still viable (Table 4.10) but

the proportions were very low and the lack of any volunteer wheat emergence from the

greenhouse grow outs suggested that although these few seeds were initially judged to be

viable, they were not. None of the apparently viable seeds germinated in a germination

test, and the physical condition of these seeds (weathered appearance) suggested that the

lack of germination was due to non-viability rather than to dormancy.

74



Table 4.10. Classification of wheat seed recovered from soil samples (to a depth of
7.5cm) taken in the spring of 2004 from plots where wheat seed had been spread and
tilled into the soil in the fall of 2003. Results reported as mean percentage (%) of total
recovered seed m-2 (standard enors in parentheses).

Seed classification

Viableu
Failed to recruitb
Non-viable"

u Ungerminated seed with no physical damage or extensive decomposition; resisted
pressure applied with forceps.
b 

Seed had produced a radicle and coleoptile but growth had ceased and the organs
exhibited signs of extensive decomposition (not including damage incurred in the drying
process)
" Ungerminated seed with physical damage or extensive decomposition; did not resist
pressure applied with forceps

Mullet and Smith (1975) noted that for many species germinability does not

guarantee recruitment if seed vigour is low. This may be another reason for the

discrepancy between the number of apparently viable seeds and the low emergence

levels. Indeed, some of the wheat seeds we extlacted from the soil samples showed

distinct evidence of having undergone failed recruitment ('suicidal germination'), as

described by Benvenuti et al. (2001), Chepil (1946) and Wilson and Lawson (1992).

This is evidence that some of the seeds may have been germinable, but lacked sufficient

vigour for successful recruitment, or the seeds succumbed to decomposition before

recruitment was complete. When germination tests were conducted so that emergence

percentages would reflect the proportion of germinable seeds that emerged, there was

often evidence of microbial activity on the surface of the seeds shortly after the

germination tests were initiated. This was not unexpected, as the wheat seeds used in this

Superb

Cultivar

7.6 (4.6)
r2.2 (6.0)
80.2 (7.2)

CDC Teal

0.0 (r/a)
33.7 (7.2)
6e.8 (7.2)
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study were not treated with a fungicidal seed treatment so that they would accurately

represent volunteer wheat seed added to the seedbank through harvest .losses.

Decomposition almost certainly played a role in determining the fate of the seeds in the

soil, as many of the seeds recovered from the soil were deemed non-viable due to the

high degree of microbial decomposition that had occurred. This is supported by the work

of Greenfield (2000), who found that seeds incubated with soil bacterial cultures lost

between 3l-62% of their biomass, while similar samples treated with antibiotics such as

streptomycin, penicillin, and actidone, sustained a proporlional viability loss of only 2o/o

or less (Greenfield 2000). Thompson et al. (1993) point out that resistance to pathogens

must be factored into considerations of the persistence of seeds in soil. Along with the

greenhouse grow out portion of the experiment, this suggested that persistence is low in

the eastern Canadian prairies where soii moisture levels are high and rainfall is very

reliable. The volunteer wheat seed bank is likely very transient and may present very

little, if any, risk in terms of weed management.

4.5 Seed Persistence

The seed persistence portion of this study supported the suggestion that the

volunteer wheat seedbank is very transient. Although the 2003 experiments at both

Winnipeg and Carman were monitored for the persistence of volunteer wheat throughout

the 2004 field season, only one volunteer wheat plant was recorded at either of these

experiment sites in 2004. Anderson and Soper (2003) asserted that volunteer wheat

seedlings emerge up to two years after a wheat crop, however Thomas and Leeson (1999)

pointed out that the mechanism for this persistence is not known. ln our study, because

care \¡/as taken to ensure that no reseeding took place during the 2003 field season, the
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one plant that emerged may in fact have emerged from a seed that was spread in the fall

of 2002. However, the emergence of only one volunteer wheat plant at Carman, where

emergence accounted for a maximum of only l3.l% of the 500 seeds m-' thut *"r"

spread in the fall of 2002 (Table 4.5) supports our suggestion that in the conditions of this

experiment the persistence of volunteer wheat seed in the soil is very limited. Our

recorded persistence of 1 plant over a total of Il28 m2 is negligible in comparison to the

occuffence density of 2.I plants m-2recorded in the most recent weed survey of Manitoba

(Leeson et al. 2005). In view of these findings, the persistence described by Anderson

and Soper (2003) may be due to reseeding, rather than true persistence in the soil. In fact,

Anderson and Soper (2003) noted that the findings of classical seed burial studies have

shown that very little wheat seed remained viable after one year.

Reseeding can be the result of wheat seed or scattering from the plant due to

mechanical harvest losses, hail or insect damage. Lodging could also increase the

potential for reseeding. Unthreshed spikes are thought to persist longer than loose,

threshed seeds (Komatsuzaki and Endo T996, as cited in Harker et a|.2005). According

to Harker (pers. comm. 2005), wheat stem sawfly infestation and hail can result in

significant levels of volunteer wheat seed retum.

Despite the apparent transience of the seedbank, the small percentage of the seeds

within a dense seedbank that do successfully recruit may translate into a significant

volunteer wheat population. In fact, in the 2002 weed survey of Manitoba, volunteer

wheat was found on at least L6o/o of fields at an occurrence density of 2.1plants m-2

(Leeson et aI.2002). Although the seedbank itself does not promote volunteer wheat

persistence, reseeding by uncontrolled volunteers will maintain, and potentially expand
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the transient seedbank. However, Harker et al. (2005) note that the prevention of

reseeding aids in the rapid exhaustion of the volunteer wheat soil seedbank.

Harker et al. (2005) suggested that volunteer wheat could be managed with little

additional cost to farmers when the majority of emergence occurs in the interval befween

seeding and in-crop herbicide application. However, where the majority of volunteer

wheat emergence occurs during the pre-seeding interval, as was the case in our study, the

volunteers may be quite advanced, developmentally, at the time of herbicide application,

and may not be effectively controlled. The successful control of developmentally

advanced volunteers would require control measures aimed specifically at such plants,

and would most certainly add to the herbicide costs incurred by farmers (Van Acker et al.

2003).
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5.1 Emergence Timing

The main objectives of this study were to charactertzethe emergence timing and

persistence of volunteer wheat and how these would be affected by tillage and cultivar.

Volunteer wheat is an early-emerging species. In all four site years, emergence-began

prior to i00 GDD's and peaked prior to 400 GDD's. Forcella et al. (2000) note that the

emergence period is an important determinant of whether a weed matures and reproduces

before the end of the growing season (Forcella et al. 2000). If wheat volunteers are

allowed to survive and reproduce, they may act as a pollen source for gene flow to a

subsequent wheat crop, or to crops in neighbouring fields. The early emergence of

volunteer wheat may give it a competitive advantage over the crop, especially when no

control measures are used prior to seeding. If glyphosate-tolerant wheat is registered,

glyphosate-tolerant volunteers will have the additional advantage of being largely

unaffected by most pre-seeding burnoffs, for which glyphosate is generally used.

Volunteer wheat is truly an emergence generalist. Known to be capable of

achieving 90o/o germination at 5"C (Lafond and Baker 1986), allowing emergence to

proceed in the generally cool conditions that prevail early in the spring in the eastem

prairies. Wheat is also known to have only minimal soil moisture requirements for

germination. Our findings, along with those of a similar study (Harker et al. 2005)

showed that the onset of emergence can be delayed when the soil moisture requirements

are not met. Although Boyd and Van Acker (2003) have done some work relating to the

emergence of volunteer wheat under varied soil moisture conditions, their work did not

relate specifically to emergence timing. Therefore a similar well-controlled experiment

5.0 GENERAL DISCUSSION
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with the objective of characterizing emergence timing of volunteer wheat under arange

of soil moisture conditions would help to identify the soil moisture threshold required for

wheat germination.

Although tillage was not found to significantly influence the emergence timing of

volunteer wheat in our study, we think that the two tillage treatments applied in our study

were perhaps too similar to have created any difference in either microsite conditions or

seed movement in the soil. Our study did not represent a sufficiently broad range of

tillage treatments due to the forced abandonment of two of the four plan-ned tillage

treatments (the spring tillage only and zero tillage treatments). Although many

researchers have found that microsite conditions are not greatly altered by tillage, any

tillage practice that leads to increased soil moisture may in fact increase the rate of

emergence of volunteer wheat. In addition, prolonged exposure to higher soil moisture

levels may also lead to increased decomposition of seed by soil microbes. To better

charuclerize the effect of tillage practices on the emergence timing of volunteer wheat, a

range of tillage practices as well as multiple environments must be better represented

within a similar study. This is difficult to do on a field scale as the risk of seed predation

is always present. Seed predation must be accounted for in any study designed to

accurately assess the effect of a range of tillage practices on subsequent recruitment.

Other studies have shown evidence of seed predation by insects (Humble, 2001), and

birds (Holmes and Froud-Williams, 2001), and we noted significant predation by both

birds and mammals in our own study. Although some measures, such as the use of

retractable netting, can be taken to protect the experimental area, no one measure will

protect seeds from all possible predators. Additionally, field-scale studies are generally
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conducted so that the knowledge gained can be applied in an agricultural setting. The

construction of any protective structure that interferes with the natural processes that

affect the seeds will limit their applicability in agricultural settings.

The findings of our study underscore the idea that seed predation is an influential

factor in the population dynamics of weeds. Granivores (e.g. geese) can play two

different roles in volunteer population dyramics. As granivores consume seeds as food,

their actions generally result in the loss of seeds from the seedbank. However, any seeds

which pass through the gastrointestinal tract undigested may exit the body of the predator

in a germinable state. Since granivores also play a role in seed dispersal, their habits may

give rise to new populations of weeds.

Seed predation may also be important in terms of volunteer wheat population

dynamics in particular because the portion of the wheat plant that contains the greatest

nutritional value is the seed. Levels of volunteer wheat seed predation will vary

according to the populations of predating insects or animals, and these are influenced by

all the complex inter-relationships within the agroecosystem. In the case of our study, we

witnessed the consumption of all surface-lying seed by various granivores. Geese for

example, which were among the most voracious consumers of our seed, could have a

notable effect on the persistence of volunteer wheat in no-till fields, where all seeds are

left on the soil surface. The migration pattems of the geese could in turn affect the

dispersal of that seed. It would be interesting to know how this type of seed dispersal by

granivores contributes to the establishment of feral wheat populations.

Seed predation, however, is only one example of a natural phenomenon which

may affect volunteer wheat emergence, dependent upon year or location. Although field-
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scale experiments are conducted to reflect the outcome that would realistically result

under natural conditions, the extremes that occur may lead researchers to question if a

similar outcome would have resulted under more average conditions. However, as

stochastic events are inherent in nature, itmay benefit us to be aware of the potential

effects of some of these unusual circumstances. In the case of our study, a mid-May

snowstorm both interfered with sampling, and contributed to higher than normal spring

precipitation levels. As our findings suggest that increased soil moisture may lead to

decreased seed persistence, and therefore decreased proportionai emergence ofvolunteer

wheat, this could be factored into management decisions for fields where the potential for

volunteers exists. According to Harker (pers. comm.) severe weather events, such as hail,

can lead to reseeding and therefore impact volunteer population dynamics. Harker also

noted that wheat stem sawfly damage can lead to the reseeding of volunteer wheat,

potentially increasing the level of volunteer persistence, which is perhaps

counterintuitive, given that the presence of wheat pests rnight be expected to lead to

decreased persistence of volunteer wheat.

5.2 Persistence

For the purpose of this study, we looked at volunteer wheat persistence by

measuring the duration of detectable presence of volunteers after seed spread, and the

proportional emergence level (or number of plants emerged relative to the number of

germinable seeds that were spread). Proportional emergence levels were always low,

approximately 5o/o of the germinable seed spread in the previous fall, and never in excess

of 13.1.o/o. Although differences in seed quality were evident in view of the signif,rcantly

higher germination percentages recorded for the seed produced in 2002 relative to the
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seed produced in 2003, seed quality differences did not account for low proportional

emergence since emergence levels were corrected to reflect only the number of

germinable seeds spread.

Site-year was a significant factor affecting the proportional level of volunteer

wheat emergence. Soil texture was likely an important determinant of the effect of site-

year, since proportional emergence levels were consistently higher in the sandier Reinfeld

soil at Carman than at Winnipeg, where clay content of the Riverdale soil is markedly

higher. Our results support the hypothesis that the rate of wheat seed decomposition was

higher at Winnipeg, where slower soil drying may have led the seeds to be exposed to

soil moisture over longer periods of time than at Carman. This influence of soil type and

site on persistence could lead to rather pronounced differences in persistence throughout

the prairies, whete a wide variety of soil types are represented and precipitation levels

vary greatly. For example, greater persistence could be an issue in areas such as westem

Manitoba that are dominated by sandier soils (and generally lower precipitation levels).

Because soil moisture seems is one of the factors that drive microbial decomposition of

seeds, areas with drier climatic conditions could also experience greater persistence of

volunteer wheat, regardless of soil type. Volunteer wheat persistence may therefore be a

greater concern in the western prairies than the eastem prairies. Additionally, producers

in any area should expect greater persistence under drought conditions than conditions of

normal rainfall.

Proportional emergence was lower at Carman but was higher at Winnipe gin2004

versus 2003. We believe that increased soil moisture conditions at Carman in the fall of

2003 contributed to the lower emergence levels, through either the promotion of fall
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germination, or higher decomposition of seed; both of these processes would reduce the

seedbank available for recruitment during the following spring. At V/innipeg, there was

no difference in soil moisture levels, and therefore likely no difference in the rate of

either fall germination or decomposition. However, high residual soil moisture levels at

the beginning of the 2004 emergence period may have led to a significant initial

recruitment relative to 2003, when a slower initial recruitment may have left more seeds

in the soil.

Cultivar was also found to have a statistically significant effect on proportional

emergence levels. However, the rankings of cultivars in terms of proportional emergence

were inconsistent between site-years, suggesting that cultivar differences were mainly the

result of the highly significant cultivar by site-year interaction.

In this our study, tillage had no effect on wheat seed persistence, however, others

suggest that volunteer wheat seed persistence may be affected by tillage. Chepil (1946)

suggested that for species which do not possess dormancy, deep seed burial would be an

effective means of management because the burial would prevent recruitment and the

seed would decompose. This may be an effective management strategy for volunteer

wheat in areas where deep tillage is used, such as eastern Manitoba.

in this study, the duration of volunteer wheat persistence was very limited, as only

one volunteer wheat plant was detected at either Carman or Winnipe 92 years after seed

spread. However the scarcity of volunteers 2 years after seed spread may have been due

in part to the careful removal of any plants that escaped control during the 2003 field

season. Those volunteer wheat plants that escaped herbicidal control in2003 season

prompted us to allow any plants that escaped control to continue their growth and
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development so that we could attempt to gain some insight into the consequences of the

imperfect control that is the norm in a producer's field. The resultant data was interesting

and demonstrated the necessity for further work of this kind. ln general, there was

always some level of survival for all control measures we applied. Interestingly, at

Carman, survival of control measures was higher in the fall tillage only treatment than the

fall and spring tillage treatment, while there was no notable difference in terms of

survival between the two tillage treatments at Winnipeg. This inconsistency points to the

fact that the difference may not be due to the general efficacy of glyphosate, which was

used as the preseason burnoff at both sites, but instead to the efficacy of the herbicide

relative to the particular size and developmental stage of the target plants. This suggests

that care must be taken to apply the herbicide during the period when the plant is still

sufÍiciently vulnerab le.

Spikes were recovered from plants surviving control methods at both sites in the

fall of 2004. Despite the poor quality of the seeds harvested from the volunteer wheat

plants, these results demonstrated the possibility for seed retum of sufficient quality to

perpetuate the transient seedbank.

In this study, we found that cultivar did not influence persistence of volunteer

wheat. Perhaps this is not surprising as Strand (i991) noted that dormancy varies not

only between genotypes, but also between accessions of the same genotype and even

kernels within a spikelet. Strand (1989b) also found that environmental factors greatly

influenced dormancy in spring wheat and that the effect of environmental factors was not

consistent with respect to wheat cultivars.
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Attempts to recover ungerminated volunteer wheat seeds from the soil showed

that microbial decomposition likely played a significant role in volunteer wheat

population dlmamics and as a result, dormancy may not play much of a role. The ability

of a seed to remain dormant during unfavourable winter conditions may be irrelevant if it

is decomposed before it can germinate. Any influence of cultivar on volunteer wheat

population dynamics is unlikely to be revealed under the uncontrolled conditions that

exist in the field due to the complex interactions between environmental factors,

developmental stage, and cultivar with respect to dormancy development in wheat,

Although a range of cultivars were represented in this study, the results pertain to

only one class of wheat since all of the cultivars used in this study were Canadian

Western Red Spring wheats. Canadian Western Red Spring Wheats are hard red spfing

wheats with high protein content. Although MacKey (L976) suggested that the softer

white wheats may exhibit a lower primary dormancy, he attributed this potential

differential dormancy not to genotype, but instead to the climate in the areas where white

wheats are grown. Although some degree of variation in donnancy between cultivars has

been noted (Strand, 1989b; Komatsazuki and Endo, 1996) differential dormancy may not

result in differential persistence under all climatic conditions, given that microbial

decomposition may be the most important factor limiting volunteer wheat persistence.

5.3 Recommendations for Future Studies

The conclusions of our study \Ã/ere generally in agreement with those of a similar

study conducted by Harker et al. (2005), as both studies found volunteer wheat to have

early emergence timing, low proportional emergence levels, and short persistence.

However, since we recorded the vast proportion of emergence prior to seeding, while
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Harker et al. (2005) generally found the majority of emergence occutred during the pre-

spray period, the underlying reason for this discrepancy must still be established.

Although our findings suggest that the delayed emergence recorded by Harker et al.

(2005) is likely due to insufficient soil moisture (and perhaps tillage related position of

seed relative to the soil surface), a series of well-controlled greenhouse experiments

could be the key to providing more conclusive results on how soii moisture affects

volunteer wheat emergence timing. This same experiment could also answer questions

regarding the minimum soil moisture level required for wheat germination.

Conditions of limited soil moisture and./or limited microbial contamination are

also required to determine if differential dormancy among cultivars is sufficiently

pronounced to lead to differential persistence when decomposition is limited.

A field study to further assess the effect of different tillage systems on volunteer

wheat emergence timing and proportional emergence levels is also required. Ideally,

given the evident effect of soil moisture levels on volunteer wheat emergence timing,

proportion and seed persistence, such a study would also need to include many sites with

a range of soil types. It would also be helpful to understand the influence of soil type on

the rate of decomposition since decomposition is perhaps the most important factor

limiting the persistence of the volunteer wheat seedbank.

5.4 Summary

Although our study does not conclusively show that differential manifestations of

dormancy due to genetic variation among cultivars do not affect wheat seed persistence,

our findings suggest that the rate of decomposition is perhaps a greater determinant of

persistence. Harker et al. (2005) did find evidence of seed persisting nearly two years in
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the soil. However, such prolonged persistence was rare, even under the generally dry

conditions prevalent at many of their experimental sites (Harker et al. 2005). The greater

longer-term persistence recorded by Harker et al. (2005) stems from an initial seed

density of less than half that used in our study, therefore it seems to point to the

importance of soil moisture (and interactions with tillage practice) in determining the

persistence of the volunteer wheat seedbank. Soil moisture played an important role in

determining the rate at which seeds exited the seedbank, both in terms of microbial

decomposition and germination, as evidenced by the earlier emergence timing we

witnessed relative to that witnessed in drier areas by Harker et al. (2005). Although we

were unsuccessful in capturing the effect of tillage on volunteer wheat persistence, we

suspect that tillage could have a signif,rcant effect due to seed movement within

differential zones of soil moisture.

Based on the prelirninary work that we have done, the effect of soil moisture on

emergence timing and persistence of volunteer wheat needs to be better charactenzed, so

that the effect of climate and soil type can aid in predicting volunteer wheat persistence

across a broader area. Until more work is done in this area, we can suggest that volunteer

wheat seems to be less persistent in areas that experience higher soil moisture. However,

we caution that despite the low persistence of volunteer wheat seed in the soil, volunteer

wheat must be factored into weed control decisions. The early emergence of volunteer

wheat makes it especially worrisome as Bond and Grundy (2001) point out that the plants

that emerge early have a competitive advantage in the field. Additionally, volunteer

wheat has demonstrated the potential to survive weed control measures (especially if it

emerges early and is at an advanced development stage at the time of herbicide
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application). This would allow volunteer wheat to produce seed to replenish a transient

seedbank. Although the scattered volunteer wheat plants that emerge from seed

persisting in the soil from the previous year's crop may not be particularly worrisome,

our findings suggest that, if left uncontrolled, they may produce enough seed to be of

concern in the following season.

Although any persistence of volunteer wheat may be due to reseeding rather than

the longevity of the seed in the soil, the mechanism is less important than the potential

consequences of persistence. Buhler et aI. (1997) noted that the most serious threat, with

respect to both crop yield losses and control costs, often stems from the less persistent

portion of the seedbank. Perhaps even more important than yield penalties or added costs

to control volunteer wheat is the potential for gene escape and the role that volunteers

play in such escape. This must continue to be a fundamental consideration in the

development of any genetically modified varieties of our most important crop species.
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Appendix l.IJ. Average volumetric soil moisture within tiltage treatments at two
depths: fall tillage (FT), 0-3 cm depth; fall tillage L), (FT), 3-6 cm depth L-),
fall and spring tillage (FST), 0-3 cm depth L _ _ _ ), fall and spring tillage (FST), 3-6 cm
depth L_J, at Winnipeg?}}3.
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Appendix 7.L.2. Average volumetric soil moisture within tillage treatments at two
depths: fall tillage (FT), 0-3 cm depth; fall tillage (FT), 3-6 cm deprh (_ _J,
fall and spring tillage (FST), 0-3 cm depth L _ _ _ ), fall and spring tillage (FST), 3-6 cm
depth L _ J, at Carman2003.
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Appendix 7.I.3 Average volumetric soil moisture within tillage treatments at two depths:
fall tillage (FT),0-3 cm depth; fall tillage L__-), GT), 3-6 cm depth L-), fall and
spring tillage (FST), 0-3 cm depth L _ _ _ ), fall and spring tillage (FST), 3-6 cm depth
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Appendix 7.I.4. Average volumetric soil moisture within tillage treatments at two
depths: fall tillage (FT), 0-3 cm depth; fall tillage (_), (FT), 3-6 cm depth L 

-),fall and spring tillage (FST), 0-3 cm depth f _ _ _), fall and spring tillage (FST), 3-6 cm
deptlr L _ J, at Carman2004.
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Appendix 7.2. Monthly mean temperature (C) and the 30-year norm for Winnipeg and
Cannan, Manitoba.

2002-2003^

Sept 13.8

Oct -0.5
Nov -5.5
Dec -8.5
Jan -15.6
Feb -19.4
Mar -8.2
Apr 5.4
May 12.6

Jun 16.7
Jul 19.4

Winnipeg

2003-2004u Normal

12.6

6.6
-'7 )
-9.7

-21.7
-tI.7

-5.9

3.6
7.4

14.1

t8.2

u'' Weather data provided by Environment Canada. Available at:
www.climate.weatheroffice.ec.gc.ca; accessed May 1 8, 2005.
b 30-y"at normal based on years L97l-2000 at Winnipeg International Airport, Winnipeg,
Manitoba, Canada.
o 30-y"at normal based on yeaïs l97I-2000 for Graysville (latitude 49"30',longitude
98o10', elevation 284 m above sea level), as a 30 normal is not available for Carman
(latitude 49o26' ,longitude 98o09', elevation 282 m above sea level) for the period I97I-
2000.

Appendix 7 .3.I . Example of analysis of variance of volunteer wheat emergence timing
data on sampling date 3 as affected by site-year, tillage, and cultivar.

12.3
5.3

-5.3
-r4.4
- 17.8
-r3.6
-6.1
4.0

t2.0
17.0
19.s

Carman

13.7
0.1

-s.0
-7.9

-13.8
-t7.3
-7.0
5.5

t2.3
16.6
t9.2

t3.7
7.0

-6.6
-8.9

-20.4
-i 1.5

-4.9
4.2
7.9

14.6

Dependent Variable: PCEmeng

Sou rce
ModeI
Enror
Corrected Total

12.2

5.7
-4.5

-t3.6
-T7.2
-12.9

-5.8
4.4

t2.4
17.2

18 r9.7

Source
SITEYR

Rep ( SITEYR )
Til
SITEYR *TiI
Til*Rep ( SITEYR )

Cult

The GLM Procedune

Sum of
DF Squares Mean Square
87 1 88632.7831 21 68. 1 929

141 1 321 31 . B55B 937. 1 054
228 320764.6389

R-Squane Coeff Var
0.588072 57.44408

DF Type I SS

3 63921 .18405
12 42427.98809
1 398. 1 4604
3 2673.39829

12 9468.72A79
7 7843. 1 021 I

Root MSE

30.61 21 8

F Value
2.31

PCEmerg Mean

53.29039

Mean Square
21 307.061 35

3535.66567
398. 1 4604
891.13276
789.06073

1120.44317

Pr>F
<.0001

Value
22.74
3.77
o.42
0.95
0. 84

1 .20

Pr>F
<.000 1

<.0001
0.51 56

0.41 79

o.6072
0.3091
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Ti I *Cu 1t
SITEYR *Cu It
SITEYR*TiI"Cul-t

Sounce
SITEYR

Rep ( SITEYR )
Til
SITEYR*Ti1
Til*Rep ( SITEYR )

Cult
Til*Cu1t
SITEYR *CuIt
SITEYR*Til*CuIt

7

21

21

DF

J

12

1

12

7

21

21

5636.52721
31012.67394
25251.03446

Type III SS

64840. 87635
43885.881 79

713.62939
3786.89235

10620.86't 19

9870.83058
s091 .96800

27662.89175
25251 .03446

Source
SITEYR

Tests of Hypotheses Using the Type III MS for Rep(SITEYR)

Source
Cuft

Tests of Hypotheses Using the Type III MS

805.21817
1476.79400
1202-43021

Mean Squane
21613.62545
3657. 1 5682

71 3.62939
1262.29745
885.07177

1410.11865
727 .42400

.1317. 28056
1202.43021

Tests of Hypotheses Using the Type III MS for SITEYR*Til*Cult as an Ernor Term
Source DF Type III SS Mean Squane F Value pn > F

TiI*CuIt 7 5091.96800 727.42400 0.60 0.7452
SITEYR*Cu1t 21 27662.89175 1317.28056 1.10 0.4182

DF Type III SS Mean Square
3 64840.87635 21613.62545

0.86
1 .58
t.¿ó

F Val-ue

23.06
3.90
0. 76

l.J3

0. 94

1 .50
o.78
1.41
1 .28

Enror Tenm

Source DF

Titl 1

*At the 5% level wÍth 1 ,1 1 df the

Tests of Hypotheses Uslng the Type III MS for TiII-*SITEYR+Ti1I*Rep(SITEYR) as an

DF Type III SS

7 9870.830577

Appendix 7.3.2. Example of analysis of variance of volunteer wheat emergence timing
data on sampling date 3 at Winnipeg2003 as affected by tillage, and cultivar.

The GLM Pr^ocedune
Dependent Vaniabfe: PCEmerg

0.5405
0.0632
0. 't 962

Pr>F
<.0001
<. 0001

0.3843
0. 261 6

0. 5049
0. 1 703
0. 6082
0. 1 251

0. 1 962

for SITEYH*CuI-t as an Error Term
Mean Square F Value Pr > F

1410.118654 1.O7 0.41s8

Sou rc e
Model
Erron
Cornected Total

Sou nce
Til
Cult
Rep

Til- *Cult
T11*Rep

Source
Ti1
Cu lt

as an Enror Term
F Value Pr > F

5.91 0.0 1 02

Type III SS Mean Square
71 3.63 7 1 3. 63

critical value of F=4.a4.

R-Squane Coeff Van

0.597841 54.57409

Sum of
DF Squares Mean Squane F Value Pr > F

21 48754.46660 2321.64127 2.19 0.0229
31 32796.47340 1057.95075
52 81 550.94000

F Value Pn > F

0.77 <0. 05*

DF

1

7
ã

7
J

Type I SS Mean Square F Value
1126.93143 1126.93143 1.07

18477.03199 2639.57600 2.49
1 0950 . 4691 1 3650 . 

.t 5637 3 . 45
10166.21333 1452.31619 1.37
8033.82074 2677.94025 2.53

Root MSE PCEmerg Mean

32.5261 5

DF

1

7

Type III SS

2402.87148
1 3338. 1 4063

59.60000

Mean Square
2402.471 48
1 905.44866

Pr>F
0.31 00

0.0373
o.0284
0.2516
o.0752

Pr>F
0. 1419
o.1226

F Value
2.27
1 .80
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Rep

Til*Cu1t
Til-*Rep

Tests of Hypotheses Using the Type III MS for Til*Rep as an Error Tenm
Source DF Type III SS Mean Squane F VaLue pr > F
Til 1 2402.871477 2402.871477 o.9o 0.4134

Appendix 7.4. Example of analysis of variance of proportional emergence of volunteer
wheat as affected by site-year, tillage, and cultivar.

Dependent Variable: CPtotEmrg

Source
ModeI
Error
Conrected Total

R - Square
o.674921

Sou rce
SITEYR

Rep ( SITEYR )

Ti11
SITEYR *Ti11
Till*Rep (SITEYR )

Cult
TiII*CuIt
SITEYR*Cu]t
SITEYR *Til-l- *Cult

Sou¡ ce

SITEYR

Rep ( SITEYR )

Ti11
SITEYB *Ti11
Till*Rep ( SITEYB )

Cult
Ti11 *CuIt
SITEYR*Cult
SITEYR *TiT]-*Cult

3 1 3686.90809
7 1 0379.59783
3 8033.82074

4562.30270
1 482.79969
2677.94025

The GLM Procedur^e

Sum of
DF Squares
87 2823.402344

168 1359.906250
255 4183.308594

4.31
1 .40
2.53

Coeff Var
66.51593 2.845 1.1 5 4.277344

DF Type I SS Mean Square F Val-ue
3 1 270.324219 423.441406 52.31

12 271.296875 22.60A073 2.79
1 0.097656 0.097656 0.01
3 63.917969 21.305990 2.63

12 325.546875 27.128906 3.3s
7 153.527344 21 .932478 2.71
7 30. 246094 4 .320871 0.53

21 540.582031 25 .742001 3. 1 I
21 1 67.86328 1 7.993490 0.99

0. 01 18

o.2400
o . 0752

Mean Square F VaLue Pr > F

32.452901 4.01 <.0001
8.094680

CPtotEmrg MeanRoot MSE

Tests of Hypotheses using the Type lrr MS for Rep(sITEyR) as an Ernor Tenm
Source DF Type III SS Mean Squane F Value pr > F
SITEYR 3 1270.324219 423.441406 1 8.73 <. 0oO 1

Tests of Hypotheses using the Type rrr MS for SITEyR*curt as an Erron Term

DF

12

1

J

12

7

7

21

21

Source
Cult

Type III SS

1270 -324219
271.296875

0.097656
63.91 7969

325.546875
153.527344
30.246094

540.582031
1 67.863281

Tests of Hypotheses Using the Type III MS for SITEYR*TiI]*Cu1t as an Error Tenm
Source DF Type III SS Mean Squane F Value pr > F

TiLl*Cult
SITEYR *Cult

Mean Squane
423.441406
22.608073
0.097656

21.305990
27.128906
21.932478

4 .32087 1

25.742001
7.993490

P¡^>F
<. 0001

0. 001 7

o.9127
0. 051 7

0.0002
0. 01 10

0. 8081
<. 000.1

0.481 3

Pn>F
<.0001
o.o017
o.9127
0. 051 7

0. 0002
0.01 10

0. 8081
<. 0001

o. 481 3

DF Type III SS Mean Square

F Val-ue
52.31
2.79
0.01
¿.oó
c aE

2 .71
0.53
3. 18
ñoo

7 153.5273438

7 30.2460938
21 540.5820313

21.5324777

4.3208705
25.7420015

F Value Pr > F

0.85 0. 5584

0.54 0.7941
3.22 0. 0050
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Appendix 7.5.Analysis of variance of germination percentage (%) recorded for seed
produced in2002 and 2003 at a common nursery at Brandon, Manitoba, Canada, as

affected by the year the seed was produced, run (timing of germination tests relative to
storage), temperature at which the germination test was conducted, cultivar (genotype),
and replicate.

Source of
Variation

Year
Run
Temperature
Cultivar
Replicate
Error

DF

1

1

1

l
3

t78

Appendix 7.6

30

Type
MSS

1458.00
0.03
2.52

600.98
16.90

11089.04

Mean
square

1458.00
0.03
2.52

85.85
5.63

62.30

a'o
Ø
,6

örs
Ø
óo
o)
oo10

F value

23.40
0.00
0.04
1.38
0.09

Pr>F

Appendix 7.6.1. Average daily soil temperature ("C) within tillage treatments at two
depths: fall tillage (FT), 1.5 cm depth (--- -); fall tillage (FT),4.5 cm depth ( ), fall
and spring tillage (FST), 1.5 cm depth (-----), fall and spring tillage (FST), 4.5 cm depth
( ), at Winnipeg}}}3.

<.0001

0.9822
0.8408
0.2177
0.96s2

f05 109 113 117 121 125 129 133 137 141 145 145 153 157 161 165 169 173 177 181 185 189 193

Julian Day
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Appendix 7.6.2. Average daily soil temperature ('C) within tillage treatments at two
depths: fall tillage (FT), 1.5 cm depth (-----); fall tillage (FT), 4.5 cm depth ( ), fall
and spring tillage (FST), 1.5 cm depth (-----), fall and spring tillage (FST), 4.5 cm deprh
(_), atCarmanz}}3.
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Appendix 7.6.3. Average daily soil temperature ('C) within tillage treatments at two
depths: fall tillage (FT), 1.5 cm depth (-----); fall tillage (FT),4.5 cm depth ( _ ), fall
and spring tillage (FST), 1.5 cm depth (-----), fall and spring tillage (FST), 4.5 cm depth
( _ ), at WinnipegZ}}4.
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Appendix 7.6.4. Average daily soil temperature ("C) within tillage treatments at two
depths: fall tillage (FT), 1.5 cm depth (-----); fall tillage (FT),4.5 cm depth ( __ ), fall
and spring tillage (FST), 1.5 cm depth (-----), fall and spring tiltage (FST), 4.5 cm depth
( _ ), at Carman, 2004.

Appendix 7.7.Pafüal F-tests for wheat emergence (percentage emergence)
by site-year (pooled over tillage and cultivar).

Step 1:

All parameters aliowed to differ (for both years).

SSe:
DFe:

Step 2:

Common A (top asymptote)

SSe :
DFe:
F statistic :
Tabular F value (59-56, 56) at0.05 = 2.78

Result: NS, The four curves have a common A (top asymptote).

Step 3:

Test for Common A, B
SSe :
DFe:
F statistic :
Tabular F value (62-59, 59) at0.05 :2.76
Result: Sig, The four curves do NOT have a common B.

109.3

56

734.4

59

0.66

1143.3

62

10.95
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Step 4: Test for comrnon A, and subsets of B (B_124, B_3)
SSe = 788.4
DFe: 6l
F statistic : 2.ll
Tabular F value (61-59, 59) at 0.05 :3.15
Result: NS. The four curves have the coûuron subsets listed above.

Step 5: Test for conunon A, and subsets of B (B_124, B_3) and subsets of C (C_124, C_3)
SSs:
DFe:
F statistic :
Tabular F value (63-61,61) at 0.05 :3.15
Result = Sig. The four curves do NOT have the common subsets listed above.

Step 6: Test for cornmon A, and subsets of B (B_124, B_3) and subsets of C (C_24, C_1, C_3)
SSe :
DFe:
F statistic :
Tabular F value (62-61, 61) at 0.05 : 4.00

Result: Sig. The four curves do NOT have the common subsets listed above.

THE GRAPH WILL HAVE FOUR CURVES.

1356.8
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21.99
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