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Abstract:

Wild oat (Avena fatua L.) is widely dispersed throughout the Northern Great Plains (NGP), typically
occurring in patchy distributions at the field-scale. If weeds are patchy, the environmental impact of
weed control and input costs can be reduced through site-specific weed management (SSWM).
However, the mechanisms regulating wild oat spatial distribution and the cost effectiveness of SSWM
in the NGP need to be understood.

Field experiments were conducted to map wild oat distributions and quantify the. accuracy of
continuous weed presence/absence maps produced by crop consultants for use in SSWM. The accuracy
of wild oat seedling maps was 70%. SSWM of wild oat could be profitable compared to a traditional
broadcast herbicide application, even with the associated technology cost and seedling map inaccuracy.

Greater increases in SSWM profitability could be realized if scouting and management efforts were
directed to field areas with suitable wild oat habitat. I hypothesized that wild oat habitat may be limited
by field-scale heterogeneity in plant available water. The effects of water stress on wild oat growth and
fecundity was quantified in a greenhouse experiment. Lower soil matric potentials reduced wild oat
relative growth rate and unit leaf rate due to an allometric tradeoff of assimilates from leaf tissue in
favor of root tissue, but allowed wild oat to reproduce under adverse climatic conditions. Wild oat was
estimated to produce seed above soil matric potentials of-1.66 MPa.

In three grower-managed cereal grain fields, wild oat was seeded in areas with and without historic
wild oat patches to delineate field-scale habitat quality. Almost all wild oat habitat-defining variables
(leaf area growth rate, harvest biomass, seeds per plant, biomass water use efficiency, and competitive
ratio) were similar between existing patch and non-patch areas. Wild oat grew and produced seed
regardless of existing patch boundaries and field-scale heterogeneity in soil water use. Wild oat habitat
may be unlimited in agroecosystems of the NGP. Future research efforts should focus on limiting weed
fecundity and dispersal instead of correlating soil properties to predict wild oat distribution.
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~ ABSTRACT

Wild oat (Avena fatua L.) is widely dispersed throughout the Northern Great Plains
(NGP), typically occurring in patchy distributions at the field-scale. If weeds are patchy,
the environmental impact of weed control and input costs can be reduced through site-
specific weed management (SSWM). However, the mechanisms regulating wild oat
spatial distribution and the cost effectiveness of SSWM in the NGP need to be understood.

Field experiments were conducted to map wild oat distributions and quantify the.
accuracy of continuous weed presence/absence maps produced by crop consultants for use
in SSWM. The accuracy of wild oat seedling maps was 70%. SSWM of wild oat could
be profitable compared to a traditional broadcast herbicide application, even with the
associated technology cost and seedling map inaccuracy.

Greater increases in SSWM profitability could be realized if scouting and
management efforts were directed to field areas with suitable wild oat habitat. I
hypothesized that wild oat habitat may be limited by field-scale heterogeneity in plant
available water. The effects of water stress on wild oat growth and fecundity was
quantified in a greenhouse experiment. Lower soil matric potentials reduced wild oat
relative growth rate and unit leaf rate due to an allometric tradeoff of assimilates from leaf
tissue in favor of root tissue, but allowed wild oat to reproduce under adverse climatic
conditions. Wild oat was estimated to produce seed above soil matric potentials of —1.66
MPa. '

In three grower-managed cereal grain fields, wild oat was seeded in areas with and
without historic wild oat patches to delineate field-scale habitat quality. Almost all wild
oat habitat-defining variables (leaf area growth rate, harvest biomass, seeds per plant,
biomass water use efficiency, and competitive ratio) were similar between existing patch
and non-patch areas. Wild oat grew and produced seed regardless of existing patch
boundaries and field-scale heterogeneity in soil water use. Wild oat habitat may be
unlimited in agroecosystems of the NGP. Future research efforts should focus on limiting
weed fecundity and dispersal instead of correlating soil properties to predict wild oat
distribution.




CHAPTER 1
PROLOGUE

Nothing in biology makes sense, except in the light of evolution,

then, equally, very little in evolution makes sense, except in the

light of ecology. .
—T. H. Dobzhansky

Ecélogy has the distinction of béing peculiarly confronted with uniqueness:.

" millions of different species, countless billions of genetically distinct individuals, all living
and interacting in a varied and ever-changing world. One of the earliest plant ecologists in
America, Cowles (1901), recognized that plant succession never reaches an equilibrium
state due to continuous climatic fluxes and described succession as a variable approaching
a variable rather than a constant. The same can be said about \.;Veed population dynamics
in agroecosystems. An agroecosystem represents a stochastic, highly disturbed,
anthropomorphically manipulated system, which undoubtedly influence weed
distributions within a field. The presence of weeds in crop fields and across the
agricultural landscape is uncertain because seed dispersal is sufficiently probabilistic that
there must élways be some degree of chance involved in which a species is able; to
establish persistent populations (Gleason 1926, Hubbell 1995). For a specific field in a
specific season, when weeds will germinate, how fast they will grow in relation to the
crop, how much seed they will produce, and how effective crop growth and weed control

practices are difficult to predict (Ghersa and Holt 1995).‘ Weeds can have retrogressive




2
and progressive phases of population growth, depending on the stochastic outcome of
fecundity, dispersal, habitat, and management.

This thesis will explore the field-scale spatial distribution, habitat and water use of
wild oat (Avena fatua L.) in dryland agroecosystems. Wild oat occurs throughout the
world in cooler climates between 30 and 60‘5 latitude (Figure 1.1) causing large economic
losses in dryland cereal grain systems (Chancellor and Peters 19.76)'. Wild oat is widely
disperséd in the Northern Great Plains (NGP), but typically occurs in patchy distributions
at the field-scale (Colliver et al. 1996). Entire books (Jones.1976) and symposiums
(Smith 1983) have been published on wild oat, yet little research has attempted to
delineate wild oat’s potential habitat at any: scale. ddgaard (1972) concluded that wild oat
occurs widely on arable soils in temperate climates in the northern hemisphere, but
Kuhnel (1965) suggested, with no elaboration, that climate-soil interactions limit wild oat
incidence.

Despite the patchiness of wild oat, farmers have traditionally managed inputs
according to mean field conditions. Site-specific weed management (SSWM) can reduce
.the cnvironniental impact of weed control and reduce input costs if weeds are patchy.
Luschei et al. (2001) estimated that if less than 72% of a field was infested with wild oat,
SSWM was as profitable as a broadcast treatment to the entire field based on the
assumption that the weed maps used in SSWM were 100% accurate (all wild oat were
'identiﬂed). However, the accuracy and future cost effectiveness of GPS-based weed maps
was unknown because of the impact of wild oat escapes (field areas with wild oat that

were unmapped and, thus not managed). Initial field experiments were conducted to map
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wild oat distributions and quantify the accuracy of continuous weed preéenqe/absence

maps produced by crop consultants for use in SSWM.

The Cost of Weed Maps and the In-formaﬁon Provided

Little attention has focused on continuous weed presence/absence maps.because
the maps do not provide weed density information. Wéed density maps of entire fields
are needed for density-based threshold strategies or variable rate herbicide applications.
‘The use of weed density maps for thresholld managemernt of weeds is a philosophically
sound concept for integrated weed management, but the practiéal application of
thresholds in the field has suffered Because 1) weed density maps have been expensive to
produce beca;use of the time and labor involved (Clay et al. 1999; Wiles and Schweizer
1999), 2) farmers tend to be ﬁsk averse rather than profit maximizing (Pannell 1990;
Reichelderfer 1980), and 3) the technology is still maturing for other weed identification
techniques such as real-time optical sensors (Thompson et al. 1991) or remote sensing
(Medlin et al. 2000). As an alternative SSWM strategy, the sprayer opérator’ Iméy turn the
spray boom on or off during plost-emergence' herbicide application, thus foréoing the usé
of weed maps altogether. Threshold studies assumé weed density is known across the
field, but the cost of assessing density is typically not accounted for when calculating
economic thresholds (Lindquist et al. 1999) or economic optimum thresholds (Bussan
and Boerboom 2001; Cousens 1987; Munier-J olain et al. 2002).

The cost-effectiveness and accuracy of GPS-based weed presence/absénce maps

may provide enough information on weed spatial distributions to support SSWM until




other weed mapping technologies mature. The objectives of my first paper were to
quantify the accuracy of GPS-assisted continuous sampled wild é)at presence/absence
maps made: 1) after crop 'erhergence but prior to herbicide application (seedling map);
and 2) during crop harvest (panicle map); and 3) to determine the economic significance

of iﬁaccuracy when the wild oat seedling map was used for SSWM.

Characterizing Weed Spatial Distributions -

The economics of SSWM could be improved if we could predict weed distribution
and abundance from previous weed mapé. The ques”cion is raised: Why do wild oat
patches occur in ‘soﬁe areas of fields and nc;t others? Both spatial and non-spatial
techniques have been used to characterize weed distributions. Non-spatial methods such
as the negative binomial (Hughes 1990); mean/variance ratio (Lloyd 1967), or Lloyd’s
mean crowding index (Wiles et al. 1992) cannot be used to estimate the density, location,
or arrangement of weeds (Mortensen et al. 1993). Geostatistical techniques provide more
quantitative information suggestive of the causative processes associated with weed
spatial distributions, but a good deal of subjﬂectivity is involved in selecting the best linear
unbiased predictor for the appropriate spatial scale (Rew et al. 2001; Rew and Cousens
2001). In addition, many weed populations do not follow a normal‘distribution and ther
use of geostatictics is invalidated (cf. Rew et al. 2001). Other statistical techniques related
to spatial correlation (canonical corresp'onden_ce analysis, cluster analysis, principal

components analysis) can provide insights into site factors associated with weed patches,

but the associated factors do not imply the cause of weed distributions even though they




may account for a large part of the variation explaining weed spatial distributions.
Correlative techniques are dependent on the sample size and the subjective selection of
independent variables.

Dale et al. (1992) conducted an extensive study correlating weed
community composition in spring-seeded crops in Canada. They investigated the
relationship between weed communities and variables related to crop management and
soil-climatic zones in Saskatchewan (2244 fields over 4 }'fears) and Manitoba (864 fields
over 3 years). In the Saskatchewan data, there was a clear and consistent separation of the
species into groups along an axis correlated with the gradient in soil-climatic zones.
Kochia, Russian thistle, Persian darnel, aﬁd foxtail barley were found in the relatively
warm and semiarid Brown soil-climatic zone. Common groundsel, field horsetail,
common chickweed, and sheperdspurse were found in the cooler and more humid Gray
Wooded soil-climatic zone. Species that occurred in high abundance throughout all five
soil-climatic zones in Saskatchewan were gfeen foxteﬁl, wild oat, field bindweed, and field

“ ,
pennycress.

All of the above mentioned studies concerning weed spatial distﬁbutions are
investigative techniques, but the mechanisms driving the spatial patterning of weeds
cannot be discerned unless the plant population is perturbed experimentally (Harper 1977,
Tilman and Kéreiva 1997.). In Chapter 4, we propose that the spatial distributions of

’ . . - .
annual weeds in agroecosystems are a function of fecundity, seed dispersal, management,

and habitat (Figure 4.1).




Water as a Limiting Resource

Water is often the most limiting resource in agroecosystems of the Northern Great
Plains (NGP) frequently resulting in terminal moisture stress (Padbury et al. 2002). The
general perception among producers and researchers is that wild oat occurs mainly in field

.depressions that are likely to collect more moisture than surrounding areas. Based on
observations during the.i'nitial wild oat mapping studies, I hypothesized that field-scale
heterogeneity in plant availablevwater may limit potential wild oat habitat in dryland
agroecosystems. Few studies have quantified wild oat response to decreasing water
potential (Akey .and Morrison 1984; O’Donnell and Adkins 2001; Sharma et al. 1977) and
none provide a complete description of vegetative growth, biomass allocation and
reproductive output in response to drought stress. The goal of Chapter 3 was to quantify
the impact of limiting water supply on wild oat growth and fecundity under controlled
greenhouse conditions.

In the fields where I had quantified wild oat density and spatial distribution during
the SSWM research, .wild oat patch and non-patch areas were delineated. If lower water
availability and use in noil-patch areas resulted in 1eSs wild oat leaf ‘areai growth, shoot
biomass and fecundity compared to existing patch areas, we could conclude thaf grain
production fields in the NGP differ in field-scale wild oat habitat availability under the
assumptions of uniform responsé to management and enough seed dispersal to supply seed
to the entire field. Thus, proactive weed management efforts could be directed to field
areas With suitable wild oat habitat, not just areas where infestations exceed an economic

density threshold.
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CHAPTER 2

ACCURACY AND COST EFFECTIVENESS OF GPS-ASSISTED WILD OAT
MAPPING IN SPRING CEREAL CROPS

Abstract

Managing weed infestations in a spatially precise manner requires accurate and |
cost-effective weed identification techniques. The goal of our research Was to quantify the
acéuracy of continuous weed presence/absence maps and assess how management based
on those maps may affect producer net returns. Each continuous sampled map covered the
entire field and contained vector polygons labeled as either wild oat presence or wild oat
absence. The accuracy of the continuous wild oat maps at each sampling time was
determined from georeferenced quadrats of wild oat densities. The accuracy of the
continuous wild oat seedling maps ranged from 48.3 to 87.1% among the six site-years.
The accuracy of the wild oat seedling maps improved by at least 8% when a 10-m buffer
'was included around areas mapped as wild oat presence. The accuracy of continuous wild
oat panicle maps from the combine at harvest ranged from 65.8 to 90.9% among the six
sife-years. The variation in accuracy for the wild oat seedling maps among sites was
greater than the accuracy of the panicle\maps. Net returns ($ ha™) for four site-years were
calculated and compared for four possible weed management approaches on each field. A
site-specific herbicide application to ;areas mapped as wild oat presence always generated

higher net returns than a herbicide application over the entire field for.four sites. A site-

specific herbicide application to areas mapped as wild oat presence plus a surrounding 10-
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m buffer area only resulted in a higher net return in one of 12 site-years compared to a

- site-specific herbicide application without the 10-m buffer. This site had the lowest
(48.3%) wild oat seedling map accuracy and uncontrolled wild oat had a high yield
impact. This research iﬁdicates that using a continuous weed sampling method based on
presence or absence for site-speci.ﬁc herbicide application can be profitable over a
herbicide application to the entire field, even with the associated technology cost and

seedling map errors.
Introduction

In fields where weeds are heterogeneously distributed, site-specific weed
management (SSWM) has the potential to impréve producer net returns and
environmental quality (Johnson et al. 1997; Oriade 1995). Many studies have
demonstrated the economfc benefits of SSWM over broadcast herbicide application
(Felton et al. 1991; Lindquist et al. 1998; Luschei et al. 2001; Maxwell and Colliver
1995; Medlin and Shaw 2000). In addition to direct ‘savings from reduced herbicide use,
there areA indirect benefits like fewer sprayer refills resulting in reduced water costs and
faster application times.

An essential component of SSWM requires special technolo gy to detect weeds at
the time of management or concerns the aéquisition of weed distribution i,n‘férmation ,
within a field. Real-time decisions require expensive equipment to recognize weed
patches that constiuct binary spray/no-spray actioné‘(Paice et al. 1995; Stafford and

Miller 1993; Thompson et al. 1991). In the ‘map-based’ approach weeds are mapped in
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one operation and sprayed in a later field operation (Johnson et al. 1997). The map-based
approach requires labor-intensive field sampling to quantify weed spatial distributions.
that direct spray/no-spray actions in a later operation (Clay ét al. 1999; Medlin and Shaw
2000; Mortensen et al. 1993; Rew et al. 1996). The advantage of map-based weed
management is the ability to manage when the weeds are not visible (i.e. preemergence
herbicides).

Weed spatial distribution maps can be generated with discrete or continuous
sampling techniques (Rew and Cousens 2(_)01). Discrete sampling constructs weed
spatial distribution maps by counting weed density within unidue points from a
predetermined grid. Wiles and Schweizer (1,999) estimated the cost of éollecting weed
density at each p'oint to be $0.08. They did not include the global positioning system
(GPS) or data processing costs to transform the seedling counts into a weed distribution
map. Intensive grid sampling of a vi/hole field is impractical because of the time, cost and
labor required (Clay et al. 1999; Medlin and Shaw 2000). Thus, construction of weed
distribution maps has focused on di‘screte weed-sampling techniques in conjunction with
spatial statistics (Cardina et al. 1995; Colbach et al. 2000; Rew and Cousens 2001).
Weeds such as wild oat are heterogeneously distributed (Maxwell and Colliver 1995),
suggesting that weed maps could be geilerated based on the spatial correlation exhibited
by the species (Cardinauet al. 1995; Johnson et al. 1995). However, intensive sampling is
still required because large grid sizes (distances between sample points) increase the

possibility of losing information due to weed spatial variation (Wiles et al. 1993).
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For the continuous sampled map, data are collected over the entire area. In other
words, 100% of the area is covered in vector polygons of various shapes depending on
the type of qualitative description being recorded (i.e'. presenc.:e/absence). Continuous
sampling may be more appropriate for SSWM because it is less costly and labor
intensive. Continuous sampling lacks the site specificity of discrete point samples and
thus is less suitable for ecological studies. However, detailed weed counts are not
required for SSWM if a herbicide spray-boom is to be switched on and off when weeds
- are present or absent. Several new methods of continuous weed mapping are now
possible because GPS/geographic information system (GIS) technology is more
accéssible and affordable for producers and crop consultants (Stafford et al.-1996). Crop
consultants have traditionally mapped weeds using hand drawn maps recorded during
several visits to the field (Mortensen et al. 1998). Currently, the crop consulting business
is expanding and adapting to provide the expertise necessary for producing spatially |
referenced weed maps (Mortensen et al. 1998). The least time consuming mapping
method is marking weed presence/absence using GPS. The crop consultant can produce
continuous sampled weed maps by toggling a switch to indicate weed presence or
abs.ence while driving at a moderate rate of speed (5-10 km hr'') in a predetermined
swath width over fields. While this mapping method has the advantage of beihg efficient,
it gives no indication of weed density, which may be useful for more reﬁned weed
threshold based management. Theoretically, the faster the .mapping method, the less
accurate it becomes. Regardless of the weed mapping method used in SSWM, there are

likely tradeoffs between accuracy of the method and its cost.
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Little attention has focused on continuous weéd seedling map accuracy and thé
resulting impact on ne’é returns. The success of GPS-assisted weed mapping for
implementing SSWM will depend on the tradeoff between the accuracy of the method
and the costs associated with the technology. The first two objectives of this research
were to quantify the accuracy of GPS-assisted continuous sampled wild oat
presence/absence maps made: 1) after crop emergence but prior to herbicide application
(seedling map); and 2) during crop haryest (panicle map). The third objective was to
determine the economic significance of inaccuracy when the wilci oat seedling map was

used for SSWM.

| Materials and Mefhods '

wa fields were mapped for weeds in 1998 and four fields in 1999. All fields
were located in north céntral Montané, historically seeded to cereal grain, and‘ either
continuously cropped or in a crop-fallow rotation depending on environmental
conditions. Relevant ﬂeld information and dates for planting, wild oat mapping,
spraying, and harvesting are preéented in Table 2.1. All site-years were planted with |
spring wheat except Fife 1998, which had barley. The two sites in 1998 were planted
about a week earlier thén average Montana planting dates. The sites in 1999 were
planted in a timely fashion except the Box Elder site, which was delayed due to severél
rainfalls in early and mid May. At all sites, the producer applied either 0.17 or 0.23 kg
a.i. ha” of glyphosate to manage any emerged weeds pripr to planting. At each site, four

separate wild oat maps were created using a differential global positioning system
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(DGPS). Both a continuous aﬂd discrete map was generated at the wi.1d~ oat seedling and
panicle stages of development.

The continuc;us wild oat seedling map was created using an all-terrain vehicle
(ATV) mounted with é DGPS receiver and a computer'. Mapping occurred during the 2
to 6 leaf stage.of wild oat. A crop consultant in the North Central region of Montana was
hired to generate all the continuous sampled wild oat seedling maps. The two sites in )
1998 were mapped using a patch perimeter method. The perimeter of each patch was
determined as the outermost occurrence of wild oat seedlings. The ATV was driven
around wild oat infested areas following the perceived patch edge until the area was
enclosed. The four sites in 1999 were mapped with the same equipment. Instead of
using the patch perimeter method, the ATV was systlematically driven across the field on
transects spac;e_d 9.2 m apart. When the ATV encouﬁtere_d wild oat seedlings at any point i
within the 9.2 m transect a button on the computer would be turned on indicating wild oat
presence. An analogy would be driving a 9.2 m wide sprayer back and forth across the
field with the driver turning the sprayer on and pff based on wild oat presence and
absence. The crop consultant changed methods in order- to decrease the time nc.aeded‘ to
map an equivalent area, but the cost remained the same. The differences in accuracy
between the patch perimeter method used in 1998 and the swath-width method used in
1999 app‘eafed to be negligible. Misclassifications of wild oat seedlings were equally

likely to occur betweeﬁ the two types of continuous sampling methods .(DeImna Heiken,

personal communication).

! Ashtech Ag Navigator, Model RDAC, Magellan Corp., 469 El Camino Real, Santa Clara, CA. 95050.
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The data for the discrete sample wild oat seedling map was collected just 1t‘)efore
or shortly afl;er herbicide application (Table 2.1) by walking parallel transects in the
specified grid patterns described below. Wild oat density was.*counted in 0.29 m™
rectangular quadfats laid perpendicular to the crop row at all sites. Bach quadrat count
waé geo'referenced with a DGPS receiver and'covmputerl. The density of both Wild oat
and crop were recorded. The 1998 Sun River site ‘Was sampled on a 10- by 10-m grid in
1/3 of the field (100 quadrats ha™) and a 50- by 10-m grid in the remainder of the field
(20 quadrats ha™"). The 1998 Fife site was sampled on arepeating, stratified grid pattern
of 20- by 20-m followed by a 5- by 26-m pattern (40 quadrats hal). All sites in 1999
were sampled on a 20- by 20-m f;rrid pattern (25 quadrats ha™).

The data for the discrete wild oat panicle maps was collected 2-4 wk before crop
harvest (Table 2.1).. Wild oat density was counted in 0.29 m™ rectangular quadrats laid
perpendicular to the crop row at all sites. Each quadrat count was georeferenced
'separately with a DGPS receiver and computer'. The density of both wild oat panicles
and crop tillers were recorded. The 1998 sites were sampled on a semi-systemic grid
resulting in approximately 15 quadrats ha™ at Sun River and 19 quadrats ha™ at Fife. All
sites in 1999 were sampled on a 20- by 20-m grid pattern (25 quadrats ha™).

The continuous wild oat panicle maps were generated from a combine during
harvest at each site. This was accomplished by using a DGPS receiver and computer’ to
‘tag’ wild oat location as the 9.2 m combine header entered and exited patches. The wild
.oat entering the header was rated into one of four abundgnce categories. and separated

later into presence or absence classifications.




Table 2.1. Agronomic information and GPS-assisted wild oat mapping dates for six experimental site-years in North Central

Montana.
Row Discrete Continuous  Herbicide Discrete
Year Site Field size spacing Planting seedlingmap seedlingmap application panicle map  Harvest
" ha cm 7 . Date - . -
1998  Sun River 24.3 30.5 April 22 May 28 May 18 May 29 July 26 August 18
1998 Fife 259 30.5 April 16 -June 4 . May 20 June 5 July 28 August 13
1999  Sun River 243 30.5 April 25 June 15 June 7 June 10 July 29 August 17
1999 Fife 25.9 30.5 May 4 June 14 June 2 June 7 July28 ~ August 19
1999  Box Elder 20.2 229 - May?25 June 23 June 21 June 22 July 29 August 26
1999 Chester 12.1 30.5 May 5 June 23 June 15 June 18 July29  August 18

61
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Wild Oat Map Accuracy Assessment

The accuracy of the continuous sampled wild oat maps was determined at two
separate sampling times; wild oat sgedlings and wild oat panicles. We used the discrete
sampled map with known wild oat densities to determine the continuous sampled map
(wild oat presencé/absence) accuracy. No comparisons were made in map accuracy
between the seedling and panicle stages of wild oat. A 2 x 2 contingency table was
constructed for each site at each wild oat sampling timé (seedling and panicle stage). The
contingency table quantified the accuracy of the continuous wild oat presence (Apgrgs) or
absence (Aags) areas relative to the discrete \.zvild oat density samples (Figure 2.1). At
each. respective sampling time, we used GIS software” to overlay the discrete sampled
map with ?he continuously sampled map on the same coordinate system. In this way, the
data from the continuous sampled map can be ground-truthed at the exact position were
the wild oat density was recorded. The combined data file was then sorted into one of
four possible outcomes. These outcomes were: 1) zero wild oat m? classified as absence;
2) =1 wild oat m™ classified as presence; 3) zero wild oat m? classified as presence; 4) =
1 Wila oat m? classified as absence. The first two outcomes are correct classifications
and the last two outcomes are incorrect classifications. Accuracy was calculated as the
number of correct classifications divided by the total number of classifications. The
accuracy of the continuous sampled maps remained constant for a site whether 20, 40, 60
or 80-m grid poinfs were used to assess the accuracy (data not shown).

Two additional methods were used to assess Wild oat map accuracy. The first

method used a wild oat detection threshold of < 5 m™ as counted in the discrete point
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observations. Thus, any discrete samples of wild oat < 5 m™ did not decrease the
accuracy of continuous sample wild oat map when they were classified as absenc'e by the
crop consultant. The second method used GIS software? to place a 10-m buffer (Agyr,
Figure 2.1) around areas mapped as wild oat presence. Thus, any wild oats observed in
the discrete point maps that occurred within 10-m of an area mapped as wild oat preéence i

was counted as a correct classification.

Cost Effectiveness of Wild Qat Seedling Maps

| Crop yield and net returns were predicted from the continuous wild oat seedling |
maps. The average wild oat seedling density for Aprgs, Aass, Asur and Aoyt (Figure

)

., 2.1) were calculated from the discrete sampled seedling maps. The Sun River 1998 and'
1999 sites are omitted from analysis of crop yield and net returns due to spurious yield
data acquisition. Crop yield loss was predicted from a linear yield response model for the
decision scale analysis (DSA) metho.d outlined by Luschei et al. (2000). Luschei et al.
(2000) concluded that the DSA method was the best way to relate site-specific crop yield
to georeferenced weed densities fo£ these sites. The DSA method used spatial averaging
to determine crop yield and a calibrated consultant map (CCM) procedure to determine
weed density values. The CCM procedure combines the information from the quadrat
(0.29 m™?) and the continuous éampled weed presence/absence map (9.2 m width) to

predict weed density at the decision scale (16-m spray boom). Crop yield loss parameter

values of the intercept (expected weed-free yield) and slope (per unit yield impact of

2 ArcView GIS, Version 3.2, Environmental Systems Research Institute, Inc., 380 New York St.,
Redlands, CA. 992373 : .
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weeds) were generated from the measured yield data (Luschei- et al. 2000). The cr.op
yield data were obtained with a yield monitor coupled with DGPS on the broducer’s
‘combine. The low and high crop yield impact slopes were calculated using a 0.002 and
0.01 yield loss per wild oat, respectively. These values represent the \extremes generated
by other wild oat interference studies (Chancellor and Peters 1976).
The expected yield for the whole field was calculated from the proportion of the
continuous map classified és Apggs or Aagg including its inaccuracies, expected weed

free yield, and wild oat impact on crop yield:
Yy = 4, Y (N, )+ 4, Y (N, )+ 4,Y(N,) (2.1)
where Yﬂd is the predicted yield for the field, 4, is the area of the field classified as wild

oat presence, Y is the crop yield (T ha™) as influenced by wild oat and management

(Luschei et al 2000), N , is the average wild oat density within Ay, Apyis the area of the

field in the 10-m buffer surrounding 4y, N , is the average wild oat density within Ap,y,

Aoy 1s the remaining area of the field outside of Apes and 4p,; and ]\_fa is the average wild

oat density in areas mapped as wild oat absence (Figure 2.1).

The ne;c return ha! was predicted for four different weed management approaches:
herbicide applicat.ion over entire field (H+), no herbicide (H-), a site-specific herbicide
application to Aprgs (SS), and a sitg—speciﬂc- herbicide applicétion to Aprgs plus Agur

(SS+B):

Yﬂd
NR = 'At_ p- ’Ycherb '—IBCtech ’ . (22)
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where NR is net return in $ ha'l, Aypr 18 thé total area of the field, p is the crop price =
$114 T, yis the proportion of the field sprayed, Cjers is the herbicide cost = $44.48 ha,
B 1is 0 for H+ and H- and 1 for SS and SS+B weed management treatments, and Cpec, is
the cost of precision herbicide technolo gy =$12.36 hal. The technology cést includes
$9.89 ha™! for continuous wild oat mapping and $2.47 ha for site—épeciﬁc herbicide
application. Technology cost represents the prices charged for these services in Montana
in 1999. The NR does not include other crop husbandry costs (e.g. planting and
harvesting). This method of calculation allowed us to determine if the value of lost yield
due to wild oat escapes in SSWM exceeds the difference in herbicide costs between site-.
specific and whole-field weed management given the inaccuracies in continuous sampled

/

weed maps.

Results and Discussion

Wild Oat Map Accuracy Assessment

Seedling Maps. The most accurate wild oat seedling map occurred at Sun River

1999 (Table 2.2). The high accuracy reflects the lack of spatial variability in the wild oat
population. We expected the crop consultant to obtain high continuous sampled map
accuracy in fields with a spatially homogenous wild oat popl‘llation. Spatially
homogenous could mean either, a field completely infested with wild oat, or a field with
né wild oat infestation. At Sun River 1999, 99% of the field was infested with wild oat
(607 out of 613 quadrats had at least 1 wild oat m2). The least accurate wild oat seediing

map occurred at Fife 1998, which had an intermediate level of wild oat infestation with




Table 2.2. Accuracy of the continuous wild oat seedling maps. Accuracy is based on the number of correct and incorrect
classifications of wild oat seedling presence or absence before (or shortly after) a post—emergence herbicide application. The
accuracy is also presented for two post-mapping accuracy improvement methods, a 5 wild oat m” ? detection threshold and 10-m
buffer area. Percent infestation indicates the number of observations of wild oat seedling densities greater than zero divided by
the total number of discrete sampled quadrat counts taken at each site.

Wild oat presence Wild oat absence
Year Site - Accuracymethod ~ Correct Incorrect Correct Incorrect ~ Accuracy Infestation
’ ’ Number of quadrat observations , — % —
1998 Sun River Original 294 102 533 236 71:0 45.4
. Density threshold 294 102 612 157 77.8
~ 10-m buffer area 458 102 533 72 851
1998 Fife Original 95 5 328 447 48.3 61.9
Density threshold 95 5 422 353 59.1 '
‘ 10-m buffer area 268 - 5 328 274 68.1
1999 Sun River Original 532 4 2 75 871 99.0
Density threshold . 532 4 6 71 87.8
~ 10-m buffer area 606 4 2 1 99.2
1999 Fife Original 326 28 - 118 218 64.3 78.8
Density threshold . 326 28 180 156 73.3
10-m buffer area 511 28 118 33 91.0
1999 Box-Elder Original 86 80 385 91 73.4 27.6
Density threshold 86 80 . 431 45 80.5
10-m buffer area 140 80 385 37 81.8
1999  Chester Original 45 32 223 48 77.0 26.7
Density threshold 45 32 243 28 82.8

10-m buffer area - 83 32 223 10 87.9.

4
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poorly defined patches (difficult to detect edges). The 48.3% accuracy at Fife 19918
resulted mainly from Aaps that contained at least 1 wild oat m™2. The classification error
resulted from germination of subsequent wild oat cohorts after the continuous seedling
map was created. The 15-d between the.continuous and discrete sampled wild oat maps
was longer than anticipated due to several rainfalls (Table 2.1). This introduces a critical
issue regarding timing of weed mapping and potential efficacy of SSWM. Depending on
the wéed épecies, several rainfalls immediately after mapping a field would most likely
delay any control measures while also stimulating sevéral new cohorts. This also
indicates that timing is critical for any weed mapping procedure given the fast weed
grthh rates typical during the beginning of June in the Northfarn Plgins. -

The accuracy of the cbntinuous mapping method improved by at least 5.% at all
sites except Sun River 1999 when using a detection threshold of 5 wild oat m? (Table
2.2). Sun River 1999 had very few low Wiid oat density areas. A 10-m buffer area
improved the continuous map accuracy at least 8 %. The accuracy of the continuous wild
oat Seedling map at Fife 1999 improved from 64.3% to 91.0% when a 10-m buffer area
was included in the calculation. The 26.7% increase in accuracy at Fife 1999 is related to
the subsequent emergence of wild oat cohorts near Aprgs. The 10-m buffer area
improved accuracy at every site more than using a 5 wild oat m™ detection threshold.
Wild oat classified as absence on the continuous map when =1 wild oat m? actually
occurred is potentially the most costly error. We refer to this error type as a \;\/ild oat
escape. Bivariate histograms of wild oat escapes from the continuous seedling maps

indicate a majority of the mapping errors occurred at low densities or within short .
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distances of Aprgs (Figure 2.2). The Fife 1998 site had the lowest accuracy with many
errors occurring at wild oat densities >5 m~ and distances >10 m from Aprgs. A 10-m
buffer surrounding Aprgs would include a 1arée percentage of the wild oat escapes at the
Sun River 1998 gnd 1999 and Fife 1999 sites. The wild oat eécapes at Box Elder and
Chester 1999 (wild oat infestation < 28%) were mostly at densities less than 10 m™ 'and
distances within 10 m of Apres. Most wild oat escapes >10 m away from Aprgs were at
low densities, which decreases the chance to produce new patches and minimizes crop -
yield loss. At Sun River 1999 (wild oat infestation of 99%) only one discrete sample of
wild oat seedlings occurred greater than 10 m from Aprgs. There was a counterintuitive
sense of trying to find areas not infested with wild oat when creating the continuous

. seedling map at Sun River 1999.

Panicle Maps. The accuracy of continuous wild oat panicle maps produced
during crop harvest ranged from 65.8 to 90.9% among the six site-years using the original
weed maps (Table 2.3). The lowest accuracy (Box Elder 1999) resulted from scattered
low-density wild oat panicles. Discrete sampled quadrats had a low probability of
capturing a siﬁgle wild oat panicle that would be classified as wild oat presence during
harvest. A 10-m l?uffer area provided a greater accuracy than a 5 wild oat m™ detection
threshold at all sites. The 10-m buffer area increased accuracy 3.1 to 11:9% compared to
the original wild oat panicle map created during harvest.

Incorrectly classified wild oat panicles during crop harvest most often resqlted in
errors within a short distance of areas mapped as having wild oat (Figure 2.3). Although ‘

Box Elder 1999 had the least accurate wild oat panicle map, only six discrete samples -
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Table 2.3. Accuracy of the continuous wild oat panicle maps. Accuracy is based on the number of correct and incorrect
classifications of wild oat panicle presence or absence during crop harvest. The accuracy is also presented for two post-mapping
accuracy improvement methods, a 5 wild oat m™ detection threshold and 10-m buffer area. Percent infestation indicates the
number of observations of wild oat panicle densities greater than zero divided by the total number of discrete sampled quadrat

counts taken at each site.’

. Wild oat presence  Wild oat absence
Year Site ~ Accuracy method Correct  Incorrect Correct  Incorrect Accuracy Infestatlon
, — Number of quadrat observations’ - -~ % -
1998 Sun River Original 336 16 2 18 90.9 95.2
- Density threshold 336 16 3 17 91.1
. 10-m buffer area 354 16 2 0 95.7
1998 Fife Original 220 72 154 48 75.7 54.3
Density threshold 220 72 - 165 37 77.9
10-m buffer area 249 72 154 19 81.6
1999 . Sun River Original 478 37 18 48 i 85.4 90.5
Density threshold 478 . 37 22 44 86.1
: 10-m buffer area 526 37 18 0 93.6
1999 Fife Original ‘ 277 115 149 80 68.6 57.5
Density threshold 277 115 164 65 71.0
10-m buffer area 351 115 149 6 : 80.5
1999 Box Elder Original 108 162 o262 30 65.8 24.6
X Density threshold 108 162 279 13 . 68.9
10-m buffer area 137 162 262 1 71.0
1999  Chester Original 12 56 241 16 77.8 8.6
Density threshold 12 - 56 244 13 78.8
10-m buffer area 22 56 241 6 80.9
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7

exceeded five wild oat m™ greater than 10-m from Apres. All incorrect classifications of
| wild oat panicles for Sun River 1998 and 1999 were within 10-m of the nearest correctly

- mapped area. However, 90% of those fields where infested with wild oat at harvest.

Seedling vs. Panicle Map. The panicle maps had greater accuracy than the

seedling maps when comparing the o'verall accuracy of the original wild oat maps (Table
2.4). The variation in accuracy among site-years was also greater for the seedling maps
for both aécuracy improvement methods compared to the panicle maps. Identifyiﬁg
mature wild oat plants growing abéve the cereal grain canopy at harvest was easier than
identifying seedlings growing within the cereal grain canopy. When adding the 10-m
buffer area to calculate accuracy, the seedling maps had a slightly greater accuracy than
the panicle maps. This may have been due to the inability to see low-density lodged wild
oat plants from the combine. However, the wi‘ld oat panicle maps were still the most
accurate continuous mapping methoa because of the ease in identification beﬁeen wild
oat and cereal grains at maturity compared to the seedling stage.

Table 2.4. Overall accuracy for the continuous wild oat seedling and panicle mapping

methods across all sites. The accuracy is also presented for two post-mapping accuracy
improvement methods, a 5 wild oat m™ detection threshold and 10-m buffer area.

" Overall accuracy.

Wild oat sampling time - Accuracy method mean sd
‘ %
Seedling stage ‘ Original 70.2 - 13.1
Density threshold 76.9 10.0
: 10-m buffer area 855 10.4
Panicle stage , Original 77.4 9.6
: Density threshold 79.0 8.5

10-m buffer area 839 9.2
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Two issues affecting the usefulness of the panicle maps are how they relate to true
wild oat distributions as influenced by management, and how well maps created during
" harvest will relate to seedling maps duri(ng‘ the next growing season. Initial results from
anisotropic’ semivario grafns indicate that wild oat infested areas are elongated in the
direction of machinery travel suggesting wild oat maps in follovying years may be
influenced by harvest or tillage equipment. Further iﬁsights into the spatial and temporal
dynamics of wild oat patches could improve the prediction of future spatial distribution

of wild oat, and subsequent site-specific management recommendations.

Cost Effectiveness of Wild Oat Seedling Maps

The highest average wild oat density occurred in Aprgs at all site-years (Table 2.5).
Average wild oat density in Agyr was 30 to 80% less than Aprgs. Wild oatdeﬁsities were
the lowest in Aguyr at all site-years. The predicted crop yield was lower for H- in Aprgs
compared to H+ for all site years. Crop yield increased for both H+ and H- in Aags
compared to Apggs at Fife 1998 and 1999. At Box Elder 1999, the predicted croﬁ yield
was the same for all areas of the field with H+ because of a small yieid impact due to low -
wild oat densities. At Chester 1999, the H+ resulted in greater crop yield in APRES than in
A aps because of the c_)verall reduction in wild oat density and decfeased competitioh. The
average wild oat:dens‘ity W;ets only 22.9m?in Aprgs at Chester 1999, which occurred
mostly in the lower areas of the field. It should be noted that the lowest wild oat densities
did not necessarily indicate the highest crop yields. All of thesé North Central Montana
sites typically endure some period of drought stress. Plant available water across sites

would likely help explain why the Fife 1998 and 1999 sites had the Highest predicted
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Table 2.5. The size, average wild oat density, and predicted crop yield for each
classification area based on the accuracy of the continuous wild oat seedling map.
The continuous sampling method contains areas classified as wild oat presence
(Aprgs) and wild oat absence (Aaps). The Aaps was further divided into a 10 m
buffer area (Agyr) surrounding Apgrgs and the area remaining outside the buffer
(Aour) (Figure 2.1). The crop yield was predicted for each area sprayed with a
herbicide or left untreated. The predicted yield is based on the parameters generated
from the measured yield data for each site and presented in Luschei et al. (2000).

Wild oat seedling

classification Predicted yield
Year Site Area Size Density: Sprayed Untreated
ha m” —  Tha
1998 Fife Aprps 3.0 . 984 2.18 1.60
Aass 22.9 16.4 2.76 3.00
Agpur 6.6 32.0 2.65 2.73
Aout 16.3 10.1 2.80 3.11
1999 Fife Apres 13.3 31.3 2.30 2.04
- Aaps 12.6 10.4 2.47 2.41
Agpur 9.5 12.4 2.45 2.37
Aour 3.1 4.4 2.51 2.51
1999 Box Elder Aprgs 52 11.8 1.17 1.10
Aass 15.0 2.2 1.17 1.24
Agpur 6.8 3.2 1.17 1.23
Aour 8.1 1.4 1.17 C1.25
1999 Chester Apggs 2.7 22.9 0.76 0.28
Aans 9.4 2.0 0.71 0.58
Agur 5.4 2.8 0.71 0.57
Aour 4.1 0.9 0.70 0.60

crop yields, nearly two-fold of any other site regardless of wild oat density. The meaﬁ
gréwin;g season precipitation was at least 6-cm greater at Fife during both years than the
other sites (Data not shown).

o The H- treatment had the highest NR given the observed yield at each site (Table
2.6). The economic threshold (return of increased crop yield exceeds the cost of the
treatment) was only exceeded twice witl; a hi;g,h crop yield impact from wild oat at Fife

1998 and 1999. These results indicate the marginal economic benefit of single-season
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herbicide applications fbr low-return wheat-fallow systems in the Northern Great Plains.
No herbicidé application would clearly be the treatment of choice if no subsequent
penalty is assessed for future wild oat populations. However, it was not within the scope
of this research to analyze long term NR and ecoﬁomic optimum thresholds so only
single year returns are discussed. |

Comparing the NR of SS versus H+, the SS treatment had higher NR at every site
except Fife 1999. The H+ resulted in $0.95'ha'1 higher NR at Fife 1999 compared to the
SS treatment with a high crop yield impact from wild oat. If the éite-speciﬁc herbicide
application technolc‘) gy cost were doubled (= $24.72 ha') then H+ would ‘1‘resu1t in higher
NR than SS for 4 out of 12 cases (Table 2.6). The SS had higher NR than the SS+B in
every case except one. uThe only site with the highest NR for the.SS+B was Fife 1998,
with a 1% T ha™' crop yield loss per wild oat. This site also had the lowest seedling map

| accuracy (Table 2.2), which suggests a 10-m buffer can be economically effective for

controlling nearby wild oat escapes, but only when the escapes cause a high crop yield
loss. Rew et al. (1996) noted that adding a 4-m: bﬁffer would compensate for sampling
errors in their ﬁapping, but that it would also increase the area treated, potentially:
decreasing the economic benefits of SSWM.

Increasing the predicted cost of herbicides resulted 1n the H- treatment having the

_highest NR in 11 of 12 site and herbicide cost scenarios (Table 2.7). The general effect

of increasing herbicide cost was a shift in higher NR towards SS and lower NR for H+.
The SS+B always had lower NR than the SS for any her_bicide cost between $20-$80 ha™'.

The NR for SS+B was higher than H+ for any herbicide cost at Fife 1998, but lower than
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Table 2.6. Net return ha™ for each weed management approach based on low, predicted
(Yprea), and high yield impact due to wild oat competition. The four weed management
approaches were herbicide application over éntire field (H+), no weed control (H-), a
site-specific herbicide application to areas mapped as wild oat presence (SS), and a site-
specific herbicide application to areas mapped as wild oat presence plus the surrounding
10-m buffer areas (SS+B). Net return is calculated as the gross crop yield value for the
entire field minus total herbicide cost (44.48 ha’ ) for the proport1on of the field treated.
The SS and SS+B treatments 1nclude a $12.36 ha™ weed mapping and appl1cat1on
technology fee.

Net Return
Yield
Year Site Impact® H+ H- SS SS+B
: $ha
1998 Fife Low 269.63 351.69 335.81 315.33
Yopred 258.97 315.96 306.12 *292.26
High 269.63 262.75 280.51 284.41
1999 Fife Low 236.71 282.37 249.44 230.58
Yrred 226.31 251.21 231.43 218.41
High 236.71 230.80 235.76 227.65
1999 Box Elder Low 88.85 143.32 117.39 98.79
) Ypred 88.79 136.75 114.75 97.55
High 88.85 137.49 115.10 97.75
1999  Chester Low 35.94 68.56 49,48 34.78
' Ypred 37.48 58.19 48.04 35.32
ngh 35.94 64.66 48.40 3441

2 ;l"he low and high yleld impact slopes were calculated using 0.002 and 0.01 crop yield
loss per wild oat, respectively.

H+ for any herbicide cost at Fife 1999. This can be attributed to the increase in wild oat

infestation at Fivfe from 1998 to 1999.

The cost analysis results are consistent with the notion that the economic
advantage of using SSWM depends mainly on the proportiorl of the field to loe targeted
with herbicide. Luschei et-al. (2000) quantified the bleak-even weed infestation level as
72% of the field. This infestation level is genergted from the same technology cost

($12.36 ha™) and weed control cost ($44.48 ha™) used in this paper to calculate net
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Table 2.7. Net return ha™ for each weed management approach based on potential
herbicide costs. The four weed management approaches were herbicide application over
entire field (H+), no weed control (H-), a site-specific herbicide application to areas
mapped as wild oat presence (SS), and a site-specific herbicide application to areas
mapped as wild oat presence plus the surrounding 10-m buffer areas (SS+B). Net return
is calculated as the value of the predicted crop yield for the whole field minus total
herbicide cost ($20 to $80 ha™) for the proportion of the field treated. The SS and SS+B
treatments include a $12.36 ha™ weed mapping and application technology. fee.

Net Return
Year Site Herbicide cost H+ H- SS SS+B ‘
’ $ ha o
1998 Fife 20 283.45 315.96 . 308.92 301.30 ‘
40 263.45 315.96 306.63 293.91 |
60 243.45 315.96 304.35 286.53 ‘
_ 80 223.45 315.96 302.06 ~ 279.15 ‘ ;
1999 Fife 20 250.79 251.21 243.98 239.98 ) |
40 230.79 251.21 233.72 222.35 %
60 210.79 251.21 223.46 204.73 :
80 190.79 251.21 213.20 187.11 :
1999 Box Elder .20 113.27 136.75 121.08 112.16 :
40 93.27 136.75 115.91 100.23
60 73.27 136.75 110.74 88.29 -
80 53.27 136.75 105.57 76.36
1999 Chester 20 61.96 . 58.19 53.45 51.57
40 41.96 58.19  49.03 38.29
60 21.96 58.19 44.60 25.02
80 1.96 58.19 40.18 11.74

returns. All of the siteé analyzed for NR had weed infestation levels less than 72%
except Fife 1999, which had 78.8% initial wild oat infestation (Table 2.2). Fife 1999 was
the only site where 'NR was greater for H+ than SS, but only When using the high érop
yield impact estimate for wild oat (Table 2.6). In theory, it should have been more
profitable for H+ across all yield impact scenarios at Fife 1999 than SS. However, the

72% weed infestation estimation (Luschei et al. 2001) does not account for adverse yield
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impact resulting from herbicide injury, weed escapes, or early season competition prior to
herbicide application. |
These results only apply to dryland spring grain production in the Northern
Plains. Some of the sites with predicted weed-free yields under 2 T ﬁa’l are marginally
profitable without any input costs associated with SSWM (Table 2.5). Alternatively,
‘increased returns due to improved environmental quality were not considered. The-
economic value of improved environmental quality is impossible to assess. No
government program currently pays producers for improved environmental qgality. The
price of wheat ($114 T) used in.,the calculations for net return is generous given the
market gonditions of 1998;2000. The Fife 1998 site would not have as high a NR if the |
price of barley ($80 T'l) Wené used in the net re;curn calculation.
This research clearly indicates that using .c'ontinuous sampled weed seedling maps

based on presence/absence can provide enough accuracy to be used in SSWM. From a
cost effectiveness viewpoinf, a H+ treatment ié only justified over SS when high initial
weed infestation occurs throughout a field and the weeds cause high crop yield loss.
When adding errors associated with continuous sampled weed maps ‘and the cost of the
technology, economic net returns can still be increased over H-. Continuous weed map
accuracy under 60% can be impfoved with a 10-m buffer around areas classified as weed
presence. Otherwise, continuous sample weed seedling maps without any accuracy
improvement method appear accurate enough to increase NR from SS over H+ giv‘eﬁ a
reasonable technology cost (< $20 ha') for the weed maps and associated GIS costs. Use

of buffers within a SSWM system may improve NR if weed escapes cause significant
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crop yield loss. Producers should consider using spétially referenced ‘continuous weed
presence/absence maps for SSWM, especially if less than 70% of their field is infested.
There is a tradeoff between the c;)st and accuracy of producing a spatially referenced
weed map. Decreasing the cost of GPS-assisted weed maps should be a high priority.
Weed map accuracy greater than 70% will be effective enough to provide higher NR for
SSWM within Qheat-fallow systems of the Northern Great Plains compared to whole-
field herbicide applications. As crop value, weed impacts, and pressure to reduce
chemical inputs to the environment increase, the cost of generating maps with improved
accuracy may be justified to ensure economic and environmentally optimal weed

management decisions.
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CHAPTER 3

RESPONSE OF WILD OAT GROWTH, CARBON PARTITIONING AND
FECUNDITY TO A RANGE OF SOIL MATRIC POTENTIALS

Abstract

Weeds will respond to environmental stresses, but the manner and magnitude of
the response is often unknown. We used an ecophysiological approach to quantify wild
oat response to drought stress in order to elucidate the mechanisms that determine its
field-scale habitat range in dryland cropping systems. Wild oat root, leaf, 'st'em, and
reproductive tissues were quantified with 12 destructive harvests from early vegetative
growth through maturity in greenhouse pot experiments at three soil matric potentials
(-0.03, -0.5, and -1.2 MPa). Wild oat allocated about 10% more carbon to roots at the
* expense of leaf tissue under water stress resulting in a two-fold increase in ’;he root to
shoot ratio between 393 and 597 gréwing degree days (GDD, 5°C base). However, wild
oat could only maintain incréases in root mass up to 750 GDD at —0.5 MPa. At-1.2
MPa, water ‘stres's was severe enough to reduce root relative growth rate (RGR) compared
to -0.5 IMPa. Despite higher cgrbon allocétion to roots the ratio of root length to root
mass did not increase and overall root mass declined because of the relatively lower |
assifpilates available under water stress due to decreased whole plant RGR and unit leaf
rate. Seed production decreased fourfold from the wettest to the driest treatment, but
wild oat may grow "amd produce seed above an.estimated so.il matric potentia_l of -1.66

- MPa. The allometric tr_adeoff of assimilates from leaf tissue in favor of root tissue and
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the-inability of wild oat to remobilize assimilate from stem and leaf tissues.around

anthesis carries a physiological cost of reduced seed production, but allows wild oat to

reproduce at some minimal level under adverse climatic conditions.
" Introduction

Wild oat (Avena fatua 1.) occurs throughout the world in cooler climatgs (~30to
60° latitude) (Thurston and Phillipson 1976) causing large economic losses in dryland
cereal grain systems (Chancellor and Peters 1976). Water is typically the most limiting
resource in agroecosystems of the Northern Great Plains (NGP), frequently resulting in
éummer drought (Campbell et al. 1993). In Havre, MT, mean annual precipitation is 302
mm with 168 mm occurring from April througfl Jlily while potential evapotranspiratioh is
608 mm during the same growingl season (Padbury et al. 2002). | Thus, in the dry regions |
wild oat must be water-use-efficient to survive and reproduce, especially in the presence
of a crop. Wild oat is widely distributed throughout this regioﬁ, but typically occurs in
patchy distributions at the sub-field scaie. Resource availability temporally fluctuates in.
this landscape making it difficult to identify the relationship between patterns of spatial
abundance of wild oat and resource availability, and subsequent competition intensity
with crops. The general perception ,amdr;g producers and researchers is that wild oat
occurs mainly in field depressions that are likely to collect more moisture than
surrounding areas. In a field study near Calgary, Alberta, Faechner et al. (2000) found
the highest densities of wild oat correlated with convergent backslopes where water

accumulates. Infrequent precipitation events during the growing season often result in
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soil matric ﬁotentials that frequently limit plant growth. Field areas that can maintain soil
matric potentials above the wilting point for the longest periods during the growing
season are the ones that support weed and crop growth best.

Understanding the relative morphological and physiolo gical resbonse of crops
and weeds to resource supply rates is crucial for understanding mechanisms of plant
competition and predicting fecundity of each species (Kropff 1988; Spiﬁers 1989). When
soil water and nutﬁent resources are unlimited, the potential (maximum) growth and
reproduction of a species is only limited by temperature, light, and ability to escape
pathogens and predators. ‘Quantifying a plant’s morphological and physiological changes -
to decreasing amounts of soil water under those same temperature and light conditioné
will help define its sﬁb-ﬁeld scale habitat range.

Few studies have quantified wild oat response to decreasing water potential (Akey
and Morrison 1984; O’Donnell and Adkins 2001; Sharma et al. 197 7) and none provide a
complete description of vegetative growth, biomass allocation and reproductive output in-
response to drought stress. There are many morphological and physiological measures of
plant growth and development. We chose.to quantify shoot and root morphological
components both directly and indirectly through common growth metrics to characterize
the physiological responses of wild oat under wéter stress. Primary processes affected by
water stress include cell expansion, photosynthesis, and dry matter allocation while plant
fecundity is affected secondarily by water stress (Ritchie et al. 1998; Turner 1997).

Leaf area expansion and root extension are forms of cell expansion that are

important responses to plant water deficits. As soil matric potential decreases, cell turgor
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pressure is reduced, subsequently decreasing cell expansion (Neumann 1995). However,
there is evidence that wgter deficits increase the raté of root elongation (Hsiao and Jing
1987). Turner and Begg (1978) have shown that leaf expansion in many grass species is
more sensitive to water stress than is photosynthesis. Water stress primarily reduced
barley yields by a reduction in light interception arising from smaller leaves during
vegetative growth (Legg et al. 1979). Reductions in weed leaf area relative to the crop
have been shown to reduce crop yield loss (Kropff and Spitters 1991).

A useful index to quantify plant growth is rélative growth rate (RGR), which is
the rate of biomass production per unit biomass (Hupt and Comelissen 1997). High and ‘
low maximum RGR have been shown to be general properties of species in resource-rich
and resource-poor natural environments, respectively (Grime and Hunt 1975). If wild oat 4
were a better competitor in wetter areas of fields, we would expect significantly higher
RGR in soils near field capacity (-0.03 MPa) water content. However, using RGR to
predict competitive success among plant species has had mixed results (Bubar 1992;
Dunan aﬁd Zimdahl 1991; Holt and Orcutt 1991; Roush and Radosevich 1985). By
separating RGR into a physiological component, the unit leaf rate (ULR, the rate of
biomass production per unit leaf area), and a motphological 'component, the leaf area
ratio (LAR, the quotient of leaf area and plant biomass), further insights can be gained on
the primary assimilation and allocation processes affected by water stress. We
hypothesized that wild oat reduces leaf area during vegetative growth under drought

stress to reduce water loss. The tradeoff in reduced leaf area with potential
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photosynthesis or the ability to maintain photosynthetic efficiency under water stress may
determine the ability of a wild oat population to persist at sub-field scales in the NGP.

Water stress can also alter the carbon allocation patterns of plants. A common
response of many crop species to water stress is that more assimilate is channeled to roots
compared to leaf and stem tissues during vegetative growth resulting in a higher root ‘to
shoot ratio (R/S) (Brown 1984; Lucero et al. 1999; Turner and Begg 1981). Such an\
allocation pattern would be particularly important in the vegetative phase and is a likely
consequence of the greéter sensitivity of leaf expansion than photosynthesis to water
deficits (Wardlaw 1969). The preferential development of the root over the shoot under
water stress enables the plant to explore a greater soil volume for water, particularly if .
there is an increase in ratio of root length to root mass. The pattern of wild oat carbon
allocation in response to reduced soil matric potentials has not been qugntiﬁed during its
vegetative growth. |

The net effects of prolonged water stress will undoubtedly affect plant fecundity.
Wild oat relies on seed production and dispersal for increasing population density and
spatial extent. Beriods of water stress will affect seed numbers a1'1d potentially seed
weight and viable tillers. O’Donnell and Adkins (2001) reported that wild oat seed
numbers were significantly reduced at lower soil matric potentials. The ratio of seed
number per unit of mature biomass can be used to gauge the seed production efﬁcien'cy.
(SPE) of a plant under limited resources (Steinmaus and Norris 2002). vWild oat seed’
production efficiency will be depe'ndeﬁt of the type of pnmary responses that result from

water stress during early vegetative growth.
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The goal of this research was to qﬁantify the impact of limiting water potential on
wild oat growth and fecundity in order to elucidate the mechanisms that determine its
field-scale habitat range in dryland cropping systems. We hypothesized that wild oat
maintains enough morphological and phenological ﬁlasticity to allow it to grow and
producé seed under season long water stress. Wild oat growth was quantified by root,
leaf, stem, and panicle mass as well as leaf area and root length. "The specific objectives
were to measure the impact of moisture stress on wild oat: 1) ‘RGR, ULR, and LAR; 2)

dry matter distribution and R/S; and 3) fecundity and SPE.

Materials and Methods

A greenhbﬁs}e experiment was conducted twi‘qe in the Plant Growth Center at
Montana State Uﬁiversity. The experiment consisted of three trgatments with six
destructive harvests and was replicated five times for a total of 90 pots. Treatments
consisted of three soil matric potentials at -0.03, -0.5 and -1.2 MPa. A matric potential of
—0.03 MPa was considered field capacity for the soil. The soil used in both trials
consisted of an equal mix of silt loam, washed concrete sand, and Canadian sphagnum
peat moss. Soil pH was 6.6 to 7.4 and organic matter was 5.6 to 5 .8%. A soil water
retention relationship was determined using a pressure plgte apparatus. Resulting data
were fitted to van ‘Genuchten’s (1980) parametric equation to facilitate interpolation of
soil matric pote;ntial based on measured gravimetric soil water contents (Wraith et al.
1995). The estimated mass water coptent was 17.2,11.7 and 10.8% for soil matric

potentials of -0.03, <0.5, and -1.2 MPa, respectively. The soil was dried for two wk at 50
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C, filled into pots, and weighed to calculate the gravimetric target wt‘ for the desired soil
matric potential for each pot. l?ot size increased with destructive harvest time from 2.5 L
to 9.7 L. Pots were watered to field capacity (-0.03 MPa) at planting to ensure proper
germination and then allowed to dry down to the desired soil matric potential. Water
treatments for individual pots were maintained by adding water until each pot reached its
target mass. Pots were weighed and watered every day in the first experiment with the
exception of four separate days, and ever}; other day in the second experiment. The
effect of watering every other day compared to every day did not alter wild oat growth
because we were able to combine data from the t\.vo experiments (described below).

Wild oat seed was collected from a small grain production field near Great Falls,
MT. The seed was cleaned with a 2 mm mesh sieve and scarified to improve germination
and emergence. Ten seeds \‘Nere planted in each pot. Ea;:h pot was thinned to one wild
oat plant 10 d aﬁer planting (DAP) by removing the earliest and latest emerging plants to
establish a consistent emergence time in all pots. Water-soluble 20-10-20 (N, P, K)
fertilizer was applied at 10 mg kg™ soil according to soil weight in split applications at 2,
40, and 54 DAP for both experiments.

Natural light was supplemented with metal halide lamps' at 280 gmol m? s of
photosynthetically active radiation (PAR). Day length and temperature were set to mimic
climatic conditions of the NGP during the typical growing season for wild oat. Day
length peripds, each 30-d long, were 15.25, 16.25, 15.5, and 14.5 hr. Minimum and

maximum air temperature were set to 13/21, 15/24, 15/26, and 15/26°C, respectively,

' GE Multi-Vapor MVR1000/C/U, General Electric Company, Nela Park, Cleveland, OH 44112.
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with each temperature regime 30-d long. Temperature data was recorded with three >
temperature probes attached to a data logger® because actual air temperature in the
greenhouse varied due to outside conditions. Growing degree days (GDD, °C) from the
time of planting were calculated using a 5°C base temperature for wild oat (Cudney et al.
1989).

A wet and dry wt of a representative subsample of soil from each pot at each
harvest was used to calculate mass water content to ensure the proper matric potential
was maintained. Actual water content averaged across the 12 harvests was 17.4 £ 1.1,
11.6 £ 0.8, and 10.8 & 0.8% for the —0.03, -0.5, and —1.2 MPa treatments, respectively.

In the second greenhouse trial we added a replication of pots Without wild oat in order to
estimate evaporation. Transpiration per plant was calculated by subtracting the estimated
evaporation from the water addéd per pot and plotted as a function of GDD for each

matric potential treatment.

Data Collection -

Destructive sampling for growth analysis was carried out at 437, 539, 729, 881,
947, and 1428 GDD in trial one anci at 393, 597, 831, 1040, 1209, and 1’632 GDD in trial
two. At each harvest, shoots v.vere clipped at the soil surface and separated into leaf,
stern, and panicle fractions. The wild oat green ieaf area was measured on a moving belt

area meter’. All tissues were dried to constant wt and biomass Was recorded.

2 107-L Temperature Probe and CR10X Datalogger, Campbell Scientific, Inc., 815 W. 1800 N., Logan,
UT 84321.

3 LI-COR 3000 Leaf Area Meter, LI-COR, Inc., P.O. Box 4425, Lincoln, NE 68504. o |
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Wild oat roots and soil were removed from pots and placed in a 2 mm mesh sieve.
A large portion of the soil and organic matter was removed from the roots by dry sieving.
The roots and remainiﬁg soil were placed in a 0.25 mm mesh sieve under running water
for further cleaning. The roots were placed in jars containing 20 % ethyl alcohol solution
and stored at 5°C. The final i)rocessing involved placing the roots in a tray under water
to remove any remaining organic matter with tweezers.

Seeds plant™, 100 seed wt, and viable tillers plant™ were quantified for the last
two harvests. All seeds were counted for each plant after the panicles were dried and
weighed. All tillers with at least one internode were counted and considered viable if at
ieast two spikelets were visible on the panicle. One hundred seeds were randomly

selected from each plant to obtain an estimate of seed wt.

Quantitative Analysis

A general F test was used to test whether whole plant wt (root + shoot), root wt,
shoot wt (leaf + stem + panicle), leaf wt, and green leaf area over thermal time at each
soil matric potential from each greenhouse trial could be combined into one data set. The
natural log transformed data was regressed on GDD using a second order polynomial.

The F statistic for the test was (Afifi and Clark 1984):

e [5Syes (Ho)— S () |/[ df (Ho)—df (H1) ]

55,0 (L) df (&) 3D

where S5, is the residual sums of squares, df is the degrees of freedom, Hj is the
regression for the combined data, and H; is the sum of each regression performed

separately for trial 1 and 2. In all cases, the regression using the combined data from the
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two trials conducted at different times did not differ (P > 0.05) from the regressions using
separate data sets, so the data were combined to improve the resolution,of the growth |
analysis.

| A flexible growth function was used to facilitate comparisons between sigmoid
growth curves of differing symmetry. The Richards function was chosen because
biological meaning can be derived from its parameter estimates (Causton and Venus
1981; Steinmaus and Norris 20025, only three parameters need to be fitted (if the start 6f
the growth curve is maintained at ¢ = 0), and it can account for asymmetry about its point
of inflexion in describing sigmoidal growth (Richade 1959). Use of thermal time for
wild oat growth eliminated differences due to fluctuations in the greenhouse temperature
regime (Dunan and Zimdah] 1991), thus GDb was used. The Richards function took the.
form of (Richards 1959): . |

w= A(1 - exp(—kx GDD))¢=m 62

where w was the dépendent variable (e.g. whole plant wt), 4 was the asymptotic or
maximal vahhle of w, k was .the RGR over the entire growth period, and m was the
Richards bar'ameter. As the parameter m increases, so does the relative size at which the
growth rate peaks. For certain values of m, Equation 3.2 assumes the form of special
classical growth models. When m =0, the function reduces to the monomolecular growth
function (growth rate declines linearly with increasing wt), and when m = 2/3 the von

Bertalanffy model results. As m —> 1 it can be shown that the limiting form of the model

is the Gompertz function, if it is assumed that X; _, » — 4 (Pienaar and Turnbull 1973).
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The Richards function was fitted to all the observed data for whole plant wt (root
+ shoot), root wt, shoot wt (leaf + stem + panicle), leaf wt, and green leaf area after the
individual plants were ranked by size Within each harvest time (1 through 5) at each soil
matric potential. The Richards function was fit separately to each of the five siz_e
rankings over the experimental growth period to derive the mean and standard deviation
of A4, k, m, from the five regression fits. The coefficients of determination (RZ) (75 total,
5 variables at 3 matric potentials with 5 size-ranked fits) were all greater than 0.91. All
A, k, and m parameters were significant at P < 0.01.‘

The Richards function has no parameter that can account for senescing plant
tissue after it has reached its maximum (4), thus the function was only fit up to the
asymptotic values for leaf dry weight at 1209 GDD and green leaf area at 1040 GDD.
The inversé of the variance within a harvest was used to weight the nonlinear least
squares estimation because the variance around the mean became proportionately larger
as plant size increased. The Richards function was fit using the Hooke-Jeeves (1961)
pattern moves estimation method in nonlinear estimation module of STATISTICA with a
convergence criterion of 107 (Stat.Soft Inc., 2000).

The combined interaction of ULR and LAR at the whoie plant ~level can provide
* further insight into water stress effects on wild oat physiological and morphological
responses. The instantaneous values of LAR were calculated for each of the sized ranked
plants at the point of maximum leaf area (1040 GDD). ULR was calculated at RGR/LAR

for each of the respective size-ranked values from each treatment. Analysis of variance
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(ANOVA) was conducted on the estimates of whole plant, root, and shoot RGR, and
whole plant ULR anci LAR with means separated using Tukey’s HSD test (P = 0.05).
Measuring the changes in dry matter distribution quantifies the emphasis placed
upon internal source-sink relationships in regulating growth and fecundity under reduced
soil matric potentials. The dry wt of ;che root, leaf, stem, .and panicle were.each divided
by the whole plant wt at that sampling time to' calculate dry wt proportion relative to the
whole plant wt. The sums of all tissue fractions equal 100% of the thle plant wt at any
sampling time and were plotted in a stacked area graph over GDD. The tissue fractions
at the commencement of grox;vth (0 GDD) used the same values for the three matric
potential treatments, which were 35% root and 65% shoot tissue based on the values
reported for cereal crops (Welbank et él. 1973), with the shoot fraction set to 5% stem
tissue and 60% leaf tissue. The R/S was calculated as the ratio of belowground to |
aboveground biomaés produced. The growth period was split into three time intervals:
393 to 597, 729 to 947, and 1040 to 1632 GDD, Whjch corrésponded to the periods with
the highest, intermediate (declining), and final R/S during i:he wild oat life cycle.
Reductions in potential seed yield of wild oat are mostly the secondary effects of
water stress resulting from decreased photosynthesiS and cell expansion, and altered
carbon allocation during vegetative growth. However, the seed is the principal unit
~ determining population growth and subsequent future impacts of wild oat. Wild oat SPE,
as a further measure of water stresé on seed production, was -calculated as seeds g shoot
wt for each plant. Wild oat seed plant™, iOO seed wt, viable tillers, and SPE were linearly

regressed on soil matric potential with the significance determined at P = 0.05.
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Results and Discussion

Impact on RGR, ULR, and LAR

Temperature and solar radiation play an important role in regulating cell
expansion and photosyhthesi's, respectively, but water stress over prolonged periods is
also important (Ritchie et al. 1998; Turner 1997). ‘The increase in dry organ wt (root,
leaf, stem, and panicle) is a direct surrogate for carbon assimilation via photosyntilesis
even though a minor fraction of mass growth occurs from mineral elements. Leaf area
response can identify water stress effects on cell expansion. The greatest asymptotic

-Values (4) for all the mass and .expansion growth variables occurred at -0.03 MPa
followed by -0.5 MPa, with —1.2 MPa resulting in the lowest A (Table 3.1), which
corresponded to wild oat water use. The estimated transpiration per plant over ;che léngth
of the second trial was 15.3, 11.9, and 11.0 L at —0.03, —0.5, and -1.2 MPa, indicating that
the lowef matric potential treatments were effective in limiting wild oat water uptake the
results, but the apparent trend is that decreasing soil matric potential significantly reduces
wild oat growth (photosynthesis) during vegetative growth resulting in substantial
reductions in final biomass. None of these experiments presented root wt or leaf wt as a
function of soil matric potential.

The —0.03 MPa treatment resulted in the highest whole plant and shoot RGR, but
Wa/s intermediate for root RGR (Figure 3.2). Reduétions in shoot RGR at —0.5 MPa were
greater than whole plant RGR compared to —0.03 MPa, but relative final biomass for the

shoot and whole plant were similar. This indicates that water stress increased root RGR

at the expense of shoot RGR, but.could not maintain growth due to prolonged water
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Table 3.1. Means and standard deviations (+) of Richards function parameter estimates
for whole plant wt (root + shoot), root wt, shoot wt (leaf + stem + panicle), leaf wt, and
leaf area of wild oat grown at -0.03, -0.5 and -1.2 MPa soil matric potential.

Variable Parameter . -0.03 MPa 0.5 MPa "1.2 MPa
Whole plant wt (g) 4 28.19 (4.55) - 16.83 (4.59) 12.73 (3.06)
Ex 103 4.66(0.49) 4.18 (0.52) 3.05 (0.01)
m 0.985 (0.003)  0.968 (0.006)  0.945 (0.012)
Root wt (2) 4 2.54 (0.75) 1.41 (0.38) 1.11 (0.20)
Ex10°  4.42(0.18) 4.89 (0.61) 3.80 (0.34)
m 0.973 (0.003)  0.962(0.015)  0.932(0.011)
Shoot wt (g) 4 2472 (3.65)  15.26 (3.59) 11.29 3.17)
kx10°  5.02(0.26) 4.06 (0.29) 3.30 (0.29)
m 0.990 (0.003)  0.976 (0.005)  0.960 (0.009)
Leaf wt (g) 4 5.73 (0.76) 4.02 (0.70) 2.88 (0.17)
Ex10°  6.56(0.37) 5.50(0.25) ©  5.49(0.73)
m 0.992(0.002)  0.985(0.006)  0.984 (0:007)
Leaf area (cm?) A 740.13 (73.50)  561.07 (93.06)  342.27 (87.98)
kx 107 5.29(0.13) 4.38 (0.48) 434 (0.73)
m 0.972(0.015)  0.963 (0.017)  0.958 (0.014)

stress. Indeed, the root RGR was highest at -0.5 MPa, but was not statistically greater

than —0.03 MPa (Figure 3.2B). The fact that root RGR at —0.5 MPa was greater than at

-1.2 MPa suggests that initially decreasing soil matric potential stimulates root growth,

but more severe matric potentials retard root growth. The final root biomass (4) was still

highest for -0.03 MPa meaning that root growth at —0.5 MPa likely experienced a

shortage of assimilate due to reduced leaf area.

Reductions in RGR have been recorded for other species under drought stress -

such as wheat (Kalapos et al. 1996), white clover (Lucero et al. 1999), and seedling

growth of Albizia procera, a subtropical tree species (Khurana and Sirigh 2000).
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an increase in leaf wt, but not in leaf area. Turner and Begg (1978) have shown that leaf
expansion in many grass species is more sensitive to water stress than photosynthesis. If
soil moisture stress was only temporary, we could assume that leaf area expansion would
resume at its normal rate because of the limited ability of wild oat to increase root mass
under water stress (Table 3.1). Akey and Morrison (1984) report similar wild oat
maximum leaf area to that measured in this experiment (;1t —1.2 MPa. However, field soil
matric potential was only lower than —0.4 MPa for the ;’veek prior to maximum leaf area,
when soil matric potential declined to —1.1 MPa (Akey and Morrison 1984). This
sﬁggests that the magnitude and timing of declining soil matric potentials will both affect
wild oat leaf area expansion.

The redundant interaction of ULR and LAR provides a clearer picture of wild oat
physiological and morphological response to water stress. The whole plant ULR over the
course ‘of the season was greatest at —0.03 MPa, but did not differ between —0.5 and —1.2
MPa (Figure 3.3A). The LAR, measured at the time of maximum leaf area (1040 GDD)
was lower at —0.03 MPa.co'mpared to the water stress treatments, which did not differ in
LAR (Figure 3.3B). The greater LAR under water stress indicated that there was the
same leaf area with less biomass because a éeater fraction of the plant was composed of
root, stem, and reproductive tissue at -0.03 MPa compared to the water stressed Wild oat
(Figure 3.4 at 1040 GDD). The water stressed wild oat had relatively less assimilate
available during vegetative growth because of a reduction in leaf area, ULR, aﬁd
transpiration (Figure 3.1, 600 to 1000 GDD). The transpiration efficiency based on

whole plant wt up to 1040 GDD was 2.3,1.9,and 1.2 g L at soil matric potentials of
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-0.03, -0.5, and ;1.2 MPa, respectively. Van Den Boogaard and Villar (1998) report a -
similar finding in explaining the differences that occurred between wheat and Aegilops
species’ RGR, ULR, and LAR.

While derivation of ULR is'useﬁll in describing assimilation efficiency, caution
must be exercised in its interpretation. The ULR does not measure real photosynthesis
since it represents the net result of photosynthetic gain over respiratory loss and may
therefore vary according to the magnitude of respiration (Watson 1952). Because
fespiration increases and LAR decreases with plaﬁt age, the ULR could fall irrespective
of change in photosynthetic activity. Nevertheless, the whole plant ULR was highly
correlated with RGR (0.94, P < 0.001) and negatively correlated with LAR (-0.80, P <
0.001). Xue and Stougaard (2001) report spring wheat had greater ﬁLR than wild oat
during early development stages, but Dunan and Zimdahl (1991) did not observe any ,
differences in ULR between wild oat and barley. Dunan and Zimdahl (1991) concluded
barley was a better competitor than wild oat under both greenhouse and field conditions,
despite wild oat having a greater LAR than barley over the course of the experiments.
Thus, LAR may be a poor index of crop-weed competition under water stress for cere;al |

(:grain cropping systems in the NGP.

In this eﬁperiment, water stress reduced wild oat net photbsynthesis andAleaf area
expansion resulting in a significantly slower RGR comparéd to the field capacity .
treatment. However, differences in wild oat and cereal grain RGR have not been a
reliable predictor of competitive success (Bubar 1992; Dunan and Zimdaill 1991). Roush

and Radosevich (1985) also found that RGR was a poor predictor of aggressivity among
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four anmual weed species. However, Echinochloa crus-galli, the species with the highest
aggressivity of the four weeds tested, had the greatest shoot wt and ULR, but the Jowest
LAR (Roush and Radosevich 1985). Using the E. crus-galli results as a model, the
aggressivity of wild oat would decline under water stress because wild oat shoot wt and .
ULR were lowest and LAR was highest under water stress than wild oat at field capacity.
Grime (1979) stated that the relative importance of competition between species is
negatively correlated with the level of stress. Thus, in field areas of prolonged drought
stress wild oat potential aggressivity would decline, but reductions in leaf area and net
photosynthesis would reduce water loss in order to ensure survival to maturity to attain

reproduction (Harper 1977).

Impact on Dry Matter Distribution and R/S

Plant responses to water stress also affect the source-sink relationships among
individual organs. Both fast- and slow-growing spécies have been shown to allocate their
cﬁbon and nitrogen in a manner that wﬂl maximize their RGR (Van der Werf et al.
1993). Species can respond to environmental stresses; but what makes species different
from one another is perhaps the manner in which they are able to respond to those
stresses (La.mbers”et al. 1998).

The leaf wt proportion of wild oat grown at —0.03 MPa rerﬁained constant during
vegetative growth while it slowly decreased at lower soil ‘matric potentials due to rglative
increase in root wt (Figure 3.4). The growth. of leaf tissue éontributed a major pro_pd'rtior;
Qf total shoot gfowth up to 700 GDD at all water potential tréatments. These resﬁlts ,

show that wild oat partitions increasing amounts of assimilated carbon to root tissues at
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the expense of leaf tissues under drier conditions. Biomass allqcation to each organ (root,
leaf, stem, and panicle) can be calculated b; dividing the change in wt of the respective
organ between two samplings by the change in total plant wt (Kropff and van Laar‘ 1993)
and should not be confused with the proportional wt of each organ at a given time.
During early Vegetati\;;: development (up to 500 GDD), wild oat allocated about 40% of”
its assimilate to root tissue and 50% to leaf tissue under water stress, while at field
capacity, allocation was 30% to root and 65% to leaf tissue. Kropff and van Laar (1993)
showed that three crops and two weeds never increased the initial carbon allocation to
roots after emergence under adequate water supply. In this experiment, wild oat
increased carbon allocatic;n to roots by 10% under water stress, but could only maintain -
this allocation pattern up to 600 GDD after‘planting. As aresult, lower RGR and ULR
occurred because of less available leaf area (Table 3.1) and decreased transpiration
(Figure 3.1). Kalapos et al. (1996) reported similar bioinass partitioning patterns for
wheat under décreasing water availability where the reduction in RGR was associated
with increased biomass allocation to roots and less to leaves. Likéwise, Villar et al.
(1998) showed Aegilops spéc_ies froin locations with lower annual rainfall invested more
.biomass in roots and less in shoots (leaves and stems) and had a lower RGR.

For the period between 393 and 597 GDD,.the average R/S was 0.35, 0.73, 0.76 |
for the —0.03, -0.5, .and -1.2 MPa, respectively (Table 3.2). The R/S during 729 to 947
GDD decreased by about 50% at each soil fnatric potential coﬁqpared to the initial time

interval. By the last four harvests (1040 to 1632 GDD), the R/S differed only 3% among

treatments. The R/S of wild oats competing with barley under adequate moisture levels
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(Dunan and Zimdahl 1991) was similar to the R/S reported here at —0.03 MPa.

We can draw three conclusions about the R/S relationship under water stress from
Figure 3.4. First, wild oats initially allocated assimilate to root tissue under water stress
at the expense of 1¢af tissue. Second, water stress increased R/S, but wild oat maintained
a higher R/S for about 150 GDD longer af -0.5 MPa compared to -1.2 MPa. Third, a
decrease in R/S under water stress coincided with an increase in the ratio of stem wt to
whole plant wt. Despite the limited increase in root wt during vegetative growth, wild
oat was not able to increase the ratio of root length to root mass, which remained constant
. among all soil matric potentials at 306 m of root length per g of root dry \.Nt (data not
shown).

An annual plant must eventually shift carbon allocation to reproduction. By 900
GDD, the panicles became a carbon sink mostly at the expense of leaf tissue regardless of
soil matric potential. -However, the panicle wt fraction relative to the whole plant at the
final sampling time was 0.29, 0.22, and 0.16 at —0.03, -0.5, and —1.2 MPa, respectively
(Figure 3.4). Whole plant wt at maturity consisted of more leaf and stem tissue at the
lower soil matric potentials, while root wt was about 9% of final dry wt in all treatments.

Because wild oat under water stress had relatively greater fractions of stem and leaf wt at

maturity suggests wild oat was not as efficient in remobilizing pre-anthesis assimilate

Table 3.2. Mean\root to shoot ratio (R/S) between the first, middle, and last four
destructive harvests of wild oat grown at -0.03, -0.5 and -1.2 MPa soil matric potential.

Time Interval -0.03 MPa -0.5 MPa -1.2 MPa
393 t0 597 GDD 0.35 - 0.73 0.76
729 to 947 GDD 0.18 030 - 0.29

1040 to 1632 GDD - 0.10 0.11 0.13
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from stem and leaf to reproductive tissue compared to wild oat grdwn at field capacity
(Ludlow and Muchow 1990). This point is reiterated with calculations of the partitioning
coefﬁcients. The carbon allocated to panicles decreas'ed- under water stress where the
stems became a larger proportion of the carbon sink after anthesis.-

Water stress altered the carbon allocation pattern of wild oat. An increase in the
R/S was expected, but the magnitude of the increase was unknown. Soil matric poi:entia_lé “
at —0.5 MPa resulted in higher root RGR that maintained the R/S for about 150 GDD
longer. compared to —1.2 MPa. This suggests wild oat will invest assimilate in root tissue
at the expense of photosynthetic potential under watef stress, but more severe rﬁatric
potentials will eventually retard root growth. Wild oét can alter carbon partitioning ;co
ensure survival, but lacks the physiological plastici/ty required to maintain i)hotosynthetic
efficiency (ULR) and thus maintain high fecundity under water stress. Wild oat still
adhered to phéﬁolo gical cues of thermal time and photoperiod for initiating reproductive
growth, but lack of stored pre-anthesis assimilate under water stress resulted in lower
panicle dry wt fractions. However, séed was still produced, even at season long soil |

matric potentials of -1 2 MPa.

Impact on Fecundity and SPE

Quantifying weed seed production and its subcomponents is not nearly as
common as quantifying crop yield, especially under water stress. Any inference of wild
oat population dynamics under differential water availability requires information on wild -
oat fecundity. There was always a positive slope estimate (P < 0.04) for each .of the

measured fecundity variables and increasing soil matric potential. Wild oat seed plant™
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had the steepest slope (529 + 60, P < 0.001) in&icating that the greatest increase in seeds
per plant occurred as soil matric potential approached field capacity (-0.03 MPa). Wild
oat produced 823, 370, and 180 seeds plant™ at —0.03, —0.5 and -1.2 MPa, respectively.
Wild oat seed wt was least affected by water stress (slope = 0.15 + 0.04,'P =
0.002). The average wt of one wild oat seed was 9.2 mg at —0.03 MPa anci 7.4mgat—1.2
MPa. The seed wt values at alllsoil matric potentials reported here were lower than those
reported by Sharma et al. (1977) and Thurston (1959). The lower seed wt values may be
due to smaller seed size from the parent population (Shaﬁna et al. 1977). We did not
measure seed wt of the parent population and little information exists in the literature on
the effects of biotic and abiotic variables on wild oat seed wt. Thurston (1959) repoited
that seed wt slightly decreased as nitrogen content increased. Small wild oat seeds would
indicate decreased competitive ability and population growth through lower dry wt and '
decreased emergence (Sharma et al. 1977). Even though seed wt had the lowest slope,
water stress still reduced seed wt.
Wil(i oat produced 13.1, 11.2, and 10.6 viable tillers plant'1 at—0.03,-0.5 and -1.2

MPa, respectively, which was generally higher than reported in the literature (Cousens et
.al. 1991; Morishita and Thill 1988; Morishita et al. 199'1; Sharma et al. 1977, Wall 1993).
Tiller numbers reported here are assumed td be near the genetic potential for this |
population of wild oat at field capacity as limiting resources were prevented. Wild oat
tiller initiation is a highly plastic response variable in terms of being able to predict from
abiotic resource levels (Akey and Morrison 1984; Wall 1993), or community composition

(Cousens et al 1991; Morishita and Thill 1988). The trend suggested from this and other
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research is that the amount of light, particularly the three components of PAR reaching
the canopy may be more important in tiller initiation than' water stress.

The harvest index (quotient of seed wt to shoot wt) is a common descriptor of
crop yield efficiency, but does not provide information about actual seed numbers. The
quotient of seed numbers per g of shoot biomass may be a better measure of weed seed
production efficiency (SPE) in response to increasing drought stress. Wild oat produced
34.9, 27, and 19.5 seeds g'1 shoot biomass at —0.03, -0.5, and —1.2 MPa, respectivelyl
The only other published study (that we are aware of) that reported both biomass and
seed numbers is Thurston (1959), who quantified wild oat response to nitrogen. Wild oat
produced 20.7, 18.4 and 20.5 seeds g"1 total biomass at 0, 90, and 180 kg ha’! N,
indicating that wild oat was able to maintain SPE with reduced nitrogen concentrations.
Steinmaus and Norris (2002) report SPE for velvetleaf grown under various light
environments. Velvetleaf produced 32 seeds g shoot biqmass in \full sunlight and only
17 seeds g shoot biomass in competition with corn. The similarity in the values with
wild oat is probably a coincidence, but the pattg:rn suggests that weed SPE may be a éood :
indicator of light and water availability, but ﬁot nitrogen availability. If we calculate.
seeds per L of water transpired (Figure 3.1), then wild oat produced 53.8, 31.1 and 16.4
seeds L' at —0.03, -0.5, and —1.2 MPa, respectivelyt The most efficient spring wheat
unde; dryland conditions in Aus&alia produced.about 66 seeds L™ of transpired water

| (French and Schultz 1984).
Measuring transpiration in a field setting com_pared to shoot biomass is a.more,

difficult task, even though seeds L™ transpired water is a better indicator of SPE as a
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function of water use. The most water use efficient plants adapted to drier areas would .
be expected to maintdin SPE under moderate water stress. In other words, the weed
would produce the same amount of seeds per unit pf biomass (or transpired water)
regardless of water stress. However, this did not occur in this experiment.. Alternatively, -
if SPE decreased under water stress as it did hére, probability would indicate that higher
wild oat densities are more likely to occur where water availability was greatest. A
nearly two-fold reduction in wild oat seeds per unit of biomass and three-fold reduction
in seeds L:1 transpired water suggests that periods of sub-optimal soil moisture will
reduce future densities and may explain the patchil distributions of this weed under
dryland conditions. . T

Reductions in wild oat seed production were more severe than biomass reductions
at lower soil matric potentials because the arﬁount of new carbon allocated to parﬁcles
decreased under water stress. The stems became a larger proportion of the carbc;n sink
after anthesis (Figure 3..4). The mean wild oat fecﬁndity response to lower soil matric
potentials in this study was in the range of fecundity values reported by b’Donnell and
Adl{iﬂs (2001), the only other study that reported vs}ild oat fecundity as a function of soil
matric potential. If we combine our wild oat fecundity data with that reported by
O’Donnell and Adkins (2001), fecpndity was reduced 49, 55, 56, and 78% at -0.1, -0.5,
-1.0, and —1.2 MPa, respectively, compared to field capacity. Some caution should be
used in interpreting the combined results, but the apparent trend indicates that wild oat
has two fecundity thresholds a.s soil ﬁatﬁc potential decreases. The first threshold occurs

at about -0.1 MPa, not far below field capacity. In the NGP, soil matric potentials near
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field capacity are rarely maintained during the entire growing season. This suggests that
wild oat is still able to produce enough seed over a majority of years to maintain
persistent patchgs. The second fecundity threshold occurs at soil matric potentials around
-1'.0 MPa. Wild oat seed production per plant begins declining significantly at this poin.t,
towards some theoretical minimum tolerable soil matric.potential required for seed
production. If wild oat seeds L™ of transpired water (feported above for this study only). .
are linearly regressed on soil matric potential, the regression fit crosses the x-axis at -1.66
MPa, slightly below the conventionally established permanent wilting point (-1.5 MPa);
If soil matric potential is maintainéd below -1.66 MPa for length of the growing season,
wild 'oat will not produce seeds. We realize that this is below the conventional permanent
wilting point of —1.5 MPa, but this serves as a reference to habitat suitability. Angus and
Vén Herwaarden (2001) provide evidence that vigorous wheat crops extract soil water
down to —3.0 to —5.0 MPa between 30 and 100 cm. Thus, it might be possible to plant
crops that would prevent wild oat fecundity, but crop yield would likely be
uneconomical.

This study revealed the ability of wild oat to acclimate to a range of moisture
stress by morphological and physiological responses. Water stress during early
Vegétative growth of wild oat reduced growth and fecundity, but our hypothesis that wild
. oat maintains enough morpholoéical and phenological plasticity to allow it to grow and
produce seed under season long water stress could not be rejected. Many researchers
- have shown wild oat time of emergence relative td the crop to be an important predigtor

of crop yield loss (Cousens et al. 1987; O’Donovan et al. 1985; Peters and Wilson 1983).
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The relative competitiveness of a crop Would‘ also be affected by early drought
conditions. In field areas of prolonged drought stress wild oat potential aggressivity
would decline, but reductions in leaf area and net photosynthesis and increased carbon :
partitioning to roots would reduce Water loss and increase the chance for water uptake in
order to ensure survival te maturity to attain reproduction under adverse climatic

conditions.
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CHAPTER 4

WILD OAT HABITAT MAY BE UNLIMITED IN CEREAL GRAIN
CROPPING SYSTEMS OF THE NORTHERN GREAT PLAINS

Abstract

The advént of site-specific weed managément has generated research aimed at
predicting weed spatial distributions from existing weed maps or correlations with soil
properties and edaphic factors. Forecasting the spatial distribution of annual weeds
requires knowledge of the fecundity, dispersal, crop management and suitable habitat
distribution. We hypothesized that wild oat habitat was limited by field-scale
hetefo geneity in plant available soil water, thus patches would Be distributed in areas with
greatest plant available water. Wild oat was seeded in areas with and without I_1istoric
wild oat patches in monoculture and mixture with épring wheat in three grower-managed
fields. Wild oat habitat was quantified b‘y wild oat ieaf area growth rate, mature shoot
biomass, seeds per plant (SDPP), biomass water use efficiency and competitive ratio
(CR) with spring wheat. Sand and c;lay content and plot élevation correlated with
existing wild oat patch areas in individual fields, but no site properties correlated with
wild oat patch areas over all 3 fields. Total water use per plant aﬁd almost all habitat-
defining variables for Wiid oat were similar between existing patch and non-patch areas. -
Wild oat CR, based on SDPP, was greater in patch. than non-patch areas at the site with
the lowest croﬁ yields. Even though wild oaf SDPP did not statistically differ between

habitat areas, wild oat in patch areas had a 56% probability of producing more SDPP
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compared to wild oat in non-patch areas suggesting that small relative differeﬁces in soil
seedbank populations may govern the long-term stability of wild oat patches. However,
wild oat grew and produced seed regardless of existing patch boundaries and field-scale
heterogeneity in soil water use. This research demonstrated that wild oat habitat may
potentially be unlimited in agroecosystems of tile i\Iorfhem Great Plains and tﬁat research
efforts should focus on limiting weed fecundity and dispersal inétead of correlating soil

properties to predict wild oat distribution.
Introduction

Agricultural fields represent simplified ecosystems. Uniform distributions of
weeds rarély occur in these simplified systems despite the homogeneity in crop -
maﬁagement practices (Cardina et al. 1995; Colbach et al. 2000; Clay et al. 1999;
Mortensen et al. 1993; Wilson and Brain 1991). Many researchers have recognized the
importance associated with being able to predict weed species abundance and spatial
distribution (Cardina et al. 1995; Luschei et al. 2001; Mortensen et al. 1993; Rew and
Cousens 2001; Van Wychen et al. 2002), but a framework is lacking to identify the
relative contribution of mechanisms driving weed population occurrence and dynamics
(Figure 4.1),

Studies have reported that weed species were correlated to certain site properties
or soil characteristics at both field (Dieleman et al. 2000a; Ervio e;c al. 1994; Hausler and
Nordmeyer 1995; Walter et al. 2002) and regional scales (And‘reasen et al. 1991; Dale et

al. 1992). However, correlating soil attributes to weed populations does not imply
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.

studies that have mapped spatial weed distributions for at least five éonsecutive years -
suggested that predicting future distﬁbution of densities from existing weed maps did not
produce consistent results (Colbach 2000; Wilson and Brain 1991). Years in which the
patchy distributions were related were not always consecutive and were often separated
by years of apparently unrelated distributions.

~Harper (1977) stated that the dynamics of plant populations are unlikely to be
understood simply by observing and recording plant abundance. A population needs to ,
be perturbed if the factors that determine its characteristics are to be expdsed.
Researchers and farmers alike have the méans to perturb factors effecting annual weed
populétions occurring in agricultural fields. However, in order to be experirﬁeﬁtal one
needs a list of factors that can be mam’pulated. The factors must represent processes that
contribute to the majority of variation in weed spatial distribution. Cousens and
Mortimer (1995) provide a list of fac‘u;rs determihing the dynamics of weed populations,
which include intrinsic species characteristics such as growth, dispersal, aﬁd seed -
production, and extrinsic factors like habitat, weather, management and succession. We
simplified this list of factors in order to pfovide' a framework of manageable factors to
quantify the spatial dynamics of wild oats in small grain production in the Northern Great
Plains (NGP). The spatial distributions of annual weeds in agroecosystems are a function
of fecundity, seed dispersal, management, and habitat (F' igﬁre 4.1).

Farmers possess the means to manage §eed production and dispersal, but
manipulating habitat requires long-term management. Cousens and Mortimer (1995)

define habitat as: The sum of the factors at a point in space that may affect a plant’s
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ability to survive and to contribute offspring to the next generation. However, we
propose a narrower definition of habitat: The type of site in an agricultural production
field where a weed can grow and reprod‘u'ce given the inherent variation in climate. Thus,
under our climate-constrained definition, habitat quality may vary over time. Annual
weeds in agroecosystems reioresent a raﬁge of habitat generalists and specialists. By
definition, the most successful annual weeds are generalists in that they can maintain
fitness over a wide range of habitat gradients due to phenotypic plasticity or genetic
polymorphism, given the inherent variation in soil attribut.es', climate and management
(Crawley 1997). We can assume that an existing weed distribution in an agricultural
field has reached its habitat limit if dispersal has allowed enough prbpagules to reach all
areas of the field and manageﬁlent has had a uniform-effect on the population.

Eoyd et al. (2002) classified wild oat as a generalist based on germination success
at various seed depths, soil textures, and soil moisture contents, which contributes to the
explanation of wild oat’s worldwide geographic distribution (Thurston and Phillipson

1976). Wild oat is well dispersed throughout cereal grain cropping systems of the NGP,

but infestations vary widely from field to field (Vén Wychen et al 2002). We

. hypothesized that field-scale heterogeneity in plant available soil water may limit

potential wild oat habitat in dryland agroecosystems. Water is often the most limiting
resource in agroecosystems of the NGP frequently resulting in terminal moisture stress.
Average 30-yr growing season precipitation (March to August) for the sites where this
study was conducted is about 255 mm while potential evapotranspiration exceeds 500

mm (Padbury et al. 2002). Faechner et al. (2000) found the highest Wild oat densities on
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convergent backslopes where their digital elevation mociel predicted the most water
would accumulate, yet some wild oat was also found on toeslopes and hilltops. Van
Wychen (2002) reported that wild oat seed production decreased fOurfold from season
long soil matric potential treatments of —0.03 MPa to —1.2 MPa, but ‘estima’.[ed that wild
oat would grc;w and produce seed above a soil matﬁc potential of —1.66 MPa, slightly
below the conventional permanent wilting point.

| The main question this research attempted to answer is “Why do wild oat patches
occur in some areas of a ﬁeid and not others?” In order to research this question, we
considered fecundity, dispersal, management, and ha‘t_)itat. We intentionally seeded high
densities of wild oat seed in field areas with and without a history of wild oat infestation
in grower-managed fields. Auld (1988) intentionally seeded wild oat into two pastures
where it had not been observed pfeviously and reported that wild oat had succéssfull&
established and rates of spread remained constant for the duration of the study. We
hypothesized that wild oat habitat-defining variables would be more favorable in patch
comparéd to non-patch environments, where the environment was understood to be a mix
of biotic and abiotic driving factors (with water as the most limiting resource). Habitat-
deﬁﬁing variables included wild oat competitive ratio (CR) with spring wheat, léaf area
growth, shoot’.biomass, water use efficiency, and fecundity. We could thereby conclude.
that grain production fields in the NGP differ in ﬁeld—scéle 'wild oat habitat availability
under the assumptions of uniform response to management and sufficient seed dispersal
to supply seed to the entire field. Proactive weed management efforts could then be

directed to field areas with suitable wild oat habitat, not just areas where infestations
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exceed an economic density threshold. The objectives of this research were to compare
and quantify the effects of existing wild oat patch and non-patch areas on wild oat
growth, fecundity and water use efficiency in monoculture and in mixed culture with

spring wheat.

Materials and Methods

Experiments were conducted in three farmer-managed production fields located at
Box Elder (48° 13°N, 109° 57°W), Fife (47° 14'N, 111° 01 "W), and Sun River (47° 09'N,
111°43°W), MT in 1999. Selected fields were historically seeded to' a cereal grain, had a
history of wild oat infestation, and differed in soil attributes such as elevation, soil
texture, rooting depth, and annual rainfall (Table 4.1). Field size was 20.2 to 25.9 ha with
a wild oat infestation in 25 to 91% of the entire field (Van Wychen et al. 2002). Wild oat
was the predominant weed species at all three sites. Treatments consis;ced of a factorial
combination of two wild oat habitat types (histofic presence or absence of wild oat).and
three plant communities (wild oat or spring wheat monoculture or wild oat mixed with
spring Wheat) arranged in a sﬁlit—plot treatment design with six replicates. Wild oat
habitat was treated as whole plots and plant commuhity as subplots. WildA oat habitat was -
selected for historic presence or absence of wild oét_based on previous geo-referenced
maps of wild oat seedling and panicle distﬁbutions as well as préducer knowledge of
where wild oat patches frequently occurred. Historic wild oat presence was defined as
field areas.where wild oat grew in the i)revious two years and frequent infestations -

occurred based on the producer’s past experience. Historic wild oat absence was defined




Table 4.1. Site properties for field-scale wild oat habitat (patch or non-patch areas) at Box Elder, Fife, and Sun River.

Box Elder Fife Sun River
Site Properties Patch Non-Patch Patch  Non-Patch Patch Non-Patch
1998 wild oat panicle density (m?) 79 1 85 2 214 6
1999 wild oat seedling density (m?) 209 165 174 179 - 223 169
1999 spring wheat séedling density (m?) 108 119 102 133 58 67
1999 mixture total density (m?) 286 255 256 270 280 247
1999 total whole plot density (m?) _ 603 539 532 582 561 483
Emergence rate (%): wild oat mono® 31 37 18 41 2 29
wild oat mix 21 29 18 30 8 36
spring wheat mix - 47 50 .38 54 19 28
Spring wheat cultivar Amidon Mc Neal Earnest
Sand-silt-clay (%, 0 — 0.2 m) 68-15-17 - 58-19-23 20-44-36  22-44-34 33-45-22  32-41-27
Average elevation (m) 826.8 835.2 1075.6 1067.6 1097.6 1098.3
1999 Rainfall (mm) Planting to harvest 115 166 110
1999 GSP® (mm) - 160 285 178
30-yr Average GSP (mm) 240 281 246

® Mono: monoculture subplot; mix: wild oat and spring wheat mixture subplot

® GSP: growing season precipitation (March through August).

98
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as field areas where no wild oat occurred in the previous two years and infestations were
infrequent or never occurred based on the broducer’s past observations. We use the
terms historic wild oat presence and absence.interchangeably with patéh.and non-patch,
respectively. Plant community/treatment;s consisted of three subplots randomly selected
for wild oat monoculture, spring wheat monoculture, and a mixture of wild oat and spring
wheat. The subplot community treatments allowed us to quantify differences in water
use in wild oat and spring wheat mixtires (realiied niche) compared to rﬁonocultures of
each species (fundamental niche) in wild oat patch and non-patch areas (cf. Crawley |
1997; Hutchinson 1957). The experimental unit was a 2 m by 2 m subplot with 1 m
sep.arating‘ each of the three subplots in the whole plot. ‘

The prodﬁcer at each site conducted all agronomic practices as under normal
management. Glyphosate was applied at either 0.17 or 0.23 kg a.1. ha to manage any
emerged weeds before planting at each site. Sqedbeds were prepared with one pass of a
harrow prior to planting at Box Elder and Fife, while Sun River was under no-till
management. Each producer appﬁied fertilizer according to soil test résuIts based on
Montana State University recommendations for spring wheat (Lichthardt and Jacobsen
1999). Spring Wheat .W8.S planted with an air-seeder at 66 kg ha™ on May 25, May 4, and
April 25 at Box Elder, Fife, and Sun River, respectively. Planting at Box Elder was
delayed compared to normal planting dates due to several rainfalls in early and mid May.
Row spacing was 23 cm at Box Elder and 30 cm at Fife and Sun River. After spring

wheat was seeded, the 12 plots (2 whole plot treatments replicated 6 times) within a field

were staked, and spring wheat was removed from one of the subplofs in each plot with é
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hoe to establish the wild oat monoculture subplot. Wild oat seed was broadcast by hand
at 5 gm™ (~500 seeds) and raked into the top 2+ 0.5 cm of soil 1 d after spring wheat
was planted at Fife and 2 d after spring wheat was planted in Box Elder and Sun River.
The wild oat seed planted in this experiment was collected from a small grain production
field near Great Falls, MT in 1998. The seed was cleaned with a 2 mm mesh sieve and
placed in cool dry storage over winter. Immediately prior to planting, the wild oat seed
was scarified to improve germination and emergence. The plant community in both
subplots Wés maintained by hand weeding all other undesired species, but the desired
species in each community were not thinned, thus enabling normal seedling recﬁiMent
and cohort estgblishment. By seeding wild oat at relatively high densities in both historic
wild oat presence and absence areas under similar crop management, we eliminated three
of the four factors that affect patch persisténce: fecundity, dispersal, and management,

which allowed us to quantify the effects of wild oat habitat.

Data Collection and Analyses

Daily minimum and maximum air temperature and rainfall were recorded on site
with a data logger' at Box Elder and by the producer at Sun Rj:ver. The producer at Fife
recorded daily rainfall on site, but minimum and maximum temperature were obtained
from Malmstrom Air Force Base (12 km from the field). Growing degree days (GDD,
°C) from the time of planting were calculated using a 5°C base temperature for wild oat

(Cudney et al. 1989) to calculate leaf area growth rates.

' 107-L Temperature Probe, TE525 Tipping Bucket Rain Gauge, and CR10X Datalogger, Campbell
Scientific, Inc., 815 W. 1800 N., Logan, UT 84321.
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Soil water was measured at the center of each subplot from 2 wk after wild oat
was planted until harvest aiaproximately évery other week with a neutron moisture gauge®
at 20 cm increments to a depth of 120 cm. Some access tubes could not be installed to
120 cm because of rock, particularly at Sun River, thus, measuremenfs were made to the
deepest 20 cm increment. The neutron moisture gauge was calibrated for each soil type
according to the Soil Survey Geographic Database® against volumetric soil water contents
collected at the tiﬁe of access tube installation and from soil cores taken aftér harvest in
each.plot. The 20 cm depth measurement was used to calculate the equivalent depth of
water in the 0 to 30 cm depth followed by 20 cm soil layers thereafter (i.e. the 40 cm
depth measurement was used to calculate the equivalent depth of water for the 30-50 cm
depth). Soil water use (SWU) was calcﬁlated as the equivalent depth of water in the soil
profile at planting minus the equivalent depth of water at harvest. Total water use (TWU)
was SWU plus precipitation between planting and harvest. The volume of water used in
each subplot was calculated as the equivalent depth of water in a 1-m? area smomding
each neutron access tube. Soil paﬁicle size was estimated from the Bouyoucos method
for the 0 - 0.2 m depth for each subplot as described in Gee and Bauder (1979). Plot
elevation was determined from a differential global positioning system?.

Wild oat response in patch and non-patch environments was quantified by ear-ly

season leaf area growth rate per plant (LAGR), shoot biomass per plant at maturity

2 503DR Hydroprobe, CPN International, Inc., 2830 Howe Rd., Martinez, CA 94553,

* Soil Sufvey Geographic Database (SSURGO), National‘CartograpHy and Geospatial Center, USDA
National Resource Conservation Service, P.O. Box 6567, Fort Worth, TX 76115.

4 AgGPS 124, Trimble, 645 North Mary Avenue, Sunnyvale, CA. 94088.
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(BIO), and seeds per plant (SDPP). We chose early season leaf area growth because of
the strong sensitivity of the competition process to early growth charac‘teristic‘s (Kropff
and van Laar 1993). Wild oat BIO indicates the amount of resources extracted during the .
season and SDPP i)rovides a measure of reproductive success. Variables were calculated
on a per plant basis to minimize differences in seedling establishment and subsequent
density differences between habitat types. Because we augmented existing Wﬂd oat
seedbanks in patch areas by sowing equal rates of seed in both pafch and non-patch areas,
wild oat seedling emergeﬁce rate was estimated from the difference between number of
emerged seedlings in 1999 and the corresponding wild oat panicle density in 1998 and:
then div;ided by the seeding rate in 1999 (~500 seeds m™).

Ten wild oat seedlings in the monoculture and mixture subplots were
destructively harvested at three separate times before 600 GDD (before LAI reached 1.0)
at each site to calculate LAGR. At each harvest, shoots were clipped at the soil surface
and separated into leaf and stem fractions. The wild oat-green leaf area was measured on
a moving belt area meter’. Wild oat LAdR was calculated from the slope of a natural log
regression of natural log transformed leaf area per plant on GDD accumulated from
planting. A natural log regression fit provided a better fit than a linear regression (as
determined from a general F test) indicating that leaf area expansion rates were not
exponential up to an LAI of 1.0.

Wild oat and §pﬁng wheat was harvested between Zadoks stage 85-93. All plant

shoots were clipped at the soil surface in each subplot in a randomly located 0.29 m? .

* LI-COR 3000 Leaf Area Meter, LI:COR, Inc., P.O. Box 4425, Lincoln, NE 68504.
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quadrat within 0.5 m of the neutron moisture gauge access tubes and density was
recorded. Wild oat spikelets were counted for each plant and multiplied by 2.0 to
estimate wild oat SDPP (Thurston 1962). All tissues were dried to a constant wt and
biomass was recorded. Spring wheat seed heads were mechanically threshed and
weighed.

Biomass water use efﬁ<.:iency (WUEp) for each species was calculated as the
shoot biomass at harvest (in a 0.29 m* quadrat) divided by the TWU and was reported as
kg ha! mm™. TWU was assumed fo be equal to evapotranspi?ation. The actual WUER
might be underestima’;ed with this equa’éion because TWU (the denominator) would
usually be larger than the true evapotranspiration because of precipitation loss due to
runoff and deep percolation (Peterson et al. 1996). However, runoff and deep percolation
were assumed to be negligible under these dryland conditions. ‘

As a measure of the relative competitive ability between wild oat and spring

wheat in patch and non-patch areas, the competitive ratio (CR) (Willey and Rao 1980)

was calculated as:

CR, = ﬁb___yﬁ_ X_Z_ba_ 4.1)
Yo Yu) Za

where CR, was the competitive ratio for species a, Y, was the yield per plant of species a
in mixture with species b, Y, was the yield per plant of species @ in monoculture, ¥, was
the yield per plant of species b in mixture with species a, Y3, was the yiéld per plant of
species b in monoculture, Z;, was the proportion of the mixture sown to species b, and
Za» was the proportioh of the mixture sown to species a. Wild oat CR with spring wheat

was calculated for both BIO and SDPP. We assumed spring wheat 1000 seed wt was 30
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g in order to calculate the seeds per plant of spring wheat. The CR value gives the exact
degree of competition by indicating the number of times one species is more competitive
than the other (Willey and Rao 1980) and is identical t-o the relative crowding coefficient
used by de Wit (1960), except the CR allows for calculation of other ratios of component
species and not just 1:1 mixtures. The reciprocal of the CR value for wild oat is the CR
value for spring wheat.

The purpos;e of the experiment was to test whether wild oat responded differently
between field areas with a historic presence or absence of wild oat. A comparison of
response variables among fields was not a primary objective because we expected crop
and weed growth to differ among fields due to climatic variation. A separate split-plot
analysis of variance (ANOVA) for each field was used to analyze the combined effects of
wild oat history (patch or non-patch areas) and plaﬁt community (wild oat or spring
wheat monqculture, or wild oat mixed with spring wheat) on SWU (mm per 1.2 m soil
profile) and TWU (L plant™) for each field using the General ANOVA/MANOVA
module of Stastica (StatSoft Inc. 2000). If the interaction between habitat and
community was significant (P < 0.05), a post-hoc Tukey’s HSD test was used to separate
" differences between whole plot and subplot factors at (P < 0.05). Only wild oat in
monoculture or in mixture with spring wheat was used as the plant community factor for
the split-plot ANOVA on wild oat LAGR, BIO, SDPP, and WUEg. A paired t-test was
used to separate mean wild oat CR between patch and non-patch areas.

\ Because wild oat seed is the principal unit determining population growth and

subsequent future impacts, we calculated a frequency distribution for the probability of
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more wild oat SDPP in patch compared to non-patch areas over the three sites. Wild oat
SDPP was randomly selected 100 times from each of two arrays representing patch and
non-patch areas. If SDPP in patch areas were greater than in non-patch areas, then the
result was equal to 1 and if the opposite scenario occurred, the result equaled 0. The 100
random draws were repeated 1000 tifnes. The mean of the 1000 simulations represented
the probability of more wild oat SDPP occurring in historic patch areas compared to

outside a previous wild oat patch.

Results and Discussion

Differences in Wild Oat Habitat and Site Attributes

We hypothesized that ﬁeld-scale heterogeneity in plant available water may limit
potential wild oat habitat in drylan& agroecosystems. Sand-silt-clay (%) in the upper 20
cm of soil and plot elevation in patch and non-patch areas (Table 4.1) were correlateci
with existing wild oat patches. Site property correlations with wild oat patch areas
differed for each field. At Box Elder, wild oat patch areas had 8% more sand, 6% less
clay, and were 8.4 m lower compared to areas with a historic absence of wild oat
resulting in patch areas that correlated with the percent sand (» = 0.42, P = 0.042), the
percent clay (» =-0.47, P = 0.022), and plot elevation (» = -0.70‘,‘P‘< 0.001). At Fife,
existing wild oat patches were 8 m above non-patch areas resulting in a positive
correlation with elevation (» = 0.46, P = 0.024). At Sun River, wild oat patch areas had
5% less clay compared to non-patch areas and were negatively correlated with clay

content (» =-0.57, P = 0.003). No site attributes were correlated with historic wild oat
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patches when analyzed aéross all three fields. If this experiment was conducted in a
smaller geographic area or in fields with similaf site properties, we might have reached
different conclusions. Dieleman and Mortensen (1999) and Dieleman et al. (2000)
identified combinations of site properties such as soil texture, elevation, organic carbon
and macronutrient concentration that were related to Setaria spp. and Abutilon
theophrasti abundance and occurrence, which have a broad geographic range, but
associations were only based on two NE fields and weed populations were not planted in
ofher_ areas of those fields.

Soil water-use (SWU) averaged across plant community areas did not differ
between patch and non-patch areas at any site (Figure 4.2). If precipitation was added to
SWU and estimated on an area basis across plant community types, patch and non-patch
total water use (TWU) would not differ because we assumed precipitation did not differ
among plots within a field. However, TWU averaged across plant communities on a per
plant basis was greater (P = 0.046) in patch compared to non-patch areas at Fife, but not
at Box Elder or Sun River (Figure 4.3). Density indepen(ient water use and adequate |
growing season precipitation (GSP, March — August) at Fife might explain why the
combinéd water use of wild oat and spring wheat in monocultures and mixed culture in
patch areas was greater than in non-patch areas on a per plant basis, but was similar on an
. area basis. The GSP was 33 and 28% below the 30 yr average at Box Elder and Sun
River, respectively, while 1999 GSP at Fife was near the 30 yr average (Table 4.1). The
drought-like conditions a’xt'Box Elder and Sun River re;ulted in 64 and 74% reductions in

average crop yields, respéctively, compared to the 1990-99 average spring wheat yield in
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MT of 2030 kg ha* (MT Ag Statistics 2001). In addition, total whole plot densities in
patch areas at F ife averaged 532 plants m?, which was the lowest among all sites in patch
areas while total whole plot densities in non-patch areas at Fife averaged 582 plants m?, -
which was the highest among all sites in non-patch areas (Table 4.1). Thus, fewer areas
compared to non-patch areas, but the plasticity of both the weed and the crop allowed the
whole-plot plant community to extract nearly all plant available water within the area
regardless of the established densities in this experiment. This point is reiterated at Sun
River where rainfall between planting and harvest was the lowest of any site, but spring
wheat monocultures used the greatest volume of water per plant of any plant community
at any of the three sites because crop density was half that of crop density at other sites
(Table 4.1).

Spring wheat SWU in monocultures was greater than wild oat SWU in
monocultures in non-patch areas at Box Elder and in both patch and non-patch areas at
Fife on an area basis (Figure 4.2). However, mixtures of spring wheat and wild oat did
not differ in SWU per area compared to either wild oat or spring wheat in monoculture.
On a per plant basis? spring wheat always extractéd more water than wild oat in both
patch and non-patch areas at all sites (Figure 4.3). It should be noted that the water use
by mixtures of spring wheat and wild oat (on a per plant or area 1‘basis) never equaled the
sum of the respective monocultures in each plot. This suggests that the fundamental
niche of spring whéat and wild oat in monocultures is different than their realized niche
in mixed culture and may be the result of root growth inhibition. Ellenberg (1953)

conducted one of the earliest experiments on fundamental and realized niches with five
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grass species in monoculture and mixture and found similar results as reported here
(Crawley 1997).

We hypothesized that field-scale heterogeneity in plant available water would
delineate existing wild oat habitat. Based on the resource use patterns reported above, we
could conclude that plant communities of spring wheat and wild oat in monoculture and
mixed culture did not differ in field-scale water use between existing patch and non-patch .
areas which suggests that the variance in field-scale soil water capacity will not control
wild oat population carrying capacity as much as GSP. Furthermore, correlations of soil
properties and existing wild oat habitat among all three fields within the region could not |
account for differences in field-scale habitat. In order to make definitive conclusic;ns |
about wild oat habitat and limiﬁng Tesources, we neeci to examine wild oat growth and

fecundity between both patch and non-patch areas.

Habitat Effects on Wild Oat Growth and Fecundity

By planting wild oat in field areas with and without h'istorric wild oat patches in three
different production ﬁeldé that varied in climate and soil characteristics, we could
account for: 1) temporal and spatial interactions associated with variability in weed
distributions; and 2) differences in previous dispersal events and seedbank numbers that
may have limited wild oat population distributions. Wild oat LAGR, BIO, SDPP, and I
WUEg did not differ between field areas with existing patches‘ compared to non—patcﬂ
areas in any of the thrée fields (Table 4.2). In addition, habitat évailability was not
limited by wild oat emergence because the emergence rates of the spring-seeded wild oat

were greater in non-patch areas compared to patch areas (Table 4.1). There was no




Table 4.2. Mean wild oat early season (<600 GDD) leaf area growth rate per plant (LAGR d°C ) shoot wt at maturity (BIO, g
plant™), seeds produced per plant (SDPP), and biomass water use efficiency (WUEg, kg ha” mm™) at Box Elder, Fife and Sun
River as affected by wild oat history (patch and non-patch) and plant commumty (wild oat monoculture or mixed culture with
wheat).

Box Elder Fife , Sun River
Source of : - '
Variation LAGR BIO SDPP WUEg LAGR BIO SDPP WUER LAGR BIO SDPP WUEg
Wild oat -
history (H) 7
Patch 1.45 0.83 34.7 12.6 3.07 146 500 139 245 1.11 399 143
Non-patch 1.61 0.76 299 -10.0 3.06 123 493 13.3 224 1.16 38.8 13.5
P>F 0.250 0.429 0.089 0.058 0.965 0.163 0.806 0.693 0.243 0.657 0.718 0.627
Community : ‘
© -
-Monoculture 1.48 0.81 32.6 10.6 3.14 1.53 544 135 247 128 429 129
Mixed culture  1.58 0.76 32.0 12.0 298 1.15 449 137 222 099 358 149
P>F 0.459 0.680 0.804 0.269 0.460 0.029 0.004 0.878 0.165 0.020 0.036 0.269
Interaction
P>F

HxC ] 0.053  0.539 0.180 0.599 0.227 0.778 0.628 0.619 0.059 0.410- 0.416 0.278

66
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apparent trend in the wild oat response variables among all th_ree sites. Because wild oat
grew and produced seeds equally across each field suggests wild oat habitat may be
unlimited in cereal grain production fields in the NGP.

Wild oat interspecific competition with spring wheat reduced wild oat BIO and
SDPP at Fife and Sun River compared to intraspeciﬁé competition in the wild oat
monoculture, but LAGR and WUEg did not differ between intraspecific and interspecific
competition at any site (Table 4.2). Wild oat BIO and SDPP at Box Elder followed the
same pattern between inter- and intra-specific competition as the other two sites, but did
not statistically differ. Possible reasons for lack of differences in wild oat BIO and SDPP
between intraspecific and interspecific competition at Box Elder include time of planting
and water use. Spring wheat was planted late in the growing season (May 25) at Box
Elder compared to Sun River (April 25) and Fife (May 4) while wild oat was seeded
within 2 d after the crop at each site. Late sowing of spring cereals can reduce wild oat
growth and fecundity, buf crop yield also suffers (Sexsmith 1955). Average TWU in
wild oat monocultures (averaged across patch and non-patch areas) was also about 0.3 L
less per plant at Box Elder compared to Fife and Sun River (Figure 4.3), which may have
been the result of coarser textured soils at Box Elder with lower plant available water
capacity and the lowest GSP of the three sites (Table 4.1). Consequently, the wild oat at
Box Elder had the slowest LAGR, and lowest BIO, SDPP, and WUEg regardless c_>f the
plant community compared to the other two sites.

The competitive ratio (CR) for wild oat BIO and SDPP did not differ between

patch and non-patch areas at any site except for SDPP at Sun River (Figure 4.4). The
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wild oat CR fbr SDPP at Sun River was greater in patch compared to non-patch areas
suggesting that wild oat had an advantage in response to some edaphic factor that
occurred in patch areas but not in' areas where wild oat had been historically absent. Soil
water use (Figure 4.2) and total water use ‘(Figure:4.3) could not account for differences
Betvveen wild oat CR based on SDPP at Sun River. In genéral the CR for wild oat BIO
and SDPP was slightly higher in patch areas at each site compared to non-patch éreas,
which would support the hypothesis that once wild oat becomes established in an area, it
may modify the soil medium in a manner that is either beneficial for its growth and
reproduction or unvfavorable. for crop growth or both. Possible mechanisms that could be
responsible for an increase in wild oat competitive ability include allelopathy (Perez and
Ormeno 1991) and species-specific microbe associations that enhance resource uptake
(Bagyaraj and Vafma 1995; Rillig et al. 1998) or alter biochemical efficiency (Lambers et
al. 1998).

Across all three fields, wild oat LAGR was correlated with BIO (r=0.59, P<
0.001) and SDPP (» = 0.70, P < 0.001) indicating that early season leaf area growth is a
good predictor of final biomass and fecundity at the regional scale. However, at the
field-scale wild oat LAGR was not c-:orrel.a'fed. with BIO and SDPP at any of the sites
individually except with BIO at Sun River (= 0.54, P = 0.006). Thus, predictions of
wild oat BIO and SDPP based on LAGR might not be attainable at the field-scale
because: 1) précipitation, solar radiation, and fertilizer are often homogenously
distributed across an agricultural field, and 2) heterogeneous site-properties affecting the

availability of those resources (particularly precipitation and fertilizer) can only account
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Our plot areas only represented a small fraction of the éntire field at each site .(<
0.05%), but care was taken to locate plots in previous high wild oat densify areas
(patches) and over a range of topography in each field. Additional wild oat density data
was collected in randomly placed quadrats throughout these same fields before and
during this study (Table 4.3). The density correspondence data suggested that wild oat
patches were continually expéhding because t_he sample frequenc? of seedling and mature
wild oat panicles (density > 0) increased from 1998 to 1999 at each site. However, field
areas without wild oat in the previous year never increased to greater than 100 wild oat
m? (considered a patéh core area) over one séason. In addi‘;ion, core areas never declined
to zero wild oat m™2. Thus, cére areas may be relatively stable in occurrence even if
density fluctuates.

Table 4.3. Wild oat deﬁsity correspondence between 1998 at harvest and spring 1999
(randomly placed quadrats within 2 m of each other) at Box Elder, Fife, and Sun River,

MT. Frequency is the percent of spatially explicit quadrats within a site meeting the wild
.oat density selection criteria.in the first two columns.

Wild Oat Sampling Time and Density Wild Oat Sample Frequency
1998 Panicles 1999 Seedlings Box Elder Fife Sun River
—————— No. m™ ' %
0 -0 62 31 0
=1 =1 18 - 38 96
0 =1 . 12 28 -4
=1 0 9 3 0
0 =100 0 0 0
=100 0 0 0 0
=100 =100 ' 0 3 29

. 'We cannot reject our null hypothesis that wild oat habitat is unlimited in cereal

grain production fields of the NGP. Wild oat grew and reproduced everywhere we
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planted it under typical cereal grain management for the region. Formation of new wild
oat patcheé within a field will depend on the right combination of stochastic events
influenced by management, fecundity and dispersal. The results of this study suggest
little variation in wild oat habitat and thus there is potential for a patch in any given area.
Wild oat patches (core éreas with relatively dense stands) may have reduced densities in
years of good weed management, but unless complete control is achieved for many years,
the seedbank may ensure that the patch core area pefsists. Relatively low-density areas
however, may vary from year to year in a stochastic manner making it difficult to predict
weed locations for directed pre-emergence hefbicide applications before crop planting.

In addition, variation due to density dependent differential mortality from herbicides can
increase the change of patch persistence and encourage stable core areas (Dieleman et al.
1999). Gonzalez-Andujar et al. (1999) predicted that the most heavily infested
blackgrass patches persisted longer than 10 yr, even with the use of an efficacious
herbicide. Predicting pre-emergence spatial distribution within a field would require
complete knowledge of the size and location of the seedbank across a field and even then, '
seed dormancy and cohort emergence would need to be considered to be predictive of
low density patch locations. One may conclude that future site-specific wild oat |

" management research should focus on using aerial or satellite imagery for producing
weed maps prior to post-emérgencé weed control or the use of real-time optical sensors to
ensure management of low density infestations. The risk of leaving low-density wild oat
infestations unmanaged is that they have the potential to become stable core areaé’

regardless of edaphic conditions.
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Based on our results and observations, habitat variability and fecundity play
minor roles in determining where wild oat patches will occur in a field. Thus, we may
want to focus on variability in management efficacy and seed dispersal as more important
factors to predict wild oat patch occurrence (Figure 4.1). Sun River had the greatest wild
oat infestation and Box Elder the least (Table 4.3), which corresponds with seed
sanitation methods practiced by the grower at each site. The grower at Box Elder
consistently cleaned harvest equipment after each field and planted certified weed-free
seed most of the time, unlike the grower at Sun River. Even though crop management
and herbicide use was almost identical among sites, weed sanitation methods were quite
different based on our subjective assessment. This demonstrates that preventative weed
management methods may be significant in the long-term. In the case of wild oat, our
results demonstrated that poor weed management will result in geometric increases in
population size, but cannot continue unrestricted growth because the field becomes
saturated.

Preventing weed seed dispersal might be the best way to manage wild oat (Jones
and Medd 1997; Shirtliffe et al. 2000). Maxwell and Ghersa (1992) demonstrated with a
simulation model that managing weed seed dispersal had a more important influence on
crop yield than managing crop-weed competition. Two primary management tools for
preventing wild oat dispersal are planting weed-free crop seed and avoiding mature wild
oat patches during crop harvest. Wild oat matures before spring wheat in the NGP, but
the amount of wild oat seeds remaining on the plant at the time of crop harvest varied

from 10 to 50% (Feldman and Reed 1974; Shirtliffe et al. 2000). Maxwell and Ghersa
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(1992) recommend using a combine harvester as a ‘weed seed predator’ compared to a
weed seed dispersal agent. Future research and extension programs should place more
effort in determining the cost effectiveness of limiting seed dispersal.

Weed spatial distribution and habitat suitability will differ for other species.
However, researchers should proceed cautiously when extrapolating correlative results
between soil properties and weed distributions, especially for weeds with a wide
geographic distribution. The éffects of fecundity, seed dispersal, management, and
habitat need to be considered when predicting weed populatiop distributions across
agricultural landscapeé. Farmers possess the management téols to change crop rotati‘gns
and prevent or dramatically reduce weed invasions by preventing seed production and
dispersal of weeds, even for a generalist weed like wild oat with a habitat as large as the .

NGP.
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CHAPTER 5
EPILOGUE

General Summary

This dissertation represents three papers that will contribute to the future
management of wild oat and weed science in general. Mapping wild oat seedlings using
a continuous presence/absence map was accurate enough to provide cost-saving site-
specific management of wild oat, even with the associated technology costs. These
ﬁﬁdings imply that farmers could reduce environmental weed control impacts and reduce
input costs over the long-term by using the presence/absence maps to conduct SSWM.

I could not reject the null hypothesis that wild oat habitat is limited by field-scale
heterogeneity in plant available water. Even though increasing water stress reduced wild
oat growth and fecundity in a greenhouse study, wild oat was estimated by extrapolation
to prociuce seeds at soil miatric potentials slightly below the conventionally accepted
permanent wilting point.

In the field, wild oat habitat is likely to be unlimited in the NGP where cereal grain
crops produce economic yield. Wild oat grew and produced seed regardless of
environmental conditions between existing wild oat patch and non-patch areas. If we
assume wild oat transpiration was about two thirds of the water use in the field, wild oat
produced the same amount of seeds per L of transpired water compared to a single plant

growing at field capacity in the greenhouse.
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Correlating geographic and site properties to weed distributions éan identify
hypothetical sources of variation when a large sample size is used (Dale et al. 1992).
However, studies relating weed spatial distribution and abundance within a field based on
correlations from only a few sites may miss the inherent adaptability of weeds and thus

draw false conclusions.

A framework was proposed for studying the distributions of annual weeds in
agroecosystems (Figure 4.1). Wild oat was seeded at high densities throughout fields
under similar crop management in order to delineate wild oat habitat at the field-scale.
The population in question must be manipulated to eliminate or reduce the variation
contributing to its spatial dynamics (Harper 1977). Gradations of habitat may exist and
certain species (specialists with a narrow niche breadth) will be limited by potential
habitat. However, because wild oat evolved with other cereal grain crops over several
millennia, it is not surprising that it has the phenotypic plasticitsr and genetic variability to
be widely distribﬁted throughout the cereal grain regions of the v;/orld (Figure 1.1).

Wild oat seed per plan_t did not differ between patch and non-patch areas, but it was
determined that patch areas produce more SDPP 56% of the time compared to non-patch
areas (Figure 4.5). Furthermore, wild oat patches (core areas with relatively dense
stands) may have reduced densities in years of good weed management, but unless
complete control is achieved for many years, the seedbank may ensure that the patch cér_e
area persists (Table 4.3). A possible answer to “Why do wild oat patches-occur in some
areas of fields and not others?” is that the frequency of positive outcomes for wild oat'

fecundity, dispersal, management, and habitat over the long term is greater than the
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frequency of negative outcomes, which allows for the maintenance of wild oat patches

through a seedbank density threshold.

Hindsight

As much as I like applied fieldwork, I realize I should not have approached the
field until my thesig proposal was solidified. Looking back, I could have generated most
of the data and practicélly have written the paper before I set foot in;co the field.

| Alternatively, the observation of the agricultural system I was working in and the hands-
on work with the GPS équipment_and software was probably the best way to learn it,
regardless of the slope of the learning curve.

In the wild oat map accuracy stuciy, I would not have tried to map entire fields. I
would have ﬁsed smaller areas in more fields increasing the number of site-years,
statistical precision, and sampling accuracy. After learning about the intricacies of spatial
statistics, the weed density éampling pattern would have been an order of mggnitudg less
than the scale of the methods for which the accuracy was being quantified. I also would "
have established permanent quadrats to follow wild oat population growth rate over'time.

The greenhouse growth analysis study could have been improved by including
wheat as well as wild oat. The relative response between the crop and weed in mixture
and monoculture would have pr_o_videci more meaningful results than a single species
experiment. In regard to growth analysis, half of the destructive harvests would have
oc;curred within a month after planting to increase the precision of the plant growth

response to early season resource capture. The matric potentials for each treatment
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would have been established before pla.nting' and the first destructive harvest would have
occurred within 100 GDD after planting (possibly before some plants emerged).

The wild oat habitat study could have been more conclusive ﬁad I been able to
conduct the study for another year while monitoring the seedbank fate. While anélyzing
the data, I would have been able to calculate more indices of competition had I
maintained equal seedling density ratios in my field experiment. However, each species
was seeded at the same rate. Our small plot competition experiments typically provide
greater precision, but as ecologists, we have to encompass the variation sﬁrrounding crop
and weed seedling recruitment when working in ‘real’ environments, which depict the
variation prevalent across agricultural landscapes from year to year. Ecolo gical studies
almost always occur within the scope of the desired environment. Experiment station
research has applicability within the scale of the conducted research, but GPS technology
allows us to search for ‘rules of thumb’ across farm and regional landscapes.

My foray into the mechanistic modeling area was a- trying, but valuable learning
experience. A mechanistic model forces you to think about mechanisms, and the
- overlying structure provides heuristic limits for separate but related processes. The crop
ecophysiology models are well established and could be very effective learning tools for
on-farm agronomic management when properly parameterized. However, building and
parameterizing crop-weed interaction models will be a monumental if not impossible task
for resource limited conditions. The biggest problem with predicting weed growth and
fecundity is accounting for the genetic polymorphism and phenotypic plasticity within a

population. The DSSAT crop growth models have five genetic coefficient parameters
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that account for differences among cultivars within a crop species. Keep in mind that this
occurs for crops where much of the variation has been removed through conventional
breeding programs. Existing weed growth and population models will serve as teaching

tools and may improve as the scale of predictability becomes more site;speciﬁc.v

Weed Management Durability

Durable is defined as: Able to endure or continue in a particular condition; lasting;
not perishable or changeable. Weed management >durability coﬁld be defined as a highly
" proactive plethora of tactics aimed‘to keep an undesifed species off balance, which would
be analo gous to.the “many little hammers” approach (Liebman and Gallandt 1997). Weed -
management durability integrates both ecological and technological principles in a manner
that is environmentally sound, economically viable, socially just, and culturally
acceptable. An integrated weed management system uses multiple management tactics
based on biological knowledge of the weed. Buhler (2002) listed 11 weed management
tactics for use in an integrated weed management sys;cem. Given the results of my thesis,
and observations and comprehension of the wild oat literature, the most promising three
tactics of integrated wild oat management are: 1) prevention; 2) crop rotation; and 3) crop
competitiveness.

The concept of prevention has been de-emphasized in recent times because of the
availability of effectjve herbicides and rﬁechanical control measures and increasing farm
size (Buhler 2002). If farmers invested as much money into prevention techniques as they

did herbicides, they might achieve greater return on their investment. The most obvious
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preventative tactic is to plant weed-free crop seed. The fourth chapter of my thesis clearly
showed that “if you plant them, they will come”, aﬁalogous to the movie Field of Dreams.‘
Improved seed cleaning equipment virtually eliminated Agrostemma githago and Loliuﬁ
temulentum, weeds that had 1b.een extremely difficult to remove from small grains with
prior methods (Elliot et al. 1977). Other prevention tactic.s are: 1) cleaning field
equipment between ﬁélds; 2) avoiding wild oat patch core areas during crop harvest; 3)
chaff céllection during harvest; and 4) selective spray topping (seed kill methods) prior to
harvest. Pandey and Medd (1991) determined that seed rain by uncon&olled wild oat
plants was the life stage that had the greatest influence on weed population size and
persistence through the use of inteﬂsive studies on population dynamics, simulation
modeling, and bioeconomic modeling. | |

I rank crop rotation ahead of crop competitiveness because it might be the o;lly‘
optién farmers have to reduce highly infested fields of wild oat. Crop rotation should not
only rotate to other annual crops, but to perennial forages and grasses. Derksen et al.
(2002) make the case for more diversified cropping systemns, which increase resource
utilization by crops and varies the selection pressure on weeds. Farmers in the Canadian
prairies are diversifying crbpping systems and minimizing summer fallow hectares leading
to fnore stable net returns over time (Zentner et al. 2002).

Third, I fee_l crop competitiveness is being underutilized in our current agronomic
management and breeding brogréms. Crop seedling establishment can be quite variable in
MT, even under controlled conditions (Holman 2002). Research conducted on 100 farms

in the U.S. and Canada showed that investing $1.25 per acre in planter calibration and
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maintenance resulted in $11.70 per acre return due to increase in crop yield from uniform
seed placement (Mowitz 2002). Xue and Stougaard (2002) showed that the combined
effec;t of increasing spring wheat seed size and seeding rate reduced wild oat f/)jomass and
seed production by 45%.

The greatest spring wheat emergence rates occurring at any of my field sites was
54%, based on a seeding rate of 220 seeds m™ (Table 4.1). A more troubling aspect was |
that spring wheat growing in mixture with wild oat had lower emergence rates in patch
compared to non-patch areas at all sites. One hypothesis may be that once wild oat
becomes established at high densities, wild oat modifies the site through some unknown
mechanism that is detrimental to spring wheat emergence. Cereal grains may not be the
best choice for providing more competitive conditiqns against wild oat because of similar
life cycles and long-term co-evolution with them. Another hypothesis may be that more
organic'matter and detritus resulting from wild oat infested areas attract more seed angi
seedling predators or other seed decay organisms.

Other elements of an integrated weed management program that will probably not -
work for wild oat management include tillage and fertility management. These elements
will not be able to provide effective wild oat management due to the similarities between
wild oat and cereal grain crops. How many more tillage and fertility trials will be done
vs./ith wild oat? The only general rule of thumb is that no-till may lead to a shift in
perennial species. Contrary to pobular opinion, one might expect no-till to lead to a shift

away from wild oat; however, the worst infested field in my study was under no-till

management for nearly a decade. Over 40 yr ago, Thurston (1959) concluded that the




i21
application of nitrogen to infested ﬁ;elds would not likely alter the balance between wild
oat and the crop. Kirkland and Beckie (1998) state that broadcast-applied fertilizer was
more effective than banded fertilizer in promoting wild oat emergence and growth over ‘
the growing seaéon. However, Kirkland and Beckie’s conclusion was misleading because
wild oat biomass at harvest did not differ between broad;:ast-applied and banded fertilizer
at any of the six site-years in the study. In addition, spring wheat biomass response to
fertilizer placement in their study was nearly identical to that of wild oat. Reinerstsen et
al. (1984) conducted a similar study to Kirkl‘and~and Beckie (1998) over a decade earlier
and found that broadcast-applied N increased wild oat density compared to banded N, but
wild oat biomass was similar at maturity between the two application methods because
wild oat tillered more profusely in banded N plots.

Other weed management tactics such as cover crops and intercropping will
probably not work in Montana’s climate due to limited precipitation over the long term.
Three other wild oat management tactics, which I would neither fully endorse nor reject
due to inconclusive or unknown evidence, are thresholds, organic amendments (wild oat

suppressive soils), and biological control of wild oat with other organisms.

Weed Generalists and Coexistence

By definition, the most successful annual weeds are generalists in that they can
maintain fitness over a wide range of habitat and management practices due to phenotypic
plasticity or genetic polymorphism (Crawley 1997). Ecologists widely accept the idea that

selection for coexistence may be the rule more than the exception (Gliessman 1998).
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However, Shmida and Ellner (1984) have observed, “coexistence depends on the spatial
patterning of suitable microsites, not just on the characteristics of species and microsites”.
Coexistence among similar plant species often share the same habitat where niches highly
overlap. A consequence of working on large spatial and temporal scales is a tendency to
be impressed by how spatially variable and ephemeral ecological communities are. For
example, the composition and species mixtures of plant communities change greatly from
small scales (Whittaker 1956) to large scales (Gleasoﬁ 1926), with few if any sharp
community boundaries. Gleason (1926) saw the relationship of coexisting species as

: simbly the results of similarities in their requirements and tolerances and partly the result
of chance. Harms et al. (2001) suggested that local habitat specialization plays a limited
role in the maintenance of species diversity in tropical forests, to the extent that habitat
association reflects habitat specialization. Condit et al. (1996) showed that tree species
have their abundance and distribution guided more by random drift than deterministic
interactions.

The unified neutral theory of biodiversity and biogeography (Hubbell 2001)
attempts to bridge two long-standing divergent perspectivgs on the nature of ecological
communities: the niche assembly perspective, and the dispersal assembly perspective. To
explain most of the variability in natural communities and still adhere to the niche-
assembly hypothesis, one need only postulate the existence of sufficient environmental
heterogeneity in limiting resources on the appropriate spatial and temporal scale (e.g.
Tilman 1987). On the other hand, while it is not difficult to demonstrate the existence of

environmental heterogeneity (Kolasa and Pickett 1991), it is considerably harder to prove
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that this heterogeneity is actually causing observed patchy distributions and spatial
variability among communities (Nacem and Colwell 1991). Also, by using small-scale
heterogeneity as a universal explanation, proponents of niche assembly undermine their

case for communities as persistent and predictable assemblages of coevolved niche

~

specialists (Hubbell 2001).

Farming activities have resulted in homogenization of ecological conditions
(Holzner 1978) so that differences in the floristic composition of fields might not be
expected. Farmers use various cropping practices such as summer fallow, tillage, and
fertilization to attempt to create conditions that are optimal for the crop. Thus,
agricultural production fields can be considered to be resource I‘ICh Weeds with
requirements near to those of the crop species will be favored if plant-plant interactions
are the major determinants of fitness. Weeds that are better adapted to othef conditions
(e.g. low fertility or lack of tillage) will not be able to compete and will either be reduced
in density or disappear. In many of the fields in ﬂorth central MT, wild oat is the
predominant weed. Because cohabitating species (wheat and wild oat) experience
similar selection pressures, they frequently converge to some similar evolutionary
solutions for survival under a given set of conditions. Other examples of co-evolving
weed-crop relationships (that cannot hybridize) are barnyardgrass-rice, common
cocklebur-soybean, velvetleaf-corn. In summary, weed scientisté should encourage
frequé'nt weed population shifts, because the ionger that a particular weed species
coevolves with a particular crop, the harder that weed species will be to manage. Very

little in evolution makes sense, except in the light of ecology.
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Future Research

How do we quantify/identify other mechanisms driving wild oat population
dynamics? I concluded in Chapter 4 that wild oat has the potential to form high-density
patches in ény area of a small grain field in the Northern Great Plains. Th;ls, attention
needs to be focused on management, dispersal, and fecundity. Farmers will not be able to
eradicate wild oat and herbicide resistance is inevitable under constant selection pressure
from herbicides (Beckie et al. 2002; Maxwell 1992). Hartzlér and Roth (1993) found that
weed management efficacy in the current year was strongly influenced by weed
management efficacy in the preceding year and that the outcome of weed management
practices was directly linked to weed populatioﬁ size.- In the section above, I propose that -
" prevention, crop rotation, and competition are the best tools we have iﬁ our wild oat
management toolbox. Future wild oat research should focus on the mechanisms allowing
wild oat patch core areas to persist. Four hypotheses and their rationéle are proposed

below.

1. Hypothesis: Potential wild oat habitat in other cropping systems in other regions is
only limited by dispersal.
Rationale: Why isn’t wild oat a problem in other cropping systems prevalent in the
. Midwest or noﬁheastem U.8.? Doés habitat, disperéal, fecundity, or management
or a combination of those factors limit wiid oat population distribution in other -
agroeéosystems? Possible mechanisms of wild oat population limitation could be

lack of cereal grains in the cropping rotation (dispersal limited), higher wild oat
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seed decay rates in wetter conditions (habitat limited), or more competitive crops

(fecundity limited).

2. Hypothesis: Wild oat-specific microbe associations increase the likelihood that wild
oat patch coreareas will persist due to enhanced competitive ability (fecundity)

through habitat modification.

Rationale: Data from the wild oat habitat study indicates that wild oat competitive ratio
with spring wheat was slightly greater in patch areas compéred to non-patch areas .
at all si;tes. If wild oat modifies its habitat, how long and at what densities does
wild oat have to be present fo_r this to occur? We may not have the paﬁicular

assays needed to detect species-specific microbe associations.

3. Hypothesis: A seedbank density threshold exists for persistent wild oat patches over
the long-term (greater than 5 years).

Rationale: In Chapter 4, 1 demonstratéd that patch areas produce ﬁore SDPP 56% of the
time compared to non-patch areas (Figure 4.5). This suggests that higher seed rain
may be critical in maintaining wild oat patches over the long term. Stochastic
climate events will affect seed rain as well as other iife history processes from year
to year, but wild oat patch core areas fnay remain persistent until seedbank
numbers decrease below a critical seedbank threshold that is required to maintain

patches in the long-term.
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4. Hypothesis: Wild oat patch core areas can be mapped with a core/non-core area
classification system from the combine at harvest for directed pre-emergence
application in the following spring.

Rationale: Despite wild oat habitat availability in the NGP, proactive wild oat
management may be possible for existing high-density patch core areas. From
supplemental density correspondence data in Chapter 4 (Table 4.3), if wild oat
panicle density in the previous year was greater than 100 m™, wild oat seedlings

were always present in the following spring.

The Bigger Picture

Site-specific technology should continue to be explored for on-farm management,
especially for large-scale producer_s. Staver (2001) argues that precision agriculture will
likely follow the technology transfer diffusion model that has been employed for the
promotion of other purchased inputs in crop production. However, as scientists teach
farmers to be better scientists, large-scale farmers will benefit from spatially explicit field
knowledge and environmental issues can be better addressed. The sensing and data
processing technologies will likely come from off-farm sources, but the technology
represents a fixed cost that will improve management decisions over time, unlike the fixed
costs of cilemical inputs and equipment. Small-scale producers on the other hand can
more easily make conclusions about spatially explicit procegses. There is a place for
small-scale and large-scale farmers. Both groups will have to be innovative and efficient |

to survive economically, while being ecologically responsible.
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Local perspectives on how to innovate in crop production and weed control have
been sidetracked by input-linked credit programs and promotion activities of the
commercial input sector (van der Ploeg 1993). The Precisiqn Agriculture Research
Association (PARA) of MT is a real first step in overcoming the “herd mentality”. Site-
specific data identifies problems particular to an individual producer as well as’ general
problems. Farm groups have been formed in the past for educational learning, but site-
specific data forces farmers to think at smaller-scales in order to deal with relevant
problems. |

Site-specific management has the potential to reduce fossil fuel inputs. Thfee
decades ago, Odum (1967) and Pimentel et al. (1973) argued the case‘ fhat the technical
imf)roveﬁents in agriculture due to fossil energy use did not provide any real
‘emancipation’ of \production from the natural resources base. A wide debate has since
ensued, concerning the environmental consequences of agricultural activities, when
heavily boosted by technical inputs and the viability of yield increases in 'the long run
(Gever et al. 1991; Pimentel and Hall 1984; Vitousek et al. 1986). The main problem with
the increasing dependenqy of food production on foésil energy is related to the fact that the
rate of consumption of fossil energy is certainly faster than that of its production
(Martinez-Alier 1987), implying that current agricultural techﬁiques are unsustainable in
the long run (ceteris paribus: all things being equal) since present consumption of fossil
energy has the effect of reducing consumﬁtion availability for future generations. In the
last two centuries, technical development has alyvays been able to generate increases in

productivity even when some of the previously used resources were exhausted. The
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question is thus, will the proved ability of human ingenuity be able to find substitutes for
fossil fuel energy sources if the remaining stocks become limiting? Certainly, the
confrontation between ‘Neo—Malthusi;cm pessimism’ and ‘Cornucopian optimiém’ reaches
peaks of high intensity when the debate focuses on energy and food security in the next
century (cf. Daly 1992). My opinion is that site-specific technology is a way to hedge
against our dependence on fossil fuels through optimized resource management at the sub-
field scale. Both ecology and technology will continue to ensure an adequate food supply
for the human population.

As an agroecologist I have covered both tails of the weed science distribution.
: Weed management durability must evolve faster than the species it is directed toward. We
are still a long way from mimicking the structure and functioﬁ of natural systems, but at
least we are becoming more environmentally responsible. Ihope that a broad perspective
in both ecology and technology will provide me with the tools to clarify issues and

establish relevant agroecological research in the future management of weeds.




129

References Cited

Beckie, H. J., A. G. Thomas, and F. C. Stevenson. 2002. Survey of herbicide-resistant
wild oat (4dvena fatua) in two townships in Saskatchewan. Can. J. Plant Sci. 82:
463-471.

Buhler, D. D. 2002. Challenées and opportunities for integrated weed management.
Weed Sci. 50:273-280.

Condit,' R, S.R. Hubbell; J. V. LaFrankie, R. Sukumar, N. Manokaran, R. B. Foster, and
P. S. Ashton. 1996. Species-area and species-individual relationships for tropical
trees: a comparison of three 50-ha plots. J. Ecol. 84: 549-562.

Crawley, M. J. 1997. The structure of plant communities. Pages 475-531 in Plant
Ecology, 2™ ed., MLT. Crawley, ed. Oxford, U.K.: Blackwell Scientific Publications.

Dale, M.R.T., A:G. Thomas, and E.A. John. 1992. Environmental factors including
management practices as correlates of weed community coinpositioh in spring
seeded crops. Can. J. Bo't. 70:1931-1939.

Daly, H. E. 1992.. From empty-world economics to full-world economics: recognizing
an historical turning point in economic development. Pages 23-37 in Population,
Technology, and Lifestyle. R. Goodland, H.E. Daly, S. El Serafy, eds.
Washingtqn, DC: Island Press.

Derksen, D‘.. A., R. L. Anderson, R. E. Blackshaw, and B. Maxwell. 2002. Wéed -
dynamics and m\anagement strategies for cropping systems in the Northern Great

Plains. Agron. J. 94:174-185.




130

Elliot, J., J. Ho]mes,' J. Lockhart, e.md D. MacKay. 1977. The evolution of methods of
weed control in British agriculture. Pages 11-23 in Weed Control Handbook, vol.
1, J. Fryer and R. Makepeace, eds. Oxford, UK: Blackwell.

Gever, J., R. Kaufmann, D. Skole, and C. Vorosmarty. 1991. Beyond Oil: The Threat to
Food and Fuel in the Coming Deéades, 3rd ed. Niwot, CO: Univ. Press of

| Colorado.

Gleason, H. A. 1926. The individualistic concept of the plant association. Bulletin of
the Torrey Botanical Club. 53: 7-26. '

Gliessman, S. R. 1998. Specie:s interactions in crop communities. Pages 213-226 in
Agroecology: Ecologjcal Processes in Sustainable Agriculture. E. Engles, ed.
Chélsea, MI: Ann Arbor Press.

Harms, K. E., R Condit, S P. ﬂubbell, and R. B. Foster. 2001. Habitat associations of
trees and shrubs in a 50-ha neotropical forest plot. J. Ecol. 89: 947-959. |

Harper, J. L. 1977. Population Biology of Plants. Londdn, UK: Academic Press.

Hartzler, R. G. and G. W. Roth. 1993. Effect of prior year's weed control on herbicide
effectiveness in corn (Zea mays). Weed Technol. 7: 611-614.

. Holman, J. D. 2002. Quantification of Persian darnel (Lolium persicum) interference in

monoculture, spring wheat, canola and sunflower. M.S. Thesis. Montana State

University, Bozeman, MT. 122 pp.

Holzner, W. 1978. Weed species and weed communities. Vegetatio. 38:13-20.




131

Hubbell, S. P., ed. 2001. The Unified Neutral Theory of Biodiversity and Biogeography.

Monographs in Population Biology, no. 32. Princeton, NJ: Princeton University

Press.

Kirkland, K. J. apd H. J. Beckie. 1998. CoﬁtriBution of nitrogen féfrtilizer placement to
weed management in spring wheat (Triticum aestivum). Weed Technol. 12:507-
514.

Kolasa, J. and S. T. A. Pickett, eds. 1991. Ecological Heterogeneity. Ecological Studies
no. 86. New York, NY: Springer-Verlag.

Liebman, M. and E. R. Gallaﬂdt. 1997. Many little hammers: ecological management of
crop-weed interactions. Pages 291-343 in L. E.J aci(son, ed. Ecologyin
Agriculture. San Diego, CA: Academic Press. |

Martinez-Alier, J. 1987. Ecological Economics. A-Oxford, UK: Oxford Univ. Press.‘

Maxwell, B. D. 1992.' Weed thresholds: the space component and considerations for
herbicide resistance. Weed Technol. 6:205-212. |

Mowitz, D. 2002. Precision plaﬁting: Every éeed counts towards higher yields and
lowering seed costs. Successful Farming. Vol. 100. 5: 26-28.

Naeem, S. and R. K. Colwell. 1991. Ecological consequences of heterogeneity in
consumable resources. Pages 224-255 in Ecological Heterogeneity. J. Kolasa and
S. T. A. Pickett, eds. Ecological Studies no. 86. New York, NY: Springer-Verlag. \

Odum, H. T. 1967. Energetics of world food p~roduction. Pages 55-94'in The President’s
Science Advisory Committee. Report of Problems of World Food Supply, Vol. 3.

White House, Washington D.C. ‘ |




132

Pandey, S. and R. W. Medd. 1991. A stochastic dglna:mic programming framework for
weed control decision making: an application to Avena fatua L. Agric. Econ.
6:115-128.

Pimentel, D., L. E. Hurd, A. C. Belotti, D. J. Forster, I. N. Oka, O. D. Sholes, R. G.
Whitman. 1973. Food production and the energy crisis. Science. 182:443-449.

Pimentel, D. and C. W. Hall. (Eds.) .1984. Food and Energy Resources. New York, NY:
Academic Press.

Reinerstsen, M. R., V. L. Cochran, and L. A. Morrow. 1984. Response of spring wheat
to N fertilizer placement, row spacing, and wild oat herbicides in a no-till system.

| Agron. J. 76:753-756.

Shmida, A. and S. Ellner. 1984. Coexistence of species with similar niches. Vegetatio
58: 29-55.

Staver, C. P. 2001. Knowledge, science, and practice in ecological weed management:
farmer-extensionist-scientist interactions. Pages 99-138 in Ecological Management
of Agﬂcultmal Wee(is. M. Liebman, C. L. Mohler, and C. P. Staver, eds.
Cambridge, UK: Cambridge University Press.

Thurston, J. M. 1959. A coﬁpmative study of the growth of wild oats (4vena fatua L.

| and A. ludoviciana Dur.) and of cultivated cereals with varied nitrogen supply.
Amn. Appl. Biol. 47:716-739.
Tilman, D. 1987. The importance of the mechanisms of interspecific competition.

°

American Naturalist. 129:769-774.




133

van der Ploeg, J. 1993. Potatoes and knowledge. Pages 209-227 in An Anthropological
Critique of Development: The Growth of Ignorance, M. Hobart, ed. New York,
NY: Routledge. h

Vitousek, P. M., P. R. Ehrlich, A. H. Ehrlich, and P. A. Matson. 1986. Human
appropriation of the products 6f photosynthesis. Bio-Science. 36:368-373.

Whittaker, R. H. 1956. Vegetation of the Great Smbky Mountéiné. Ecological
Monographs. 26:1-80.

Xue, Q. and R. N. Stougaard. 2002. Spring wheat seed size and seedling rate affect wild
oat demographics. Weed Sci. 50:312-320.

Zentner, R. P, D. W. Wall, C. N. Nagy, E.G. Smith, D. L. Young, P.R. Miller, C. A.
Campbell, B. G. McConkey, S. A. Brandt, G. P. Lafond, A. M. Johnston, and D. A.

Derksen. 2002. Economics of crop diversification and soil tillage opportunities in

the Canadian prairies. Agron. J. 94:216-230.




134

APPENDICES




135

APPENDIX A

ADDITIONAL GREENHOUSE EXPERIMENT DATA
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Table A.1. Greenhouse experiment information for pot size and wild oat harvest times for the six destructive harvests in a
repeated greenhouse trial. Cumulative growing degree days (GDD) from planting, days after planting (DAP), Zadoks stage, and
the approximate wild oat phenological stage at each destructive harvest are provided.

Pot size - -
Trial Harvest Depth Volume GDD DAP Zadoks Scale Phenological Stages
g : cm L °C. d 0-99
1 1 15 2.5 437 31 13-14, 21 3 to 4 leaf, first tiller visible
2 15 2.5 539 38 - 14,21-22,30-32 4 leaf, tillering, stem elongation
3 20 4.8 729 49 14-16, 21-26, 32-35 Tillering, stem elongation
4 20 4.8 881 58 15-16, 26-29, 36, 45 Boot stage to head emergence
5 46 9.7 947 64 26-29, 36, 47-55 Elongation of peduncle, anthers visible
6 . 46 9.7 1428 98 o 75-91 ) 50% mature, apical seed dehiscence
2 1 20 4.8 393 25 13-14, 20-21 3 to 4 leaf, first tiller visible
2 20 4.8 597 40 14-15, 21-23, 30-33 4 to 5 leaf, tillering, stem elongation
3 46 9.7 © 831 55 . 15-16,24-29,34-37,41 Last internode elongation, flag leaf visible
4 46 9.7 1040 70 - 29,39, 59-65 : End of stem extension, anthers visible
5 46 9.7 1209 82 69-83 Seed fill
6

46 9.7 - 1632 111 87-93 100% mature, seed dehiscence
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