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Herbicide Resistance in Jointed Goatgrass (Aegilops cylindrica):
Simulated Responses to Agronomic Practices

D. ERIC HANSON, DANIEL A. BALL, and CAROL A. MALLORY-SMITH?

Abstract: A population model was constructed to simulate the development of imazamox-resistant
jointed goatgrass (AEGCY) in imazamox-resistant (Clearfield™) wheat. The model computed changes
in the surface and in the buried AEGCY seed banks for both resistant and susceptible biotypes.
Simulations started with an initial density of 1,000 susceptible and zero resistant seeds/m? in each
seed bank. Simulation of continuous, no-till Clearfield wheat production resulted in rapid develop-
ment of resistant AEGCY without hybridization with wheat and in extremely rapid resistance de-
velopment with hybridization. In less than 10 yr, the resistant population was growing exponentially
in both ssimulations. Adding afallow year with tillage into the simulated rotation did not substantially
slow down the appearance of resistance but did delay the rate of resistant population increase by
several orders of magnitude over 10 yr. Alternating Clearfield and a nonresistant winter wheat in
combination with fallowing prevented the establishment of a significant resistant AEGCY population
and prevented the susceptible seed population from increasing exponentially. These projections sug-
gest that imazamox-resistant wheat can be a tool for managing AEGCY populations especialy if
combined with rotations that include fallow and crops other than Clearfield winter wheat.
Nomenclature: Imazamox; jointed goatgrass, Aegilops cylindrica Host #* AEGCY; winter wheat,
Triticum aestivum L. Clearfield™.

Additional index words: Crop rotation, pollen flow, population model, resistance management.
Abbreviations: ALS, acetolactate synthase; BSB, buried seed bank; DSP, local seed dispersal;
EST, established plant; MAT, mature plant; PRD, seed production; SDL, seedling; SSB, surface

seed bank.

INTRODUCTION

Jointed goatgrass (AEGCY') cannot be controlled se-
lectively in winter wheat (Bal et al. 1999; Maxwell
1999). Only extended fallow periods or rotations that
include summer annual crops can reduce its seed bank
(Donald 1991). A herbicide-resistant wheat variety
would provide selectivity that is otherwise unavailable
(Ball et a. 1999). Repeatedly using herbicides with the
same site of action, however, may lead to the rapid de-
velopment of herbicide resistance in the target weed pop-
ulation (Jasieniuk et al. 1996).

Herbicides, such as imazamox, that inhibit the aceto-
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lactate synthase (AL S) enzyme have an increased risk of
selecting for resistant weed populations because several
mutations of the enzyme produce resistant biotypes (Saa-
ri et a. 1994). In addition, gene flow can transfer her-
bicide resistance to susceptible plants, both within a spe-
cies and among closely related species (Jasieniuk et a.
1996; Zemetra et a. 1998). For example, canola (Bras-
sica napus L.), a crop resistant to glufosinate, has pro-
duced a herbicide-resistant hybrid with birdsrape mus-
tard (Brassica rapa L.) (Brown and Brown 1996). Mul-
tiple-resistant volunteer canola plants were produced in
Canada under natural field conditions (Hall et al. 2000).
The resistance was the result of cross-pollination among
glufosinate-, glyphosate-, and imidazolinone-resistant
canola volunteers. Subsequent crossing of the volunteers
produced two plants that were resistant to all three her-
bicides. Transfer of ALS-herbicide resistance between
two weed species, Palmer amaranth (Amaranthus pal-
meri SWats.) and common waterhemp (Amaranthus
rudis Sauer), created resistant hybrids capable of back-
crossing (Wetzel et al. 1999).

Wheat and AEGCY can form alow-frequency, fertile
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Figure 1. Conceptual model of population dynamics for jointed goatgrass.
Stages are indicated in upper case itaics (X); transition rates are indicated in
lower case (x). The stages are as labeled, and transition rates are as follows:
a: PRD, b: local dispersal, c: predation survival, c¢': seed burial, d1: move-
ment to BSB, d1*: SSB survival, d1’: SSB germination, d2: movement to
SSB, d2*: BSB survival, d2': BSB germination, e: SDL establishment, and
f: maturation. Shaded areas indicate transitions that occur within a year; the
unshaded portions indicate transitions occurring among years. Dashed lines
indicate postulated transitions.

hybrid whose fertility increases when back-crossed with
AEGCY (Zemetra et al. 1998). The potential for hy-
bridization between herbicide-resistant winter wheat
and AEGCY in the field needs critical evaluation be-
cause two naturally occurring herbicide-resistant hy-
brids have been found in a research plot (Seefeldt et al.
1998). Moreover, the effect of introducing herbicide-
resistant winter wheat in combination with other weed
control measures for management of herbicide-resistant
AEGCY should be explored. Evaluating resistance evo-
lution with field studies would take several years; how-
ever, model simulations offer an opportunity to estimate
the likelihood of resistance development. Simulations
provide the only timely method of assessing resistance
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management strategies before field-scale problems de-
velop.

Quantitative models have been used to predict the ef-
fects of management strategies on blackgrass (Alopecu-
rus myosuroides Huds.) (Cavan et al. 2000) and wild oat
(Avena fatua L.) (Cavan and Moss 2001). Population
dynamics and genetic models have been linked to dem-
onstrate that both fithess and gene flow were important
in the evolution of herbicide resistance within a weed
population (Maxwell et al. 1990). A bioeconomic model
that evaluated wheat crop loss from AEGCY population
and economic parameters predicted that crop rotation
would maximize economic return while reducing the
AEGCY seed bank. (Maxwell 1999).

This project was undertaken to assess the impact of
agronomic practices on the development and persistence
of ALS-herhicide resistance in AEGCY populations. We
developed a quantitative model, based on management
tactics for AEGCY population dynamics, and projected
the growth of herbicide-resistant AEGCY populations
under several crop management scenarios.

Data Underlying the Model. Information on AEGCY
biology for use in model parameterization is available
from the literature. The plant produces 3 to 12 spikelets
per spike and up to 100 tillers per plant, depending on
the competitive conditions (Donald and Ogg Jr. 1991).
Averaged over two cropping seasons, AEGCY produced
139 spikelets per plant in a conventional winter wheat
production system (Anderson 1997). Jointed goatgrassis
more competitive than winter wheat under stressful con-
ditions of drought, high temperature, or both (Fleming
et al. 1988).

Freshly harvested AEGCY seeds are dormant
(Gleichsner et al. 1987), but germination increases to
between 52 and 75% 1 mo after harvest (Gealy 1988).
Seeds emerged continuously for 10 wk after an August
sowing with a bimodal distribution of emergence fre-
guency (Anderson 1998). Germination of AEGCY seed
on the soil surface can be as high as 96% (Donald and
Ogg Jr. 1991). Surface seed viability drops to 10% or
less after 2 yr, but seeds can remain viable in the buried
seed bank (BSB) for up to 5 yr (Donald and Zimdahl
1987).

Cropping sequence affects the composition of weed
species (Ball 1992). A 3-yr rotation of winter wheat,
fallow, and spring crops reduced AEGCY infestations
more effectively than a 2-yr rotation (Daugovish et al.
1999). The types of rotations used did not differ in their
effect. Jointed goatgrass control of 95 to 100% can be
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achieved by using herbicides in falow (Westra 1989;
Wiese et a. 1995).

Mechanical control of AEGCY can be substantial. In
Colorado, tillage during fallow with a sweep or disk re-
sulted in 75% control, and in 95% control with mold-
board plowing. Moldboard plowing also reduced
AEGCY spikelet production (Franetovich et al. 1998).
This reduction likely resulted from moving seeds from
the surface seed bank (SSB), where they readily germi-
nate, and placing them deeper in the soil where there
would be reduced germination (Donald and Ogg Jr.
1991; Maxwell 1999). Shallow disking leaves over 70%
of the AEGCY spikes in the SSB (Donald and Zimdahl
1987; Maxwell 1999).

MATERIALS AND METHODS

We developed a quantitative model for AEGCY pop-
ulation dynamics. Stages in the initial model included
buried seed bank (BSB), local seed dispersal (DSP), es-

tablished plants (EST), mature plants (MATS), seed pro-
duction (PRD), seedlings (SDL), and SSB (Figure 1).
The SSB was defined as seeds in the top 5 cm of soil,
where emergence is greatest (Maxwell 1999; Morrow et
al. 1982), and the BSB was defined as seeds at > 5 cm
in depth. Because the time step for population change
was 1 yr, the model was reduced to include only the
stages where transitions occurred between years, i.e., the
SSB and the BSB (Figure 2) (Hanson 2000). The revised
model aso contained explicit representation for both
AL S-herbicide—resistant (r) and -susceptible (s) AEGCY
biotypes in the population (Figure 2).

Population changes over the course of the cropping
season were simulated with a transition matrix. Transi-
tion rates for this model were determined from the lit-
erature or estimated where no literature values were
available (Table 1). Transition matrix (1) shows individ-
ual transition rates among all stages of the model in Fig-
ure 2.

SB,,; BB, DL, ESI,, MAT,, PRD,, DS, SB,, BB, DL, ESI,, MAT, PRD., DS,
S8, dir  d2* 0 0 0 0 c. 0 0 0 0 0 0 0
B, dl.  d2, 0 0 0 0 c. 0 0 0 0 0 0 0
DL, d, N 0 0 0 0 0 0 0 0 0 0 0 0
EST. 0 0 e 0 0 0 0 0 0 0 0 0 0 0
MAT, 0 0 0 f, 0 0 0 0 0 0 0 0 0 0
PRD, 0 0 0 0 a 0 0 0 0 0 0 a/ 0 0
D, 0 0 0 0 0 b, 0 0 0 0 0 0 0 0
S8 0 0 0 0 0 0 0 dir  d2 0 0 0 0 c
BB, 0 0 0 0 0 0 0 d,  d2* 0 0 0 0 ¢/
L, 0 0 0 0 0 0 0 d, d’ 0 0 0 0 0
EST, 0 0 0 0 0 0 0 0 0 e 0 0 0 0
MAT, 0 0 0 0 0 0 0 0 0 0 f, 0 0 0
PRD, 0 0 0 0 a’ 0 0 0 0 0 0 a, 0 0
DP, 0 0 0 0 0 0 0 0 0 0 0 0 b, 0

@)

Although this transition matrix explicitly represents the interaction among the rates, it would not accurately simulate
the population’s development because some transitions occur within years, and others between them. Therefore,
transitions that occurred within years were multiplied together in transition matrix (2). This final matrix thus included
only the SSB and BSB stages for the susceptible and resistant biotypes but contained transition rates for al the
stages in Figure 1.

%S‘F 1 B$s+ 1 %r +1 B$r +1
SB, dl* +dL'-e-fa-bic, d2,+d2) -e-f-a,b;c di’-e-fs-a,-by-c d2’-e-f.-a/ b;-c,
BB, dil,+dl -e-f,-a,-by-c/ d2F +d2)-e-f -a,:b,-c/ di*-e-f.-a/ -bs-c/ d2,’-e-f,-a/ -bs-c,
SSB, diy -e-f-a’-b-c d2y -e-fa’-b-c di* +dy'-e-f-a-b-c d2 +d2’'-g-f-a-b-c
BSB, dl.'-e-f,-a’-b,-c’ d2/ -e-f,-a'-b.-c’ di, +di’-e-f.-a,-b-c’ d2*+d2'-e-f-a- b c’
2
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Figure 2. Conceptual model of population dynamics for jointed goatgrass susceptible (s) and resistant (r) biotypes. Stages are indicated in upper case italics
(X); transition rates are indicated in lower case (X). The stages are as labeled, and transition rates are as follows: a: PRD, b: local dispersal, c: predation survival,
c’: seed buria, d1: movement to BSB, d1*: SSB survival, d1': SSB germination, d2: movement to SSB, d2*: BSB survival, d2’: BSB germination, e: SDL
establishment, f: maturation. Shaded areas indicate transitions that occur within a year, whereas the unshaded portions indicate transitions occurring among

years. Dashed lines indicate postulated transitions.

In some cases, the transition rates used in transition
matrices (1) and (2) are determined by equations. The
SSB survival in resistant and susceptible populations,
d1,*, is the difference between the total SSB, its losses
from germination, and movement to the BSB. It is rep-
resented by the equation

dl(x)* = 1 - dl(x) - dl’(x), (3)

where x is either the s or the r population. Similarly,
BSB survival, d2,*, is expressed by the equation

dZ(X)* = 1 - dZ(X) - dzl(x) - 0.25, (4)

where the final value (0.25) is an assumed annual seed
mortality rate. The transition rate for SDL establishment,
€ IS given by the equation

e(x) = 0Le(x) X Be(x) X 'Ye(x)l (5)

where the values of g, Be,, and ye, are taken from
Table 1. This equation accounts for the multiplicative
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effect of natura mortality (o), herbicide-induced mor-
tality (B), and crop competition (y) on SDL establish-
ment. Individual transition rates could vary in this model
with different agronomic practices. For example, the rate
of seed movement from SSB to BSB was greatest with
moldboard plowing, intermediate with chisel plowing,
and negligible with no-till (Table 1).

Four management scenarios were simulated to deter-
mine how the proportions of AEGCY biotypes in the
herbicide-resistant and -susceptible seed banks were af-
fected (Table 2). All the scenarios had some common
characteristics. First, the initial susceptible population
was 1,000 seeds/m? in both SSB and BSB, which is in
the same order of magnitude (ca. 4,800 seeds/m?) as the
population estimated by Donald and Zimdahl (1987).
There were no ALS-resistant seeds in the initial popu-
|ation. Second, herbicide resistance was assumed to be
adominant trait controlled by a single gene mutation that
occurred 1:1,000,000 times (C.A.M.-S., personal com-
munication). Third, it was assumed that susceptible and
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Table 1. Effects of agronomic practices on jointed goatgrass transition rates.

Agronomic Transition®
operation Tactic? name Rate Citation®
Tillage Plow d 0.28 Maxwell 1999
Chisel dl 0.14 Maxwell 1999
No-till d1 0.34-0.00 Est.
N/A d1x 0.06 Est.
Plow d1’ 0.67 Maxwell 1999
Chisel d1’ 0.67 Maxwell 1999
No-till d1’ 0.67 Maxwell 1999
Plow d2 0.09 Maxwell 1999
Chisel d2 0.00 Est.
No-till d2 0.00 Est.
N/A d2* 0.67-0.59 Est.
Plow d2’ 0.08 Maxwell 1999
Chisel d2’ 0.08 Maxwell 1999
No-till d2’ 0.08 Maxwell 1999
Weed control ALS herbicide pe, 0.05 Est.
Other herbicide Be, 1.00 Est.
Crop condition (excellent) ve 0.75 Est.
Crop condition (good) ve, 1.00 Est.
Crop condition (poor) ve 150 Est.
None ae, 0.48 Maxwell 1999
ALS herbicide Be 1.00 Est.
Other herbicide Be 1.00 Est.
Crop condition (excellent) ve 0.75 Est.
Crop condition (good) ve 1.00 Est.
Crop condition (poor) ve 150 Est.
None ae 0.48 Maxwell 1999
Self thinning Crop competition f, 0.9 Est.
None fg 0.95 Est.
Crop competition f, 0.9 Est.
None f, 0.95 Est.
Seed production N/A a, 140 Anderson 1997
N/A a', 140 Anderson 1997
N/A a, 140 Anderson 1997
N/A a', 140 Anderson 1997
Local dispersal N/A b 1.00 Est.
Seed survival (mortality) N/A c 0.25 Est.
Seed buria N/A c 0.00 Est.

aTransition rates with only one value are indicated as N/A. ALS, acetolactate synthase.

® Transition rate names correspond to those in Figure 1.
° Estimated transition rates are indicated Est.

resistant biotypes did not differ in fitness; therefore, all
the characteristics of the two were the same except for
ALS-herbicide tolerance. Fourth, imazamox was pre-
sumed to provide 95% AEGCY control and to have no
adverse effects on resistant winter wheat (Ball et al.
1999).

In scenario 1, continuous no-till Clearfield winter
wheat was the sole cropping practice. Hybridization be-

Table 2. A summary of crop rotation and tillage conditions, and jointed
goatgrass hybridization effects used in model simulation scenarios.

Hybridiza-
Scenario Tillage Crop rotation tion
1 No-till Clearfield-Clearfield No
2 No-till Clearfield-Clearfield Yes
3 Chisel plow  Clearfield—fallow—Clearfield—fallow Yes
4 Chisel plow  Clearfield—fallow—standard wheat— Yes
falow
160

tween AEGCY and wheat was not alowed in this sce-
nario. In scenario 2, AEGCY and wheat hybridized at a
rate of 0.10%, with all other aspects and transition rates
remaining the same as in scenario 1. Hybridization was
assumed to occur in al subsequent scenarios as well.
The model does not take into account that there may be
reduced PRD on the hybrids and subsequent generations
(Zemetra et al. 1998). Additionally, the stability of the
herbicide-resistant gene in backcross generations is not
known at this time.

A wheat—fallow—wheat rotation was used in scenario
3. In this scenario, Clearfield winter wheat was planted
and sprayed with imazamox for weed control each crop
year. Chisel plow-based tillage operations and applica-
tion of non-ALS herbicides were simulated for AEGCY
management in the fallow year. Control of AEGCY from
fallow operations was assumed to be 100%.

Volume 16, Issue 1 (January—March) 2002
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Figure 3. Simulated population change in jointed goatgrass seed over (A) 7 yr with the scenario 1 cropping pattern, (B) 5 yr with the scenario 2 cropping
pattern and hybridization between AEGCY and wheat, (C) 10 yr with the scenario 3 cropping pattern, and (D) 10 yr with the scenario 4 cropping pattern.
Scenarios are described in Table 2. Abbreviations: sSSB, susceptible surface seed bank; sBSB, susceptible buried seed bank; rSSB, resistant, surface seed bank;

rBSB, resistant, buried seed bank.

In scenario 4, which tested the effectiveness of a re-
sistance management strategy, Clearfield and susceptible
winter wheat varieties were aternated in a wheat—fallow
rotation. Clearfield winter wheat was planted in year 1,
the land was falowed in year 2, and imazamox-suscep-
tible wheat was planted in year 3, followed by another
fallow year. This pattern was repeated for a total of 10
yr. Imazamox was applied to the Clearfield variety, and
non-ALS herbicides were applied to the fallow and non-
herbicide resistant winter wheat. Chisel plowing during
the fallow period with 100% control of AEGCY was
used in this ssimulation as well.

RESULTS AND DISCUSSION

The model, as described, is primarily designed to sim-
ulate the time of resistance development, and not the
absolute magnitude of AEGCY populations. No attempt
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was made to account for population-limiting factors such
as intra- and interspecific plant competition. Refinement
of the model to include improved AEGCY population—
limiting factors is necessary to predict more accurately
the changes in the densities of susceptible AEGCY pop-
ulations. However, the amount of time required for the
development of aresistant AEGCY population isthe pri-
mary information obtained from the model simulations.

Although herbicide resistance occurred in all the four
tested scenarios, the rates of development of imazamox
resistance in the AEGCY populations differed greatly. In
scenario 1, herbicide resistance (one or more r seeds/m?)
developed by year 4, and by year 7 the resistant portion
of the SSB was greater than the susceptible component
(Figure 3A). In this simulation, the seed number of both
biotypes in the SSB continued to increase with time.
Population-limiting factors, such as intraspecific com-
petition, and herbicide injury to the surviving AEGCY
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plants would have a greater negative impact on the sus-
ceptible AEGCY populations than is shown in this sce-
nario. However, the rate of increase in the resistant
AEGCY population is the key point to be considered in
this simulated scenario. In addition, a resistant BSB did
not develop in scenario 1 because the no-till manage-
ment system did not bury the AEGCY seeds.

In scenario 2, the same agronomic regime of contin-
uous Clearfield winter wheat was used, but hybridization
between Clearfield winter wheat and the AEGCY was
factored into the model. In this simulation, a resistant
population developed in the SSB by the end of year 1
(Figure 3B), and the resistant portion of the AEGCY
population was greater than the susceptible one by year
4. Again, because there was no tillage, the BSB did not
develop a resistant component, and because limited
AEGCY population mortality factors were used in the
model, the absolute values of the susceptible AEGCY
population became very large.

Adding fallow and tillage to the management plan
changed the development of herbicide-resistant AEGCY
greatly. In the third simulation scenario, a wheat—fallow—
wheat system was modeled using Clearfield wheat and
treating with imazamox each crop year of the rotation.
A chisel plow tillage operation was also simulated dur-
ing the fallow period, and hybridization between wheat
and AEGCY was assumed to occur. Fallowing and till-
age sowed the rate of increase in the resistant AEGCY
population compared with the continuous wheat scenar-
ios (Figure 3C). Unlike the two scenarios with continu-
ous wheat, the resistant portion of the population did not
exceed the susceptible one until year 9. However, a per-
manent herbicide-resistant population did develop by
year 4 (Figure 3C). Because the soil was tilled during
the fallow year, resistant seeds were moved into the
BSB. Nevertheless, the total projected AEGCY popula-
tion was amost two orders of magnitude less than for
the previous scenarios because of fallowing and tillage.

A final model scenario (scenario 4) was run using a
rotation of imazamox-susceptible and -resistant wheat
varieties in a wheat-fallow—wheat crop rotation. Chisel
plowing during fallow periods and rotating herbicide
classes were also employed in an effort to slow down
the development of a herbicide-resistant AEGCY popu-
lation. Although a resistant population did develop in
this simulation as well, it never exceeded the susceptible
SSB during the 10-yr simulation (Figure 3D). The risk
of creating a permanent resistant population, therefore,
was not considered to be serious. Moreover, this simu-
lated rotation did not cause an exponential increase in
the AEGCY seed bank over the 10-yr simulation period.
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These simulations suggest that the effect of agricul-
tural practices on herbicide resistance in AEGCY is both
substantial and variable, with results ranging from an
explosion of the population and rapid development of
resistance to no population increase and a negligible in-
cidence of resistance.

The model was useful for evaluating the risks and
benefits of several management tactics on both herbicide
resistance and AEGCY management. The model requires
two primary areas of improvement: parameterization and
increased generality. The current model is well param-
eterized for seed bank and weed control transitions, but
it assumes that tillage does not affect seed longevity in
SSB and BSB. Other work has shown that shallow till-
age does not affect AEGCY emergence (Anderson
1998); therefore, it was assumed that AEGCY seed lon-
gevity was not affected. In addition, there are few pub-
lished data on factors such as inter- and intraspecific
competition effects on self-thinning and PRD in AEGCY
populations. Information on DSP, seed predation, natural
seed mortality, and seed burial transition rates are also
limited. A PRD—weed density relationship would pro-
vide an initial step toward density dependence in the
model (Maxwell 1999). The simulation results reported
from this study show an unlimited, exponential growth
in AEGCY populations under several of the simulation
scenarios because population-limiting factors were not
included in the model.

The model is limited by the agronomic practices and
the environmental conditions that it can simulate. Al-
though scenarios involving continuous wheat and wheat—
fallow rotations may meet the needs of many growers,
potential crop rotations are available that are not readily
simulated with this model. Barley (HordeumvulgarelL.),
pea (Pisum sativum L.), canola, spring wheat, sunflower
(Helianthus annuus L.), and millet (Panicum miliaceum
L.) are al crop options for which simulations could be
developed. Moreover, transition rates can vary within a
crop. Winter wheat yield loss from AEGCY was found
to be more variable among sites than within years at a
site, in a comparison of results from several western
states (Jasieniuk et al. 1999). Additionally, the demo-
graphic data for AEGCY vyield loss used in a population
model varied between years (Maxwell 1999). The site-
to-site and year-to-year variation in AEGCY suggests
that the model should be made stochastic to account for
climatic variation and regional differences. Therefore,
the model could be revised to provide data-based tran-
sition rates where estimates are currently used and sim-
ulation capability for a wider range of crop rotation op-
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tions across a range of conditions. The goal for a model
of this type is to develop an easy to use decision aid for
the introduction of Clearfield wheat.
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