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Summary. An increase in the evolution of herbicide resistance and cross-resistance jeopardizes
the usefulness of several valuable herbicides. Several schemes for management of herbicide
resistance in weeds have been suggested from simulations conducted with a weed population
model. The model includes gene flow which is the processes of recombination, immigration of
external genes, mating systems, genetic drift, and seed bank and dormancy which limit the tlow
of genes over time. The model also emphasizes fitness processes which describe the potential
evolutionary success of a phenotype, based on its survival, competitive ability and reproductive
success. The influence of the mechanism of inheritance, mating system, and size and distance
to a susceptible source population, on evolution and recovery from resistance was assessed.
Model simulations indicate that evolution of resistance could be undetectable after 5 continuous
years of application by leaving 10-15% of fields untreated in outcrossing species when the
resistant trait was associated with a single recessive gene. Simulations also suggested that if
susceptible weeds were introduced into the system, the rate of evolution of resistance could be
decreased if the weed species was a self pollinator and the mechanism of inheritance involved a
dominant gene for resistance. Model simulations indicate that recovery from evolved resistance
could be accelerated by introducing or maintaining a source of susceptible pollen and seed in
close proximity to the resistant plants. Rapid recovery from evolved resistance can be achieved
by using a new herbicide with a different mode of action, however, one must be aware of
increased selection pressure for resistance or cross-resistance to the new chemical. The most
rapid recovery may be achieved by integrating the use of a new herbicide with introduction or
maintenance of susceptibles, and use of competition from the crop to reduce the reproductive
potential of the resistant phenotype. the important management implication of gene flow and
fitness processes, is the recognition that the susceptible biotype of the weed, and the crop can
play a role in resistance management.

INTRODUCTION

Herbicides are used extensively in agriculture because they are cost-effective tools to reduce the
abundance of weeds and improve crop yields. Recent trends in herbicide development have
produced extremely specific and selective chemicals that are used intensively and routinely in
cropping systems. The extensive use of such herbicides has precipitated an alarming increase
in the development of herbicide resistance (8,13,14,20). Herbicide resistance jeopardizes the
usefulness, availability, and product longevity of these chemical tools (13,14,17).

Since the first well-documented case of herbicide resistance (22), 55 plant species have been
reported that are resistant to triazine herbicides (13). In addition, recent reports indicate that
resistance has developed in numerous weed species to chemical classes of herbicides other than
triazines, e.g. goosegrass accessions resistant to dinitoaniline herbicides (16), wild lettuce
(Lactuca serriola), Russian thistle (Kochia), and ryegrass (Lolium rigidum) resistance to
chlorsulfuron (13), and ryegrass (L. multiflorum and L. rigidum) resistance to diclofop-methyl
(11,23). Cross-resistance, i.e. resistances to herbicides of different chemistries and modes-of-
action, seems especially common among these new reports of resistance (10,12,18,19).

Gressel (8) cautions that herbicide resistance and cross-resistance, like insect and pathogen
multi-resistances to pesticides has become a serious economic problem. The increased
incidence of herbicide resistance requires accurate models to determine the consequences of
management tactics for prevention, delay, or reduction of resistance. Maxwell ez al. (15) and
Gressel and Segel (6,7,10) have developed models to predict the evolution and dynamics of
herbicide resistance in weed populations. Our model (15), places an emphasis on processes
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that influence the ecological fitness of the resistant relative to the susceptible phenotype and on
population processes which influence the flow of resistance genes in weed populations.

The relative fitness of R and S biotypes has important consequences for the management of
resistance. Reduced fitness in the R-type (3,13) infers that resistant plants will be replaced by
susceptible individuals over time after herbicide use is abandoned. Alternatively, if the fitness
of the R-type is not less than the susceptible (24), resistance may remain at a high level in the
population. Neither premise has been examined experimentally, although the alternatives lead
to very different tactics for managing resistance (8,10,15,21). Once herbicide resistance has
developed, the suggested management options have been restricted to the removal of chemical
and the use of new chemicals with different sites of action (6,7,10). We believe the options
may be expanded by exploiting gene flow and fitness processes (15,21).

Betts et al. (1) discovered that diclofop-methyl resistance in Italian ryegrass is the result of
modification of the site of herbicide activity at the enzyme, acetyl Co A carboxylase. They
further determined that diclofop resistance is under nuclear control and inheritance is through an
allele exhibiting incomplete dominance. We are currently conducting experiments to determine
the relative fitness and gene flow characteristics of Italian ryegrass (Lolium multiflorum) with
diclofop-methyl resistance (2,23) in a winter wheat system in Oregon. Our population model
(15) was developed to generate hypotheses on the relative importance and management
implication of gene flow and fitness processes associated with the single gene inherited diclofop
resistant ryegrass in a winter wheat crop. The model has been refined to compare resistant (R)
and susceptible (S) biotype dynamics when the resistant trait is associated with a dominant or
recessive allele, and when mating between plants has different proportions of out-crossing and
self pollination. In addition, the model has been adapted to predict the influence of the R- and
S-biotype on crop yield.

MODEL SIMULATIONS

The population model (15) simulates the development, spread, and subsequent dynamics of
herbicide resistant and susceptible weed biotypes. It can be used to evaluate management
tactics for prevention of resistance and recovery after resistance has developed. The model uses
the Hardy-Weinberg principle (4,5) to determine proportions of R- and S-genotypes in
successive gererations. It incorporate differential fitness (i.e. competitive ability, seed and
seedling survival, seed production, ability to pollinate and disperse) of R- and S-genotypes
with and without the presence of herbicide. Genotype proportions are modified by gene tlow
(i.e. immigration, seed bank dynamics, inbreeding, and random genetic drift) and by mutation.
For example, gene flow (immigration of pollen and seed) from outside populations is included
in the model, and addresses two important management scenarios: (1) the spread of resistance
over the landscape, and (2) the use of S phenotype sources (e.g. fencerows, untreated rows,
fields, addition of seed) to slow the development of resistance.

Simulations using this model predict rapid early development of resistance from repeated
herbicide application. After herbicide use is suspended, the model forecasts the dynamics of
resistant and susceptible phenotypes in the population (Figure 1). The predicted behaviour of
the population after herbicide use depends on the mechanisms for inheritance and mating, the
relative fitness of the S- and R-types, and the presence of source populations of S and R genes.

MANAGEMENT

We examined various management tactics with the Maxwell e al. (15) model. Current attempts
to management herbicide resistance have been dominated by tactics that remove R plants from
populations that have developed resistance. Our model (15) suggests that manipulation of S-
type gene flow is an equally valuable management alternative. These tactics should be more
cost-effective than direct control measures that only reduce R-type plants. Greatest success in
resistance management should result from multiple, integrated tactics for manipulating both R-
type and S-type weeds in a population.
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Figure 1 Simulated response of proportions of herbicide resistant phenotype in a weed

population sprayed continuously for 5 years (95% efficacy, application years 2-
6, initial R in pop. = .1%, no outside source of R or S) comparing resistance
inherited as a dominant (dom.) or recessive (rec.) trait in self and out-crossing
weed species.

Reducing efficacy to slow the evolution of resistance. Model simulations suggest that reduced
herbicide efficacy accomplished by leaving untreated areas in the field will reduce selection
pressure for resistant weeds. This tactic must be balanced with a loss in yield from reducing
weed control efficacy. Simulations indicate that by reducing herbicide efficacy, resistance
evolution can be slowed with only an approximate 10% yield reduction (Figure 2). When
resistance was assumed to be a recessive trait and the weed was an outcrossing species,
resistance was held to 13% after 5 continuous years of herbicide application at 80% efficacy.
The associated yield reduction was predicted to be 5%. The reduced selection pressure tactic
was also simulated for an outcrossing weed with resistance as a dominant trait. In this case the
model predictions indicate that efficacy would need to be reduced to 70% to decrease resistance
to 26% in the weed population after 5 continuous years of application. The efficacy reduction
in this case had an associated 16% yield reduction. The efficacy reduction tactic which
maintains the susceptible biotype in the system, is an effective means of slowing the evolution
of resistance, particularly if resistance is a recessive trait.

Addition of susceptible seed to slow resistance evolution. This tactic was simulated based on
the assumption that resistance is not present in a (treated) weed population, but an adjacent
population is 50% resistant and the resistant gene is assumed to immigrate into the treated
population. Susceptible seed is added to the simulated population in each generation (year)
when the crop is planted to decrease the evolution rate of resistance. The simulation indicated
that a 20% increase in the weed seed bank by adding susceptible seeds each year, reduced the
maximum level of resistance in the treated population by 40% after 5 years of herbicide
application to an outcrossing weed with resistance as a single gene recessive trait (Figure 3).
The average yield reduction for the years of herbicide application was increased by 4% with the
20% increase in the weed seed bank. Similar results were predicted with an out-crossing weed
species with resistance as a dominant trait. The addition of species was assumed to be self-
pollinated. The addition of susceptible seed tactic may also be effective for accelerating the
decline of resistance after herbicide application is suspended (Figure 3). However, yield
reductions were predicted to increase significantly after herbicide use was stopped but with a
continuation of susceptible seed additions.
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The predicted maximum evolved resistance and crop yield reduction in response
to herbicide efficacy (% kill) for the recessive and dominant mechanisms of
herbicide resistance inheritance in self and outcrossing species. The point at
which the maximum percent resistance line intersects the percent yield reduction
line is the predicted target efficacy that minimizes resistance evolution and crop
yield reduction for each resistance inheritance and breeding mechanism.
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The percent resistance in a weed population and crop yield reduction in response
to adding herbicide susceptible weed seeds to the seed bank (increasing the S-
type seed in the seed bank by .2, 2 and 20%) for an out-crossing weed with
resistance as a recessive trait.

Multiple-resistance. Multiple-resistance with herbicides of different chemical families and
modes-of-action has important implications for management tactics. For example, tactics such
as tank mixes and herbicide rotations to reduce R populations will increase the selection
pressure for multiple-resistance. Therefore, the model (15) was used to assess the intensity of

PROCEEDINGS OF THE 9 TH AUSTRALIAN WEEDS CONIERENCE
ADELAIDE. SOUTH AUSTRALIA. AUGUST 6-10 1990



264

selection pressure for multiple resistance by determining the predicted length of time for weed
species extinction for three herbicide application tactics following the discovery of resistance in
the weed population.

The first tactic for combating evolution of multiple resistance was based on the assumption that
upon exceeding 30% resistance in the weed population, there is a switch to an alternative (new)
herbicide with 85% efficacy on both the S- and R-biotypes. The simulations indicate that this
tactic would drive the weed population to extinction within 7 to 8 years. This is extremely high
selection pressure for evolution of resistance to the new herbicide. The rate of simulated weed
population decline was greatest for resistance as a dominant trait in outcrossing species and
least when resistance was agsumed to be a recessive trait in outcrossing species (Figure 4).
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Figure 4 The predicted total number of individuals (seeds + plants) in the weed

population in the years following herbicide resistance evolution. At year 5, a
new herbicide that kills both S- and R-biotype weeds is introduced and sprayed
continuously until the weed population goes extinct (total weed pop. = (). The
steeper the decline in total population, the higher the selection pressure for
resistance to the new herbicide (cross-resistance).

The second tactic followed the assumptions for the first, but alternated the new herbicide with
the old (alt. new), once the new had brought the R-biotype below a threshold proportion
(0.1%) in the population. The selection pressure for multiple resistance remained
approximately the same as for the first tactic (Figure 5).

Selection pressure for multiple resistance was increased with a third tactic where the new
herbicide had the same high efficacy (95%) as the old, and the two were mixed (mix).
Extinction was predicted to occur within 5 years while applying the mix (Figure 5).

A scenario was simulated following the same assumptions as the above tactics, but the new
herbicide was assumed to be 10% more effective on the R- than on the S-biotype. This
differential response by the two biotypes was described by Gressel and Segel (9) as negative
cross resistance (-cross R). The rate of population decline and subsequent selection pressure
for cross resistance was high, with extinction occurring within 7 years (Figure 5).
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Figure 5 The predicted selection pressure (measured as decline in total weed population)

for developing cross-resistance in response to 4 different assumptions: (1) the
weed population exhibits negative cross resistance (-cross R); (2) herbicide
application is switched to a new herbicide that kills S- and R-biotypes; (3)
application is switched to the new herbicide until the proportion of R in the weed
population is reduced below .1% then switched back to the old herbicide that
kills only the S-biotype; and (4) a new herbicide that kills the R-biotype is
added to the old herbicide that only kills the S-biotype.

It may be concluded from the simulations, that selection pressure for multiple resistance will be
high as long as high efficacy chemical weed control is used. Further model simulations indicate
that after initiation of a resistance recovery tactic, fallow years with no herbicide application,
every 5 years, will allow recovery to reduce selection pressure for multiple resistance with less
than 10% yield reductions in the years following fallow. Susceptible seed can be added to
accelerate resistance decline, but yield reductions may increase in the following years.

Integrated tactics for reducing evolution and recovery from resistance. Maintaining sources of
susceptible seed and pollen in untreated rows or fence rows may also provide effective means
for reducing resistance. Model simulations suggest that this tactic would be most successful for
outcrossing species with resistance as a recessive trait (15), because pollen from a susceptible
source could pollinate resistant plants at a great distance (i.e. from the field edge). However, if
the resistant weed species is self pollinated, the dilution of a resistant population with
susceptible source genes, is limited to the addition of susceptible seed to compete with the
resistant individuals. Seed may be introduced naturally if dispersal is high, or the seed may be
planted. Simulations were conducted for a self-pollinated species with 4% outcrossing with
resistance as a recessive and dominant trait. Resistance evolution and reversal was assessed
when susceptible source population seed dispersal was increased, crop competition (planting
density) was increased, herbicide efficacy was decreased. Combinations of these tactics were
compared (Figure 6). Increased seed dispersal and competition had little influence on evolution
and only slight to moderate effects on recovery when acting alone. However, when these
tactics were combined, significant decreases in resistance were realised. Combining increased
susceptible source seed dispersal with increased competition from the crop and decreased
efficacy reduced resistance in the weed population by more than 40% after 5 years of
continuous herbicide use (Figure 6).
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Figure 6 The percent of the resistant phenotype in a self pollinating weed population

where resistance is inherited as a dominant trait (the most difficult resistance
scenario to manage). Simulated resistance management tactics are: addition of
susceptible seed (S seed added), addition of S seed with increased competition
by increasing crop density (S seed + inc. comp.), and S seed added with
increased competition from the crop and decreased herbicide efficacy (S sd+inc
comp-+dec ef).

Model simulations suggest that evolution of resistance may be effectively decreased by
integrating tactics of decreased herbicide efficacy, maintaining source populations with the
susceptible gene, and the use of alternative herbicides from different chemical families. To
decrease the risk of evolving herbicide cross resistance, non-chemical methods can also be
integrated into weed control strategies. Resistant biotypes may be more vulnerable to
alternative weed control methods than the susceptible biotype, therefore a broad perspective
should be maintained when assessing potential weed control tactics. Selection pressure for
adaptations which allow weeds to escape control can be induced by the continuous use of any
high efficacy tactic. The lesson to be learned, is to vary the nature of our weed control tactics to
minimize selection pressure.
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