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Summary Glyphosate tolerant cotton varieties are
now an important tool for weed control in cotton
production in Australian cotton production systems.
However, over-reliance on glyphosate may lead to the
evolution of glyphosate resistance in weeds or weed
shifts requiring altered management techniques. A
simulation model was constructed to determine the
likelihood of glyphosate resistance developing under
a range of weed management strategies.

Outputs from the model show that when glypho-
sate is used alone resistance evolved after 1217 years
depending on the characteristics of the weed species,
initial resistance gene frequencies and any associated
fitness penalties. The simulations showed that when
a combination of weed control options was employed
in addition to glyphosate, resistance did not develop
over the 30 year period of the simulation. This under-
lines the importance of an integrated strategy in weed
management to prevent glyphosate resistance evolv-
ing, and therefore prolonging the use of glyphosate
tolerant cotton.

Keywords Herbicide resistance, glyphosate
tolerant cotton, Echinochloa crus-galli, Urochloa
panicoides.

INTRODUCTION
Herbicide resistance, an increasing threat in agricul-
ture, has resulted in a re-examination of the way in
which weeds are managed in crops. Prior to the intro-
duction of glyphosate tolerant cotton into Australia in
2000, weed management in the cotton industry was
characterised by an integrated approach, as part of
intensive management (Charles ez al. 1995). Practices
included frequent residual herbicide use, inter-row
cultivation and hand hoeing. This resulted in the escape
of low densities of weeds, which were then controlled
through the limited use of post-emergent herbicide op-
tions to prevent seed set from these escapes (Roberts
1998). Glyphosate application, in combination with
glyphosate tolerant cotton, has become an important
management option in cotton. However, it also has the

potential to greatly alter the weed management system
in favour of a heavy reliance on glyphosate. This may
place the industry at risk of evolution of glyphosate
resistance in weed species should growers choose to
use glyphosate in substitution of, rather than addition
to, existing weed management practices (Roberts
1999). The introduction of Roundup Ready Flex with
enhanced glyphosate tolerant technology and wider
application window is likely to intensify this risk.

Resistance management conditions, as part of a
license to grow glyphosate tolerant (Roundup Ready®)
cotton, currently encourage the use of as many differ-
ent weed control options as possible, especially in high
weed pressure situations. It is also stipulated that grow-
ers assess the incidence of weed escapes from Roundup
Ready herbicide applications, and take effective
remedial action to prevent seed set (Monsanto 2000).
These conditions are designed to prevent glyphosate
resistance in weeds and species shifts.

This study was conducted to gain a greater un-
derstanding of the potential for glyphosate resistance
evolution in glyphosate tolerant cotton and also to
determine whether the current requirements of the
Roundup Ready crop management plan are sufficient
to significantly delay resistance.

Two grass weeds, barnyard grass (Echinochloa
crus-galli (L.) Beauv.) and liverseed grass (Urochloa
panicoides Beauv.) were chosen as examples of very
common weeds in Australian cotton systems. Both
weed species germinate in high numbers, are currently
casily controlled by residual herbicides, selective grass
herbicides and by glyphosate, produce large quantities
of'seed and are highly competitive with cotton (Keeley
and Thullen 1991, Roberts 1999, Norris et al. 2001).
These biological characteristics make them the most
likely candidates for glyphosate resistance evolution.

MATERIALS AND METHODS
The model The model is based on a systems experi-
ment that collected data over three years. It is broken
up into five separate sub-models, each reflective of
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the five treatments in the experiment. The treatments

were as follows:

1. Roundup Ready herbicide only (RR only)

2. RR herbicide plus a combination of conventional
weed management practices (RR + IWM)

3. RR herbicide plus a reduced residual herbicide
program (RR + Res)

4. RR herbicide plus a grass herbicide (RR + Grass),
and

5. A combination of conventional weed management
practices only (IWM only; control).

The IWM practices utilise all current methods of weed

control in the cotton industry. These include pre-emer-

gent residual herbicides, post-emergent herbicides,

cultivation and hand-hoeing. The IWM only treatment

forms the control treatment for the experiment.

Population dynamics Data on the germination
characteristics of the two weed species under the above
treatments in the systems experiment were collected
over three years (Table 1). Additional data on seed
production and dose-mortality under glyphosate were
also collected (Table 2). These formed the basis of the
population dynamics model within which resistance
characteristics were incorporated.

Resistance characteristics There are currently no
glyphosate resistance weeds in cotton systems in Aus-
tralia. Therefore, the resistance characteristics used in
this model have been adopted from example glypho-
sate resistant weeds Lolium rigidum (Gaudin) and
Conyza canadensis (L.) Crong. The model assumes
that resistance is nuclear, dominant and conferred by a
single gene (Lorraine-Colwill et al. 2001, Zelaya et al.
2004). This model also applied initial resistance gene
frequencies (Rfreq) and fitness penalties similar to
those used by Neve et al. (2003) for Lolium rigidum.

The model assumes that the population is closed,
i.e. there is no gene flow into the field from surround-
ing populations. As a result of assuming finite popula-
tions, extinction of resistance genes may occur when
the frequency of resistance alleles is lower than the
overall population density. Extinction of alleles occurs
when the number of plants in the population is less than
one. Default parameters are listed in Table 2.

RESULTS

Resistance evolution in relation to the five weed man-
agement treatments was simulated over 30 years for
two initial resistant gene frequencies of 1 x 10® and
1 x 10 for both species (Figure 1).

The greatest influence on the probability and
rate of glyphosate resistance evolution was the weed
management regime. At the lower initial resistant
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Table 1. Grass germination probabilities applied to
individual cohorts within the model under systems
experiment with and without residual herbicides.

Cohort (N) Residual No residual
herbicides* herbicides
Barnyard grass
1 0.054 0.333
2 0.080 0.259
3 0.013 0.255
4 0.053 0.107
5 0.001 0.020
Liverseed grass
1 0.010 0.683
2 0.010 0.109
3 0.009 0.157

A Fraction of original seed bank.

Table 2. Default parameter settings used in resistance
model simulations.

Description Default
Field size 50 ha
Initial seedbank density (m?) 750
Initial resistant gene frequency 1 x 108 or 10
Probability of resistant alleles 1
surviving glyphosate application

Prob. of heterozygous alleles 0.8
surviving glyphosate application

Probability of weeds surviving 0.5-0.15
haloxyfop application

Probability of weeds surviving 0.3

tillage (assuming 70% area
covered by inter-row cultivator)

Max. seed production:

Barnyard grass
Liverseed grass

13,000 seeds m?
1,970 seeds m?

Fitness penalty of homozygous 0.3
resistant alleles
Fitness penalty of heterozygous 0.15
alleles
Percent self-fertilising:
Barnyard grass 0.85
Liverseed grass 0.6

gene frequency, resistance evolved (determined as the
frequency at which the proportion of resistant alleles
reached 0.5) only when glyphosate was used alone
(T1, RR Only). The timeframe for evolution was 12
years for barnyard grass and nine years for liverseed
grass. Output from the model showed that at this
initial frequency any weed management option used
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Figure 1. Cumulative probability distributions for predicted rates of glyphosate resistance evolution for barn-
yard grass and liverseed grass under the five weed management regimes investigated: (®) T1, RR Only; (V)
T2, RR + IWM; (H) T3, RR + Res; () T4, RR + Grass; (A) T5, IWM Only.

in addition to glyphosate was effective for resistance
prevention. However, it must be noted the RR + Grass
(T4) treatment did not account for potential resistance
evolution to the group A herbicide (haloxyfop) applied
in this treatment. The residual herbicides applied in the
RR + Res (T3) treatment were effective at reducing
the numbers of germinating weeds to a point where
glyphosate resistance could not develop.

When the initial frequency of resistant genes was
increased to 1 x 10, the timeframe for resistance
evolution decreased to eight years for barnyard grass
and seven years for liverseed grass when glyphosate
was used alone. The degree to which IWM practices
were employed had a marked effect on resistance
evolution. The addition of a grass herbicide to the
glyphosate applications in the RR + Grass (T4) her-
bicide only delayed the onset of resistance by one year
for barnyard grass and had no effect on liverseed grass.
This herbicide was only applied once throughout the
season, and as a result there was still a heavy reliance

on glyphosate. It is possible that if one or more haloxy-
fop applications were substituted for glyphosate, that
this would have a greater effect in delaying resistance
evolution. However there is also a risk of the weeds
evolving resistance to Group A herbicides as well as
glyphosate.

The use of a reduced residual program (T3, RR
+ Res) delayed the onset of glyphosate resistance
to 17 and 20 years for barnyard grass and liverseed
grass respectively at the higher initial resistant gene
frequency. Although this treatment was effective at
reducing the numbers of weeds emerging, weeds that
were able to escape the residual herbicides and germi-
nate were still exposed to glyphosate alone as a post-
emergent control. If the weed pressure is low, or the
initial resistant gene frequency is low, this treatment
can be effective in resistance prevention. However in
high weed pressure situations, another form of post-
emergent control needs to be applied for resistance
prevention to be effective.
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DISCUSSION

This model has given an approximate timeframe of re-
sistance evolution on the basis of measured population
dynamic characteristics, with unknown values for ini-
tial resistance frequencies and fitness penalties being
estimated by extrapolation. Despite this, it is accepted
that reliance on glyphosate (or any herbicide) increases
the danger of resistance evolution, almost regardless of
initial resistance gene frequencies and fitness penal-
ties. As IWM practices were reduced in this simulation,
the potential for resistance evolution increased and the
timeframe for resistance decreased.

The use of one other weed control practice in
addition to glyphosate application is likely to delay
resistance evolution; however, this can really only be
considered a short term option and maintenance of low
weed numbers is essential to minimise the chance of
resistance. The simulations in this model showed that
using an integrated strategy with a variety of weed
management options is the best way to prevent resist-
ance evolution. Weed control strategies must comple-
ment each other so that plants surviving a herbicide
treatment are controlled by another treatment, be it
mechanical, manual (hand hoeing) or via a herbicide
with a different mode of action (Christoffers 1999).

Strategies to prolong the use of glyphosate and the
advantages of glyphosate tolerant cotton must incor-
porate a range of weed management options. These
resistance management strategies are incorporated
into the current Roundup Ready crop management
plan, therefore aiding in the prevention of glyphosate
resistance evolution. It is also essential that the cotton
industry practices pro-active resistance management
and that these issues are revisited as other new herbi-
cide tolerance traits become available.
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