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Summary
In designing effective strategies to delay
development of resistance to herbicides,
several technical and managerial elements
have to be considered. The technical ele-
ments include evaluation of the inherent
risk of a herbicide to select for resistance,
establishment of baselines of resistance in
weed populations, and development of
detection and monitoring programs. Obtain-
ing data for these technical elements of any
anti - resistance strategy is difficult and time
consuming. The managerial elements
include use recommendations which inte-
grate the herbicide with other weed control
strategies, acceptance of recommendations,
the ability to enforce the recommendations,
co- ordination of recommendations with
other manufacturers of herbicides with the
same mode of action, and implementation of
anti - resistance recommendations. The use of
models to predict which weed species are at
highest risk for developing resistance and
where the herbicide will be applied and at
what frequency helps determine some of the
managerial aspects of these strategies.
However, the successful implementation of
an anti - resistance strategy requires close co-
operation among manufacturers, academic
researchers, government officials and users
of the herbicide. This paper focuses on the
technical and managerial aspects of a
herbicide resistance strategy and what is
required to make this strategy effective.

Introduction
The changes in world agriculture over the last
45 years have been remarkable. While the area
of arable land has decreased and the human
population has dramatically increased, agricul-
tural productivity has not only kept up with

increased demand but has resulted in surpluses
(2). Inexpensive and efficient weed control
provided by herbicides has played a pivotal
role in this phenomenon.

While the use of herbicides has resulted in
high productivity, the weed species which
infest the crops have changed due, in part, to
the use of these chemicals. Herbicide use has
resulted in a shift in the weed spectrum toward
species which are tolerant to the herbicides
(2). There has also been the selection of new
weed biotypes that are resistant to the herbi-
cides.

One strategy for coping with these changes
in weed populations is to combine or replace
older herbicides with new ones. However, this
strategy is becoming more difficult to imple-
ment because of changes in regulations and the
associated increased costs in discovering and
developing new chemistries. Therefore, we
need to consider additional strategies to ensure
that herbicides will remain useful as long as
possible by preventing or delaying the evolu-
tion of herbicide resistant weeds or shifts in
the weed spectrum to more difficult -to- control
species.

What causes herbicide resistance?
Before an effective anti - resistance strategy

can be developed, the conditions that lead to
the problem must be determined. All herbicide
resistant weed populations have developed
when one herbicide, or herbicides with the
same mode of action, has been used repeatedly
over an extended period of time (1). Triazine
resistant weeds first appeared in Christmas tree
plantations that were treated with high rates of
such herbicides over a ten year period (3).
Sulfonylurea resistant weeds arose in
monoculture wheat or wheat- fallow systems
where no other broadleaf herbicide was used
(7). The development of multiple resistant
Alopecurus myosuroides and Lolium rigidum
populations in wheat occurred where wheat
was continually grown (4,5).

The common denominator for these
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herbicide resistant weeds has been the reliance
on a single herbicide or herbicide mode of
action for weed control, particularly in mono
cropping situations. Reliance on a single
herbicide is often due to the effectiveness of
that herbicide and to the lack of effective weed
management alternatives. As a consequence,
mono - cropping may not only be desirable, but
in some cases a necessity,_due to these envi-
ronmental and economic factors.

Some weed control strategies have been
recommended which should delay the develop-
ment of herbicide resistant weeds or shifts in
the weed populations. These include 1) rotation
of crops; 2) tank mixes or rotation of herbi-
cides with different modes of action; and 3)
integrating herbicides with other weed control
practices such as tillage. Although these
recommendations are sound, their implementa-
tion is not always easy.

Elements of anti- resistance strategies
Schwinn and Morton (6) have identified
several key elements for anti - resistance
strategies for fungicides. These same elements
apply to herbicides. These researchers identi-
fied two types of elements, technical and
managerial.

For developing strategies to prevent
herbicide resistance, the technical elements
include 1) early evaluation of the inherent risks
of a new herbicide; 2) establishment of
baselines of resistance in weed populations
and development of methods to detect this
resistance; 3) determination of the specific use
parameters of the herbicide based on cropping
patterns, product performance and weed
spectrum; and 4) development of programs for
detecting and monitoring resistance under
practical conditions.

The managerial elements include I) deter-
mination of use recommendations for the new
herbicide (i.e., dosage, proportion of area
treated, persistence, etc.); 2) integration with
other weed control methods; 3) the ability to
enforce recommendations; 4) acceptance of
recommendations by other companies,
academia and users; 5) co- ordination of
recommendations with manufacturers of
herbicides with the same mode of action or
herbicides used in the same crop; and 6)
implementation of recommendations before
resistant weeds develop.
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Technical elements in herbicide
resistance strategies
Many obstacles need to be overcome when
developing herbicide - resistance strategies for
herbicides. One of the biggest obstacles is
evaluating the inherent risk of a herbicide to
select for resistant weed populations. Inherent
risk is affected by a multitude of factors
including the mode of action of the herbicide,
persistence of the herbicide, biology and
ecology of the target weeds (susceptibility, life
cycle, reproductive rate, distribution, genetic
diversity, etc.), cropping and weed control
practices, and the area treated with the herbi-
cide.

Determining the magnitude of all of these
factors and their interactions requires research
and time. The modes of action of many
herbicides are known, but the elucidation of
such information, in many cases, occurs long
after the herbicide has been developed. For
example, the site of action of the graminicides
(e.g., sethoxydim, diclofop methyl) was not
determined until almost ten years after com-
mercial introduction of these herbicides.
Similarly, trying to assess the probability of
any particular weed species to develop resist-
ance to a new herbicide is almost impossible,
due to lack of knowledge on the basic biology
of many weed species.

Models have been developed to try to
estimate the probability of weeds developing
resistance to a herbicide. A model proposed by
Gressel and Segel (1) is one of the most widely
used. This model depends on inputs such as
the initial frequency of resistance, the seed life
in the soil, the fitness of the resistant biotype
and the effective kill of the herbicide, for
which there are few definitive answers.
Without this basic information, there are no
means to validate the model until resistance
occurs. Furthermore, this model, and others
like it, will not predict where resistance will
occur.

Another model, the Treatment Area
Dynamics Model (TADM) developed at
American Cyanamid (unpublished) can
indicate how much area will receive a certain
number of treatments of a particular herbicide
or herbicide class over time. This model is
based on the market share of the herbicides
and the herbicide /crop rotational patterns. This
information can then be used to estimate
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which areas will have the highest risk for
developing resistant weeds to a given herbi-
cide.

For example, triazines have been widely
used in the midwestern United States in maize
since the 1960s. However, according to a
survey by LeBaron (3), a half million hectares
contain triazine resistant weeds in Wisconsin,
while only a few cases of resistance have been
reported in Illinois, even though there are
approximately three times more hectares of
corn in Illinois than in Wisconsin. Such a
difference in triazine resistance between these
two states may be attributed to differences in
rotational patterns for corn and the use pattern
of atrazine.

With input on the area receiving a triazine
treatment per year and the corn rotational
pattern, the TADM predicts that over 50% of
the corn hectarage in Wisconsin had received
10 treatments or more of a triazine from 1962
to 1990, while less than 5% of the corn
hectarage in Illinois had received this number
of treatments over the same period. Based on
these predictions, it is understandable why
triazine resistance is much higher in Wisconsin
than in Illinois, although there may be other
factors, such as negative cross resistance,
which contribute to this. difference (1).

By combining TADM with the distribution
of weeds in an area and the potential for
individual weed species to develop resistance
to a herbicide, one could estimate the probabil-
ity of developing resistant weeds to a herbicide
by geography.

Managerial elements in herbicide
resistance strategies
Simply using the technical elements to deter-
mine the probability of resistance is not
enough. Managerial constraints must also be
considered when developing an effective
herbicide - resistant weed strategy. Crop
protection chemical companies can only
control how their herbicides are used through
recommendations on their labels. The compa-
nies cannot always direct how their herbicides
are used or the weed control practices of users.
Furthermore, acceptance and co- ordination of
recommendations with other companies which
manufacture herbicides with the same mode of
action or which are used in the same situations
may be difficult due to legal and competitive
considerations. Finally, until a problem has

been clearly identified, it is hard to justify
limiting the use of a product based on potential
problems, the existence of which is uncertain.

Implementation of herbicide resistance
strategies
Nevertheless, progress is being made to
develop effective strategies to deal with
herbicide resistance. Although not usually
investigated to manage resistance, most
companies determine the mode of action of
new herbicides early in their development.
Furthermore, the mechanisms of resistance are
often elucidated as companies frequently
select for resistance to their herbicides through
cell culture selection or seed mutagenesis. If
the selection for resistance is successful, then
the genetics controlling resistance can be
determined. This information can also give
some indication as to the relative ease with
which the herbicide could select for resistant
weed populations. Moreover, this information
can be used to develop detection and monitor-
ing systems for resistant weed populations.

Intercompany committees have also been
formed, such as the Herbicide Resistance
Action committee and its affiliated working
groups under the auspices of the International
Group of Manufacturers of Agrichemical
Products (GIFAP). These committees provide
a forum where issues related to the develop-
ment of herbicide resistance can be discussed,
and co- operation between companies can
begin.

Finally, both industry and academia are
beginning to educate growers on factors which
lead to herbicide resistance and techniques for
managing resistance. For example, there are a
relatively large number of herbicides with
different modes of action, which means that
herbicide mixes or rotations can be used to
delay or prevent herbicide resistance.

Yet industry and academia efforts to
educate users on how to prevent the develop-
ment of herbicide resistance will be ineffective
unless the users can economically implement
the recommendations. Regulatory, economic
and environmental restraints need to be
properly managed to allow implementation of
these recommendations. Thus, an effective
strategy for delaying the development of
herbicide resistance requires co- operation
among industry, users, academia, and govern-
ment officials to be successful.
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