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1. Introduction
Weeds have a major impact on agricultural production and represent the most
significant pest threat to crop yields in the face of global population growth and
increasing demand. It is estimated that the current global population of approximately 7
billion will grow to nearly 9 billion by 2050 (Anonymous, 2004). Currently, herbicideresistant weed biotypes represent a significant, and increasing, economic threat to U.S.
agriculture. Since the first report in the 1950s of herbicide-resistant weeds, 368
herbicide-resistant weed biotypes have been reported in 200 different plant species	
  
(Harper, 1956; Heap, 2011; Ryan, 1970). Nevertheless, concerns about geneticallymodified (GM) crops, specifically those that have been genetically-modified to be
resistant to glyphosate, have dramatically changed how herbicide-resistant weeds are
now perceived by the agricultural industry, weed scientists, society and the federal
government (Arntzen et al., 2003; Dalton, 2002; Ervin et al., 2010; Gealy et al., 2007;
Hails and Kinderlerer, 2003; Hails, 2002; Konig, 2003). Clearly, herbicide-resistant
weeds will have a significant impact on future agricultural production of food, feed, fiber
and fuel.

The recent major increases in herbicide-resistant biotypes fall within two main
mechanisms of action: weeds with evolved resistance to herbicides that inhibit
acetolactate synthase (ALS, EC 2.2.1.6) (e.g. imazethapyr) and 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS, EC 2.5.1.19) (e.g. glyphosate). Resistant
biotypes have increased dramatically for both mechanisms of action since 1990 and
2000, respectively. In contrast, resistance to herbicides that inhibit photosystem II
(PSII) (e.g. atrazine) has not increased much since 1990	
  (Heap, 2011; Owen, 2008b;
Owen and Zelaya, 2005). Considering the more than 50 years of successful use of
atrazine and the current situation with increased herbicide resistance in GM crops,
maintenance of atrazine as a crop protection tool is essential. Atrazine is a key
component of proactive and reactive management systems for herbicide weed
resistance, especially for management of weeds resistant to glyphosate. In fact, the
number of weeds with evolved glyphosate resistance continues to mount and, more
importantly, the number of fields with glyphosate resistant (GR) weed biotypes is
escalating at an increasing rate (Owen, 2009b; Owen et al., 2011).

2. Management of weeds through herbicide use and other options
The recurrent use of any herbicide imparts selection pressures on a weed population
often resulting in the evolution of a resistant biotype (Llewellyn et al., 2001; Owen and
Zelaya, 2005). Similarly, the recurrent use of any crop production practice will select for
specific weeds or weed biotypes that are ecologically adapted to that particular tactic,
resulting in those weeds becoming dominant within the weed community (Owen,
2008b). The inevitable evolution of GR weed biotypes has been ensured by the
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introduction of crop cultivars with genetic modifications for glyphosate resistance, the
unprecedented adoption of GR crops by agriculture over the last 15 years and weed
management practices that have narrowed in spectrum to a single herbicide
(glyphosate) (Owen, 2010; Young, 2006).
Herbicide use in corn, sorghum and sweet corn in the United States in 2009
represented a major production expenditure. In 2009, 98% of the corn acres were
treated with herbicides, and typically each acre was treated with more than two different
herbicides (data from GfK Kynetec used with permission). Glyphosate was applied to
about 75% of the corn-planted acres, although many of the acres were treated more
than once, with an average of 1.3 applications per acre in 2009. Atrazine was applied
to about 60% of the corn and sorghum acres. In 2009, 86% of sorghum acres were
treated with herbicides. Glyphosate was the second most used herbicide in sorghum as
a burndown treatment. There were more than 583,000 acres of sweet corn grown in the
United States in 2009, and atrazine was applied to about 80% of the sweet corn acres
grown.
In summary, 2009 herbicide use data show atrazine was applied to more than 53
million base acres, and glyphosate was used on almost 70 million base acres of these
crops (data from GfK Kynetec used with permission). Approximately 35% of the GR
corn acres were treated only with glyphosate for weed management in 2009	
  (Owen et
al., 2010; Owen et al., 2011). This lack of use of diverse weed management tools has
significant implications with regard to weed shifts and to the ability of growers to
manage these problems (Johnson et al., 2009b; Owen et al., 2010; Owen, 2008b; Shaw
et al., 2009).
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While atrazine is not labeled for weed management in soybean production, the
herbicides used by soybean growers for weed control in corn have a major impact on
soybean weed management where corn is grown in rotation with soybeans, as is typical
in the Midwest. Lack of herbicide diversity (other than glyphosate being used on
greater than 90% of the soybean acres) for weed management in GR soybeans, and
the likelihood of the need to make multiple applications of glyphosate in a given year to
address mounting weed resistance, will affect weed management in corn rotation
(Givens et al., 2009; Johnson et al., 2009b; Owen et al., 2011). Specifically, weeds
such as common waterhemp (Amaranthus tuberculatus syn. rudis), common
lambsquarters (Chenopodium album), Palmer amaranth (A. palmeri), giant ragweed
(Ambrosia trifida) and horseweed (Conyza canadensis) would likely become more
costly to control in soybean without the availability of atrazine, which effectively controls
these weeds in corn and sorghum.
2.1. Range of weed management choices
There has been a significant decline in the use of herbicides other than glyphosate that
is largely attributable to the global adoption of GR crops (Shaner, 2000; Young, 2006).
While the lack of diversity in weed management tactics and subsequent changes in
weed communities may not eliminate the use of glyphosate as a tool, the effectiveness
of glyphosate will be reduced, thereby providing a strong impetus for the development
of a variety of weed management strategies (Green, 2007; Swanton and Weise, 1991).
This further reinforces the need for glyphosate alternatives and the continued availability
of highly effective herbicides such as atrazine. However, it must be considered that
there are not a lot of other highly effective herbicides available for weed management in
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GR crops in part due to the previous evolution of resistances to herbicides in weeds.
Consider that weeds have evolved resistance to 21 herbicide mechanisms of action to
date (Heap, 2011). Many of the other herbicides available inhibit ALS, but 113 weed
species have evolved ALS resistance, including many agronomically important weeds
(Heap, 2011). So despite the plethora of ALS-inhibitor herbicides, they will not provide
control of many important weed species. Cross-resistance to different herbicides with
the same mechanism of action is common. Furthermore, evolved multiple resistances
to several mechanisms of herbicide action within important weeds is increasingly
common. In the U.S., there are 14 weed species that have evolved resistance to two or
more modes of action (Heap, 2011). Considering just common and giant ragweed,
horseweed, common waterhemp and Palmer pigweed, atrazine is needed to control
those that are resistant to glyphosate and to the ALS, PPO or PS-I herbicides	
  	
  (e.g.
paraquat)	
  (Heap, 2011). This trend reinforces the need to maintain the availability
herbicides such as atrazine, as well as to invest in the discovery of new herbicides and
importantly, new mechanisms of action (Green and Owen, 2011).
2.2. Herbicide resistance: factors and considerations
Weeds have long-demonstrated the genetic flexibility to adapt to all aspects of
agriculture, including but not limited to tillage and herbicides (Baker, 1991). Human
activities are important in “guiding” this genetic evolution of plant species and will
ultimately result in changes in the weedy plants that occupy the agroecosystem
(Gressel, 1993). The evolution of herbicide resistant (HR) weed biotypes has
increasingly become a significant ecological, environmental and economic problem for
global agriculture and society in general (Owen, 2010). Herbicide resistance in weeds
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has historically been a threat to global food production (Moss and Rubin, 1993).
Consider the recent escalation of weed biotypes with evolved resistance to glyphosate.
Many weed scientists were not surprised at the discovery of GR weeds, despite early
suggestions that it was improbable	
  (Bradshaw et al., 1997). Now weed populations with
glyphosate resistance are progressing at an increasing rate and may represent a threat
to global agricultural production (Gressel and Levy, 2006; Owen, 2008b; Powles,
2008a). In contrast, the triazine herbicides are typically efficacious on many of the GR
weed biotypes that are significant agronomic problems, such as common waterhemp
and Palmer amaranth.
2.2.1. Herbicide resistance consequences
Widespread and rapid occurrences of weeds resistant to glyphosate reinforce the need
to adopt practices that enhance the long-term viability of GR crops (Powles, 2008b).
Indiana growers considered weeds the most important pest complex when compared to
diseases and insects (Gibson et al., 2005). However, these same growers were not
overly concerned about the evolution of GR weed populations. Only 36% of the Indiana
growers surveyed suggested that resistance was a major concern (Johnson and
Gibson, 2006). On the other hand, growers in Australia were adopting an integrated
approach to managing HR weeds and perceived this strategy had economic value
(Llewellyn, 2004). Practices that included alternative herbicides were perceived to have
the highest economic return on investment, and growers felt that a stock of new
herbicides would be developed in the near term to help them better manage growing
HR weed populations (Llewellyn, 2004; Llewellyn et al., 2002). Unfortunately those
expected “new” herbicides have not been developed. An herbicide with a novel mode of
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action has not been commercially introduced for about 20 years. The “new” herbicides
introduced in the recent past and those pending commercial introduction all represent
older herbicide mechanisms of action to which weeds have already evolved resistance
(Green and Owen, 2011).
2.2.2. Herbicide resistance costs
Herbicides are used on at least 90% of crop acres in the U.S. annually and represent
65% of the pesticide expenditures by growers (Gianessi and Reigner, 2007). If
herbicides were not available, U.S. crop productivity was suggested to decline by a
minimum of 20%, even with the requisite additional tillage and hand weeding necessary
to maintain minimal weed control in crops. It was estimated that herbicides represent
the labor of 70 million people if weed control were entirely mechanical (Gianessi and
Reigner, 2007). When preferential herbicide use results in the evolution of HR weed
biotypes, there are associated costs in reduced production, higher expenditures for
herbicides and dramatic increases in the weed seed bank (Peterson, 1999). Given the
potentially high seed production of weeds and the potential long-term viability of weed
seed, these increased costs attributable to HR weeds represent a long-term prospect.
A study of GR weeds in several U.S. crops strongly supports favorable economic
returns when glyphosate resistance is proactively managed (Mueller et al., 2005). The
difficulty is how to change grower perspectives to make the necessary adjustments in
weed management programs. Whether this can be accomplished on the scale
necessary to address HR weed populations remains to be seen.
Another repercussion (cost) that must be considered with the increasingly
frequent occurrence of GR weed biotypes is the potential decline in conservation tillage
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practices (Ervin and Welsh, 2010; Ervin et al., 2010; Johnson et al., 2009a). The
adoption of GR crops and the use of glyphosate strongly supported the practice of no
tillage in conservation tillage crop production systems, especially in soybeans and
cotton. However, the need for stewardship of GR crops was not immediately
recognized, and selection for GR weeds has occurred. In many instances (i.e. no tillage
cotton production), the only management tactic for GR weed populations has been
aggressive conventional tillage (Steckel and Gwathmey, 2009; Webster and Sosnoskie,
2010). Over the last four years, the percent of no tillage acres has declined in every
year in corn and cotton, and for three years in soybeans (Table 1). Increased tillage has
major economic, ecological and environmental implications to growers and to society in
general (Ervin et al., 2010). This reinforces the need to maintain effective alternative
strategies to manage GR weeds like Palmer amaranth, including alternative herbicides
such as atrazine.

2.3. Impact of glyphosate-resistant crops on herbicide use
The unprecedented global adoption of GR crops and the concomitant use of glyphosate
have dramatically changed herbicide use patterns on millions of acres. The number of
herbicide mechanisms of action available for weed control in corn and sorghum has not
changed since the introduction of GR crops and is relatively diverse. However, the
number of herbicide mechanisms of action used in corn, cotton and soybean has
dramatically declined since the introduction of GR crops (Young, 2006). The greatest
change is seen in soybean production. By 2002, glyphosate was used on more than
80% and no other herbicide was used on more than 10% of the soybean acres. A
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similar trend has occurred in the high use of glyphosate in cotton, and glyphosate use in
corn continues to increase. While atrazine is used in GR corn, it is not an option in
soybean and cotton, where growers reported one to three applications of glyphosate
during a growing season while limiting the use of other herbicides (Givens et al., 2009).
These changes in herbicide use patterns have affected weed populations and will result
in more GR weed biotypes over the long-term, thus emphasizing the need for
alternative herbicides (Shaner, 2000). Other changes in herbicide usage in response to
herbicide resistance include: 1) herbicide rotation (i.e. alternating herbicides with
different mechanisms of action) and 2) herbicide mixtures (i.e. combining herbicides
with different mechanisms of action) (Beckie and Reboud, 2009; Wrubel and Gressel,
1994). The use of herbicide mixtures was found to be more effective at managing the
evolution of HR weeds than herbicide rotations. A 2009 study in canola demonstrated
that ALS-resistant weed populations increased to 89% after four years of herbicide
rotation, while the ALS-resistant weed population remained at the original baseline
when herbicide mixtures were used (Beckie and Reboud, 2009).
The adoption of an integrated weed management (IWM) program will effectively
manage HR weeds and delay the evolution of new HR populations and species
(Knezevic et al., 2002; Swanton and Weise, 1991). IWM also provides significant
economic, environmental and ecological benefits to growers and the agroecosystem
(Owen et al., 2010; Owen, 2010). There are a number of examples showing that IWM
programs lessen the impact of HR weed populations and can actually keep these
populations from increasing (Llewellyn et al., 2001; Llewellyn et al., 2009; Stephenson
et al., 1990). The more varied the measures included in an IWM program, the greater
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the likelihood of success in mitigating HR weed populations and sustaining the utility of
important GM crops and herbicides. To that end, given the inclusion of atrazine with
most herbicide products labeled for corn and sorghum, and the fact that many of the
broadleaf weeds resistant to other herbicides are susceptible to atrazine, this herbicide
is a uniquely important tool that must be available for growers.

3. Current state of herbicide-resistant weeds
The current status of HR weeds strongly supports the premise that new HR weed
populations continue to evolve at an increasing rate	
  (Heap, 2011). Weeds have
evolved resistance to 21 herbicide mechanisms of action globally (Heap, 2011). Most
recently, common waterhemp biotypes resistant to p-hydroxyphenylpyruvate
dioxygenase (HPPD; EC 1.13.11.27) inhibitor herbicides were reported in Illinois and
Iowa. In the U.S., 75 weed species are reported to have evolved HR biotypes (Heap,
2011). The current tally of HR weeds globally includes 368 HR biotypes represented by
200 species (Heap, 2011). Many weeds have also evolved resistance to multiple
mechanisms of herbicide action (Heap, 2011; Patzoldt et al., 2005; Preston et al.,
1996). This phenomenon has become more apparent and dire with the increasing
prominence of GR weeds (Powles, 2008a).

4. Current state of glyphosate-resistant weeds
There can now be no question that changes in weed populations are occurring more
rapidly and are widely distributed in U.S. corn, cotton and soybean production systems
despite our knowledge of resistance management (Johnson et al., 2009b; Kruger et al.,
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2009). Currently 21 weed species are confirmed to have evolved glyphosate resistance
globally including 13 in the U.S. involving 27 states (Heap, 2011). Rigid ryegrass
(Lolium rigidum) was identified in 1998 as the first species to evolve glyphosate
resistance in the U.S. (Table 2). Additional species have been reported in 2000 (1),
2004 (3), 2005 (2), 2007 (3), 2008 (1) and 2010 (2) (Tables 2 and 3). A list of states
reporting GR weed biotypes shows the rapid yearly increase in GR biotypes and their
distribution (Table 3). The 2004-2008 interval had the most rapid increase in reported
GR species and infestations into new states.
Generally, glyphosate resistance has evolved in conjunction with GR crop
production systems. Historic perspectives demonstrate there is not broad awareness of
the factors that affect the expansion of GR weed populations. The level of concern falls
well below what most weed scientists believe is necessary to resolve the inevitable
problem of evolved glyphosate resistance (Johnson and Gibson, 2006). There have
been numerous attempts to engage industry, government and extension academic
groups in developing a consensus about how to best manage glyphosate resistance in
weeds (Boerboom and Owen, 2007; Owen and Boerboom, 2004). Despite these
efforts, the problems associated with GM crops and HR weeds have gone largely
without resolution. This lack of resolution is attributable, in part, to a reluctance to
recognize the implications of the management choices imposed by decision makers, the
marketing perspectives brought forward by some in the herbicide and seed industries,
and the erroneous belief that new technologies will be available in the near-term future
(Owen et al., 2009; Owen et al., 2011).
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Given the predominance of GR corn, cotton and soybean cultivars and the use of
glyphosate often as the primary (if not sole) weed control product in these crops, the
implications of glyphosate resistance in weed populations are significant. Eight of the
13 weed species identified in the U.S. with GR biotypes have evolved resistance in
production systems with GR crops and cause significant economic costs to growers.
Historical perspectives of growers regarding the adoption of alternative strategies to
provide stewardship for the crop trait and herbicide have increased the frequency of
resistance (Boerboom et al., 2009; Owen and Boerboom, 2004; Owen et al., 2009;
Owen et al., 2010). The severity of GR weeds is reinforced by the fact that there
currently are15 states having more than one glyphosate resistant species and 12
additional states with one weed species with reported resistance to glyphosate (Table
4). It should be noted that the information compiled from the International Survey of
Herbicide Resistant Weeds (www.weedscience.org) likely underestimates the HR weed
problems; data is based on voluntary participation of weed scientists (Heap, 2011). In
addition to the number weed species resistant to glyphosate, these same 15 states also
have a number of weed species resistant to more than one herbicide mode of action
and the total number of herbicide modes of action to which resistant species are found
ranges from three to eight (Table 4). The number of species resistant to the PSII mode
of action (e.g. atrazine) is also indicated.
Given the current production systems, it is unlikely that proactive actions will be
taken to deter the future evolution of GR weed biotypes (Owen et al., 2011).
Furthermore, given the cross and multiple resistances that have evolved in important
weeds such as common waterhemp, Palmer amaranth, common and giant ragweed
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and horseweed, the number of herbicides that will provide effective control is limited.
Atrazine is effective in controlling these HR biotypes.

5. Management of herbicide-resistant weeds
Given the rapid evolution and expansion of HR weed biotypes, concern for and
management of GR weeds has taken on a particularly important perspective in
agriculture. Educational programs provided by university extension now focus largely
on the management of HR weeds (Scott et al., 2009). It is unfortunate that surveys,
while somewhat dated, indicate that growers have not been overly concerned about GR
weeds until recently (Johnson et al., 2009b). Importantly, the increasing frequency of
GR weeds also has social implications and externalities generally not considered
(Marsh et al., 2006). These include, but are not limited to, failure of the current crop
production systems based on GR crops and other environmental costs, such as loss of
no tillage and conservation tillage acres resulting in increased soil erosion and
decreased water quality due to turbidity and sedimentation (Ervin and Welsh, 2010;
Marsh et al., 2006).
While agricultural researchers hope to resolve the problem of HR weeds by
developing new GM crops with resistances to different herbicides or multiple
resistances to several herbicides, this tactic is unlikely to resolve the weed resistance
problem in the long term (Green, 2009; Green et al., 2008; Green and Owen, 2011).
The management of HR weeds must include as many strategies as possible, but
current crop production systems will likely focus on herbicides almost to the exclusion of
other strategies. In GR soybean and corn in 2009, glyphosate was used exclusively on
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approximately 67% and 27% of the acres, respectively	
  (Owen et al., 2011). Growers
who assumed there were GR weed biotypes in their production systems suggested that
herbicide rotation is a key tactic to manage weed problems (Foresman and Glasgow,
2008). Thus, the opportunities to include alterative herbicides such as atrazine in corn
production systems will be positive with regard to the management of many weed
biotypes resistant to glyphosate and other herbicides.
Note that atrazine has efficacy on a number of weed biotypes with evolved
resistance to other herbicide mechanisms of action (Table 4). An estimate as to the
utility of atrazine in aiding control of species in each herbicide group has been made.
However, the use of herbicide combinations (Including atrazine) either as tank mixtures
or commercially-available prepackage mixtures is a better strategy than herbicide
rotation for managing HR weeds	
  (Beckie and Reboud, 2009). Atrazine has tremendous
use flexibility, it can be employed as an alternative herbicide or combined in pre-packs
or tank mixes to provide an alternative mechanism of action in corn, sweet corn and
sorghum.

6. Importance and utility of atrazine in the management of herbicide-resistant
weeds
Atrazine is used widely for the management of weeds in corn, sweet corn, sorghum and
sugarcane, and is second to glyphosate in acres applied. While weeds with atrazine
(PSII herbicide) resistance have been reported, the occurrences per year, area infested
and severity of infestations have declined since 1984	
  (LeBaron, 1998). Importantly,
many of the agronomically important triazine-resistant weeds demonstrate a significant
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fitness penalty and thus are not as competitive within the crop production system
(Conrad and Radosevich, 1979; Parks et al., 1996; Williams II et al., 1995). The
management of triazine-resistant weeds has been accomplished with the adoption of
appropriate best management practices (BMPs). These include, but are not confined
to, crop rotation, herbicide rotations and mixtures with other herbicides, as well as
flexible application timing (Anderson et al., 1996; Beckie, 2006). Triazine-resistant
weeds may also demonstrate a negative cross resistance to other herbicides and thus
are easier to control with alternative herbicides when compared to the susceptible
biotypes (Owen and Gressel, 2001; Parks et al., 1996). The continued use of atrazine
as a principle tactic for weed management in corn, sweet corn, sorghum and sugarcane
production is testament to the fact that triazine-resistant weeds do not have a major
economic impact and can be effectively managed.
Atrazine represents an important herbicide for controlling many economically
important weeds with resistance to other herbicide mechanisms of action (Heap, 2011).
These other herbicide mechanisms of action include, but are not limited to, the
protoporphyrinogen oxidase (PPO; EC 1.3.3.4) inhibitor herbicides, the ALS inhibitor
herbicides and EPSPS inhibitor herbicides. The distribution of ALS inhibitor herbicide
resistance is considered ubiquitous in the Corn Belt. For example, all common
waterhemp in Iowa is reported to be resistant to ALS inhibitor herbicides (Owen,
2009a). Resistance in common waterhemp to PPO inhibitor herbicides is also
increasing (Owen, 2009a; Patzoldt et al., 2006). While common waterhemp populations
with multiple resistances including resistance to triazine herbicides have been reported,
they are not widely distributed and can be effectively managed with the appropriate
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selection of companion herbicides applied in combination with atrazine (Hugie et al.,
2008; Patzoldt et al., 2005). Thus, given the widespread populations of weeds resistant
to ALS herbicides, the increasing frequency of weed populations with glyphosate
resistance and the likelihood that these biotypes will demonstrate multiples resistances,
atrazine continues after 50 years to be fundamental to effective management of weeds
in corn, sweet corn, sorghum and sugarcane.
Atrazine has a unique mechanism of action that complements the use of other
herbicides with other mechanisms of action. Without atrazine, it is anticipated that a
number of weeds could not be effectively managed in corn, sweet corn, sorghum and
sugarcane. The inability to manage these weeds may reflect the lack of effective
alternatives to atrazine and/or the fact that HR biotypes have evolved. Among the many
weeds predicted to become more significant economic problems in the future are
velvetleaf (Abutilon theophrasti), common lambsquarters, common waterhemp , redroot
pigweeds (A. retroflexus), Palmer amaranth, giant ragweed, common ragweed (A.
artemisiifolia), common sunflower (Helianthus annuus), horseweed, Asiatic dayflower
(Commelina communis) and tropical spiderwort (C. benghalenisis). It is likely that these
weeds would escalate more rapidly in economic importance if atrazine were not
available.

7. Interaction of atrazine and HPPD inhibitor herbicides
Atrazine in combination with mesotrione can greatly improve weed management and
resolve other weed management problems (Kaastra et al., 2008). Interaction between
atrazine and mesotrione was reported in tame sunflower (Helianthus annuus), velvetleaf
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and Palmer amaranth (Abendroth et al., 2006). The combination of atrazine and
mesotrione also demonstrated better efficacy when these herbicides were applied
postemergence for the control of common waterhemp, common lambsquarters and
giant ragweed (Woodyard et al., 2009).
Another important consideration involving the combination of atrazine and
mesotrione is the improved control of weeds with evolved resistance to PSII and ALS
inhibiting herbicides (Sutton et al., 2002). Consider that a redroot pigweed biotype with
target site resistance to triazine herbicides was sensitive to a split application of atrazine
applied preemergence followed by mesotrione applied postemergence. However, the
biomass of a velvetleaf biotype with metabolism-based resistance to triazine herbicides
was reduced, reflecting an additive response was demonstrated	
  (Abendroth et al.,
2006).
As a general statement, the classes of herbicides that inhibit the HPPD enzyme
do not have exceptional levels of efficacy on many agronomically important weeds
without the inclusion of atrazine. Furthermore, given the recent reports of evolved
resistance in common waterhemp to HPPD-inhibitor herbicides, it is inevitable that
HPPD resistance will increase without the availability of atrazine to mitigate these
resistant populations	
  (Green, 2011; Hausman et al., 2011; McMullan and Green, 2011).
Thus, atrazine is a valuable tank mix companion to the HPPD herbicides.

8. Conclusions
Weeds represent the most economically important pest complex in global food
production and also significantly impact mankind at all levels, from health perspectives
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to the pursuit of recreation (Bridges, 1994). Complex weed genomes facilitate
continuing adaptation to virtually all forms of selective forces used during plant
production (Barrett, 1983; De Wett and Harlan, 1975; Gould, 1991). During the last five
decades, herbicides have been the most important component for effectively managing
weeds. As a result, biochemical adaptation or mimicry has become an important
problem (Gould, 1991). In fact, the intensity of weed management practices, primarily
based on herbicide applications, selects for rare mutations in weed genomes that allow
those weed biotypes to succeed in the presence of herbicides (Gressel and Levy,
2006).
Recent efforts to manage weeds have focused on the use of herbicides that are
selective to GR crops (Duke and Powles, 2008). The use of glyphosate in GR crops
has provided exceptional control of many weeds and represents one of the most
significant changes in technology in the history of agriculture (Owen, 2009b). Weed
management was deemed by growers to be simple and convenient with the use of GR
crops, and there were predictions that weeds would be eradicated, causing a loss of
biodiversity (Owen et al., 2009; Watkinson et al., 2000). However, it was inevitable that
weed populations would eventually adapt and that glyphosate resistance would evolve
despite suggestions otherwise (Bradshaw et al., 1997; Neve, 2007). Since GR crops
and glyphosate use have seen widespread global adoption, it is not surprising that GR
weeds now represent a major threat to a sustainable agriculture (Ervin and Welsh,
2010; Ervin et al., 2010). Certainly the costs of managing GR weeds are important, but
there are other environmental costs as well, including the loss of conservation tillage
practices, increased soil erosion and declining water quality (Cerdeira and Duke, 2006;
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Ervin et al., 2010; Mueller et al., 2005). Proactive management of GR weeds is
economically sustaining and provides stewardship for the GR traits (Mueller et al.,
2005). However, it is now questionable whether or not proactive management of GR
weeds can be accomplished; populations of GR weeds have proliferated across the
Midwest, Delta and Southeast US. Thus, it is imperative that weed management
options become more diverse, not only with regard to the utilization of other modes of
herbicide action, but also in cultural and mechanical tactics (Duke, 2011; Green, 2011;
Green and Owen, 2011; Owen, 2008a; Owen, 2011; Owen et al., 2011).
Atrazine is a strong and critically important component of an IWM program to
help control herbicide resistant weeds in GR crops. The unavailability of atrazine would
severely compromise the economic, environmental and societal benefits of GR corn.
(Perry et al., 2004) Atrazine has more than five decades of successful use, and with the
current issues involving HR weed populations, it is now more important than ever to the
production of corn, sweet corn, sorghum and sugarcane. Given the widespread
populations of weeds resistance to ALS inhibitor herbicides, the increasing frequency of
weed populations with glyphosate resistance and the likelihood that these biotypes will
evolve multiple herbicide resistances, atrazine continues to be fundamental to effective
management of weeds in these crops. Atrazine use supports higher yields by effectively
and efficiently controlling HR weeds and other weeds in current production systems.
The need for higher yields is critical to avoid a Malthusian disaster in agriculture
(Trewavas, 2002). Atrazine has a unique and important role in maintaining the
sustainability of corn, sweet corn, sorghum and sugarcane production systems in the
U.S.
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Table 1. Relative Change in Corn, Cotton and Soybean No Tillage Production
Acres from 2007 to 2010 (Percent Change from the Previous Year: Percent of No-Till
Acres Planted Per Crop)
Year

Corn

Cotton

Soybeans

2007
2008
2009
2010

Base %
-5.1%
-5.4%
-3.1%

Base %
-9.0%
-12.5%
-4.2%

Base %
+6.0%
-12.4%
-8.0%

Source: GfK Kynetec
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Table 2. Weed Species with Glyphosate-resistant Biotypes Reported in the US by
Year of First US Report
Year

Common Name

Species

1998
2000
2004

Rigid Ryegrass
Lolium rigidum
Horseweed
Conyza canadensis
Common Ragweed
Ambrosia artemisiifolia
Giant Ragweed
Ambrosia trifida
Italian Ryegrass
Lolium multiflorum
2005
Palmer Amaranth
Amaranthus palmeri
Common Waterhemp
Amaranthus tuberculatus (syn. rudis)
2007
Hairy Fleabane
Conyza bonariensis
Johnsongrass
Sorghum halepense
Kochia
Kochia scoparia
2008
Junglerice
Echinochloa colona
2010
Goosegrass
Eleusine indica
Annual Bluegrass
Poa annua
Source: International Weed Survey Resistant Weeds accessed 07 November 2011
(www.weedscience.org).

The importance of atrazine in the integrated management of herbicide-resistant weeds
WORKING DRAFT: 8 November 2011

	
  

21

Table 3. Glyphosate-resistant Weeds in the US: Year of First Global Report, States and
Years Found
Weed species
First
States
Years
Global
Report
Amaranthus palmeri (Palmer amaranth)
2005
GA
2005
NC
2005
AR
2006
TN
2006
NM
2007
AL
2008
GA*
2008
MS*
2008
MO
2008
TN*
2009
IL
2010
LA
2010
MI
2011
VA
2011
Amaranthus tuberculatus (syn. rudis)
2005
MO*
2005
(Common waterhemp)
IL*
2006
KS
2006
MN
2007
IN
2009
IA
2009
MS
2010
Ambrosia artemisifolia (Common ragweed) 2004
AR
2005
MO
2006
OH*
2006
IN
2007
KS
2007
ND
2007
MN
2008
Ambrosia trifida (Giant ragweed)
2004
OH
2004
AR
2005
IN
2005
KS
2006
MN
2006
OH*
2006
TN
2007
MN*
2008
IA
2009
MO
2009
MS
2010
NE
2010
Conyza bonariensis (Hairy fleabane)
2003
CA
2007
CA*
2009
Conyza Canadensis (Horseweed)
2000
DE
2000
KY
2001
TN
2001
The importance of atrazine in the integrated management of herbicide-resistant weeds
WORKING DRAFT: 8 November 2011

	
  

22

IN
2002
MD
2002
MO
2002
NJ
2002
OH
2002
AR
2003
MS
2003
MC
2003
OH*
2003
PN
2003
CA
2005
IL
2005
KS
2005
VA
2005
NE
2006
MI
2007
MS*
2007
OK
2009
IA
2011
Echinochloa colona (Junglerice)
2007
CA
2008
Eleusine indica (Goosegrass)
1997
MS
2010
TN
2011
Kochia scoparia (Kochia)
2007
KS
2007
Lolium multiflorum (Italian ryegrass)
2001
OR
2004
MS
2005
AR
2008
OR*
2010
Lolium rigidum (Rigid ryegrass)
1996
CA
1998
Poa annua (Annual bluegrass)
2010
MO
2010
Sorghum halepense (Johnsongrass)
2005
AR
2007
MS
2008
LA
2010
Source: International Weed Survey Resistant Weeds, accessed 07 November 2011
(www.weedscience.org).
*Multiple resistances
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Table 4. US States with Herbicide-resistant Weed Species: Total Number of
Species, Glyphosate-resistant Species, PSII Species and Number of Herbicide
Mechanisms of Action (MOA) Represented
State

Weed Species
Resistant to at
Least 1 MOA

Weed Species
Resistant to
Glyphosate

Weed Species
Resistant to
PSII

Herbicide
MOA w/at
Least 1
Resistant
Species
AR
12
6
0
8
CA
18
4
1
8
IL
9
3
4
5
IN
11
4
4
3
IA
10
3
5
6
KS
15
5
4
5
LA
6
2
0
5
MI
17
2
12
5
MN
13
3
3
4
MS
9
7
1
7
MO
9
6
1
5
NC
8
2
3
6
OH
10
3
1
5
TN
9
4
1
6
VA
10
2
4
4
Source: International Weed Survey for Resistant Weeds. Accessed 07 November 2011
(www.weedscience.org).
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