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Introduction
Steve Orloff, Editor

Herbicide resistance in weed species is becoming an increasingly important issue and has
gotten the attention of many agricultural professionals in recent years. It is a common topic
at weed science and crop commodity meetings, and entire conferences have been devoted to
the issue. The evolution of species resistant to crop production chemicals had long been
perceived to primarily be an issue for entomology, not weed science. While problems with
resistant species struck earlier, and is far more prevalent with insects than with weeds, the
evolution of resistant weeds is not an issue we as weed scientists and weed science professionals can afford to ignore. Herbicide tolerant crops per se are not the culprit, but improper
stewardship with those crops can accelerate the evolution of resistant weeds. As the series
of articles in this edition of the CWSS Research Update and News will illustrate, the problem is related to continual use of the same herbicide or herbicides with the same mechanism
of action. This edition of the CWSS Research Update and News addresses herbicide resistance in general and then delves into crop specific systems and offers management practices to avoid weed resistance and weed shifts as well.
Be sure to register for the CWSS annual meeting in Sacramento on January 23 -25, 2013
(for information visit the website at http://www.cwss.org).

Selection Pressure, Shifting Populations and
Herbicide Resistance
Lynn Sosnoskie (lmsosnoskie@ucdavis.edu) and Brad Hanson (bhanson@ucdavis.edu)
Department of Plant Sciences, University of California, Davis
Most of this information was originally prepared as an article entitled “Preventing and Managing GlyphosateResistant Weeds in Orchards and Vineyards” by B. Hanson, A. Fischer, A. Shrestha, M. Jasieniuk, E. Peachey, R.
Boydston, T. Miller, and K. Al-Khatib. This series of UC-IPM bulletins from glyphosate-resistant weed workshops
can be found at: http://www.ipm.ucdavis.edu/IPMPROJECT/glyphosateresistance.html

Synthetic herbicides have been important to agricultural and horticultural crop
production, as well as the maintenance of non-crop areas, since the mid-20th century. Although herbicides can provide impressive levels of weed control, not all
species are equally well managed by chemical products. Differences in susceptibility among individuals, populations and species may arise for numerous reasons,
including: herbicide avoidance (either in space or time), varying levels of natural
tolerance or the evolution of herbicide-resistant biotypes.
(Continued on page 2)
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The extent of herbicide-resistance:
Herbicide-resistant weeds are a significant issue around the world, although the greatest problems with resistance
tend to be found in countries with highly industrialized agricultural cropping systems. Herbicide-resistant weed biotypes have been reported in at least 60 countries and include almost 400 unique species-herbicide group combinations worldwide. Because of its intensive, high-input cropping systems, the United States has more resistant biotypes (131) than any other country followed by Australia (54), Canada (51), Spain and France (32 each), and Israel,
United Kingdom, Germany, and Brazil (22-25 each). The photosystem II- and ALS-inhibitors account for the majority of herbicide-resistance cases, worldwide (Figure 1); this is mainly due to their widespread use in broad acreage cereal and grain crops.

Figure 1. Weed populations are not static; they
evolve in response to selective pressures.
Herbicides have proven to be a significant
force influencing the makeup of weed populations. Currently, 396 resistant biotypes have
been identified across 210 species (Information
obtained from www.weedscience.org).

Definitions of herbicide-resistance:
Herbicides, themselves, do not “cause” resistance; instead, they select for naturally occurring resistance traits.
Herbicides usually affect plants by disrupting the activity of specific proteins (enzymes) that play key roles in essential biochemical processes. Target site resistance occurs when the target enzyme of the herbicide becomes less
sensitive, or entirely insensitive, to the herbicide that was applied. The loss of sensitivity is usually associated with
a mutation in the gene coding for a protein that the herbicide binds to. These mutations lead to physical changes in
the protein’s structure, which, in turn, impairs the herbicide's ability to attach to the enzyme - thus reducing or eliminating herbicidal activity.
Alternately, mutations may affect other plant processes in ways that reduce the plant’s physiological exposure to
the herbicide; these mutations primarily result in reduced uptake or translocation of the chemical or else more rapid
degradation/detoxification. Because the resistance mechanism is not directly related to the herbicide target site, this
phenomenon is called non-target site resistance. These mechanisms have historically been considered as being either 'minor' or 'accessory' methods of resistance contributing towards a plant's overall insensitivity to chemical control measures, although recent evidence suggests that changes in absorption and/or translocation are important contributors to glyphosate-resistance in several weed biotypes.
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Weeds can be resistant to more than one herbicide at a time. Herbicide cross resistance occurs when an individual
plant is resistant to two different herbicides via the same mechanism of resistance. In this case, resistance is endowed by a single physiological process operating in common for all the herbicides involved. Multiple resistance
results from selection by the simultaneous or sequential use of different herbicides, such that resistance to each
herbicide is controlled by a different mechanism.
The evolution of herbicide-resistance:
The development of herbicide-resistance in weeds is
an evolutionary process. Under continued selection
pressure, which is defined as the repeated use of a single herbicide or herbicide mechanism of action within
a system, resistant plants are not controlled and their
progeny can become more numerous (Figure 2). A
listing of accepted herbicide mechanisms of action
can be found at the Weed Science Society of America's web page (www.wssa.net). Depending on the initial frequency of the resistance trait, the reproductive
strategy and relative fecundity of the weed species
and intra- and inter-specific competition, it may take
several (or many) generations until the resistance
problem becomes apparent. This process, in which a
plant community becomes dominated by a species
that is not affected by the main weed management
strategy employed, is called a “weed shift.” It is important to recognize that herbicides, alone, are not
solely responsible for changes in weed community
structure and composition. Other agricultural forces,
such as crop selection or cultivation, can also result in
weed shifts. For example, the absence of soil disturbance in no- or reduced-tillage crop production can
result in the increased frequency of perennial weeds
in those systems.

Figure 2. Infrequently, an individual weed develops a
mutation that confers resistance to an herbicide or
group of herbicides (denoted by the black plant). This
individual will survive an herbicide application and
reproduce. After several generations, and repeated
selection with the same or similar herbicides, the resistant biotype can become dominant in the population.

A number of factors directly affect the evolution of
herbicide-resistant weeds (Table 1). Although discussions regarding resistance often tend to focus on the
chemistry and action of the herbicides, it is important
to recognize that the development of herbicideresistance is also related to the biology of the weeds
being treated and the characteristics of the cropping
system as a whole. In order to develop the effective
resistance prevention and mitigation strategies, growers, advisors, pesticide applicators and land managers
need to be mindful of each of these components.
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Resistance prevention:
With respect to the weeds, themselves, managers should actively
scout their fields and take careful
notes about the density and distribution of the species they encounter within individual growing seasons and across years.
Record keeping allows growers
to detect changes in weed population size and spread, evaluate
herbicide performance and determine if weed-shifts are occurring
due to a chemical selection pressure. As described previously,
repeated use of the same herbicide or herbicide class can select
for weeds that are either resistant
or tolerant to that particular
mechanism of action.

Table 1. Factors associated with increased selection pressure for herbicide resistant
weeds.
Cropping system characteristics
Little or no crop rotation
Little or no preplant or in-season tillage
Low crop competition
Little or no herbicide (MOA) rotation
Weed characteristics
Annual growth habit
High seed production
Little seed dormancy
Some seed longevity in seedbank
High frequency of resistance traits
Multiple generations per year
Mechanisms for gene flow (pollen or seed)
Little or no fitness penalty for resistance trait
Highly susceptible to the herbicide

Herbicide characteristics
As a consequence, one strategy
for reducing the intensity of seSingle site of action
lection pressure is to rotate crops
High efficacy
and/or herbicides; quite often,
High use rate (relative to amount needed)
diversification is an early line of
defense against the development
Long soil residual activity
of wide-spread herbicideHigh frequency of use
resistance. In annual production
systems, the ability to vary crops,
and, therefore, cultural production
practices (in addition to herbicide use) can be an effective means for preventing or delaying herbicide-resistance.
For example, the time of planting, type of tillage and inter-row operations may differ, substantially, among varied
crops; these differences can result in a continuously changing environment that is may be more difficult for weeds
to adapt to.

In perennial cropping systems, like orchards and vineyards, it is impractical to frequently rotate crops. Non-crop
areas such as roadsides, canal banks, and industrial sites may also have few rotational alternatives. Therefore, in
these systems, rotation or tank mixes of herbicides with different modes of action should be a part of the management plan to prevent the buildup of weeds that are resistant to a particular mechanism of action. When herbicides in
different chemical classes are used either in rotation or in mixtures, the selective pressure against any one product is
reduced.
Although herbicide rotations and mixtures are important tools for combating the development of herbicideresistance in weeds, chemical products cannot be used indiscriminately. For example, studies have shown that the
selection pressure on susceptible weeds from soil-applied herbicides with longer residual activities is higher than
that from herbicides with shorter activities. This occurs because multiple weed cohorts (i.e. emergence flushes) are
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then exposed to the exact same herbicide application; when the number of individuals exposed to one particular
chemical increases, so do the chances that one of those individuals may be resistant to that form of selective pressure. Herbicide persistence is the not the only characteristic influencing selection pressure, though. As noted previously, the frequency of use also affects the potential for resistance development. When herbicides with no residual
activity are used repeatedly throughout a season, selection pressure can be significantly high; this has been infamously observed with glyphosate-only weed control programs.
The successful debut of 2,4-D in 1946 accelerated the search for novel agricultural chemicals with specific activities against weeds; the decades directly following this release were referred to by some as the advent of the
“modern chemical weed control era.” The rate of herbicide introduction has since slowed, requiring growers to
use any and all available products judiciously. In order to effectively manage weeds and prevent the evolution or
spread of herbicide-resistance, pesticide applicators should work with advisors to develop diverse, yet sustainable
(both economically and ecologically) herbicide application strategies for the control of troublesome species.
Concluding thoughts:
Resistance mitigation seeks to diversify crop production and weed control methods in order to delay the evolution
process; this will occur by reducing the selection pressure exerted through the use of herbicides. Target site resistance is conferred by an alteration causing loss of plant sensitivity to herbicides with a specific mechanism of
action. One way of dealing with this phenomenon is to switch to an equally effective herbicide that possesses a
different mechanism of action. Unfortunately, non-target site resistance may be more difficult to predict or prevent. Because it can involve more ubiquitous biochemical processes that may be shared across herbicides (such as
a common degradation route), the use of these chemicals in mixtures or sequences with each other may not be sufficient to avert the development of resistance. Although chemical diversity is an important component of any herbicide-resistance management program, the integration of non-chemical weed control methods (i.e. cultivation,
mowing, tillage, crop rotation), whenever possible, is necessary to reduce herbicide-selection pressure. Careful
observation and record-keeping can help growers evaluate the success (and failures) of their systems and allow for
early detection and prevention of herbicide-resistant species. Herbicides are one of the most effective tools for
weed management; however, they must be used judiciously. They should be ‘one of the many tools’ in a weed
management toolbox rather than the only tool, or else we risk losing effective herbicides due to the evolution of
herbicide-resistant weeds.

Implementing Methods to Avoid Weed Shifts and Weed Resistance in
Roundup Ready Alfalfa Systems
Steve Orloff (sborloff@ucanr.edu), Dan Putnam (dhputnam@ucdavis.edu), Mick Canevari (wmcanevari@ucanr.edu)
Much of this information was originally prepared as an article entitled “Avoiding Weed Shifts and Weed Resistance in Roundup Ready Alfalfa Systems” by Steve
Orloff, Daniel Putnam, Mick Canevari an W Thomas Lanini. http://anrcatalog.ucdavis.edu/pdf/8362.pdf

Weed resistance in alfalfa cropping systems has not been much of a concern until recently. It wasn’t until the release of glyphosate tolerant alfalfa (Roundup Ready Alfalfa) that herbicide-resistant weeds were considered a significant concern in alfalfa production systems, primarily due to the evidence of weed resistance in the millions of
acres of RR crops in annual cropping systems. Roundup Ready alfalfa (RR alfalfa) was developed through biotechnology in late 1997 and became commercially available in the fall of 2005, was suspended from 2007-2010 due to
legal action, and plantings resumed again in 2011-12. The authors are unaware of any new weed populations with
glyphosate resistance per-se in RR alfalfa systems since 2005, but weed shifts have been observed in this short period of commercialization. However, it is clear that the time to implement management measures to prevent resistance is now…before it becomes a major issue.
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The advent of RR Alfalfa was a major development in alfalfa weed control, providing growers with a useful
weed management system and a means to deal with some of the most difficult-to-control weed species (Canevari
et al., 2007; Sheaffer et al., 2007; Van Dynze et al., 2004). Glyphosate has been especially advantageous for controlling weeds in seeding alfalfa because it controls a broader spectrum of weeds than conventional herbicides,
causes no perceptible crop injury, and is much more flexible in application timing. Another major advantage is
when there is a stand establishment failure and a portion of the field needs replanting. Since glyphosate has no
soil residual, it is feasible to treat and then reseed areas with a poor stand without concern of a soil residual affecting seedling emergence and growth. For established alfalfa, glyphosate usually provides superior weed control across a range of weed species when compared with other currently-used herbicides. One of the greatest advantages of this technology is that it provides a tool for controlling or suppressing perennial weeds such as dandelion (Taraxacum officinale), yellow nutsedge (Cyperus esculentus L.), bermudagrass (Cynodon dactylon (L.)
Pers.), and quackgrass (Elytrigia repens (L.) Nevski) that have not been adequately controlled with conventional
practices. Growers have reported significantly greater effectiveness of weed control and flexibility of RR alfalfa
systems, and those that have tried it have largely been pleased (Orloff and Putnam, 2011). However, there are
some growers who are opposed, or who have doubts about the technology (Putnam and Orloff, 2011).

Likelihood of Weed Shifts and Resistance in Alfalfa
Alfalfa is the first perennial crop with the glyphosate resistance gene. Questions arise whether weed resistance is
more or less likely to occur in a perennial crop like alfalfa compared with the annual RR crops that have already
been commercialized. There are attributes of alfalfa production that both favor and discourage the occurrence of
weed shifts and herbicide resistant weeds.
Attributes of alfalfa that favor weed shifts and resistance. Alfalfa stands typically last 3 to 4 years in the Central Valley of California, while in the Intermountain area of California 6 to 7 years or longer is commonplace.
Therefore, crop rotation opportunities are significantly reduced compared with annual cropping systems. Mechanical weed control, such as cultivation, is impractical in a solid-seeded perennial crop like alfalfa, and hand
weeding is not economical. Alfalfa occupies a large acreage in California (nearly a million acres most years) and
individual fields are usually relatively large in size; therefore, the overall populations of weed flora available for
selection of resistant traits or for weed shifts are high. Perennials like alfalfa, if sprayed repeatedly with the same
herbicide, are good candidates for weed shifts and weed resistance.
Attributes of alfalfa that discourage weed shifts and resistance. On the other hand, alfalfa is an aggressive
competitor with most weeds, which fail to establish in alfalfa fields due to the crop’s vigorous growth and shading ability. Also, many weed species do not tolerate the frequent cutting that occurs in alfalfa fields. The interval
between alfalfa cuttings is short enough that seed production for many weeds is reduced compared with annual
crops that allow completion of the weeds’ life cycles. Furthermore, the lack of soil disturbance once the alfalfa
stand is established also reduces opportunities for germination of some weed species.
Herbicide-resistant crops and weed shifts and resistance. Transgenic herbicide-resistant crops like RR alfalfa
have greater potential to foster weed shifts and resistant weeds since a grower is more likely to use a single herbicide repeatedly. Roundup Ready alfalfa seed is approximately twice the cost of conventional alfalfa. This provides incentive for growers to use glyphosate alone to recoup the additional seed costs quicker, thereby increasing selection pressure. The increasing acreage of other RR crops in California (corn and cotton) could also increase the potential for weed shifts or weed resistance because the probability of repeated use of the same herbicide is higher. As the potential acreage treated with glyphosate increases so does the size and genetic diversity of
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the weed population increasing the probability of encountering a resistant biotype.

Weed Shifts Versus Herbicide Resistance
Some confusion exists over the difference between a weed shift and weed resistance. With a weed shift there is a
change in the relative abundance of certain weeds as a result of a management practice—in this case chemical weed
control. No herbicide controls all weeds. Susceptible weed species are nearly eliminated over time with continued
use of the same herbicide. This allows inherently-tolerant weed species to remain, which often thrive and proliferate with the reduced competition. As a result, there is gradual shift to tolerant weed species. In contrast to a weed
shift, weed resistance is an actual change in the population of weeds that were previously susceptible to an herbicide to a population of the same species that is no longer controlled by that herbicide. The use of a single class of
herbicides continually over time creates selection pressure so that resistant individuals of a species survive and reproduce, while susceptible ones are killed.
A weed shift is far more common and likely to occur in RR Alfalfa than is herbicide resistance. There are several
common weeds in alfalfa that are only partially controlled with glyphosate. Over time if glyphosate is continually
used alone, there is likely to be a shift in the prevalence of different weed species favoring the tolerant weeds
shown in Table 1.
Table 1. Annual weeds encountered in alfalfa fields that are difficult to control or not controlled with glyphosate.
Common name

Latin name
Brassica nigra2

Black mustard

Chenopodium album

1

Lambsquarters

Echinochloa colona1
Epilobium brachycarpum
Eragrostis2
Erodium spp.1

Junglerice
2

Willowherb, panicle
Lovegrass
Filaree

Lamium amplexicaule1
Lolium multiflorum1*

Henbit
Ryegrass

Malva parviflora2

Malva (cheeseweed)

Polygonum convolvulus1

Wild buckwheat

Polygonum spp.

1

Portulaca oleracea

Knotweeds
1

Sonchus oleraceus1
Trifolium spp.
Urtica urens2

2

Purslane
Annual sowthistle
Clover
Burning nettle

Difficult to control weeds
Glyphosate-tolerant weeds – not listed as controlled on product label
*Glyphosate-resistant biotype has been confirmed.
1
2

While a resistant population is normally considered more of a concern than a weed shift, management practices to
avoid or mitigate the problem are essentially the same. These management practices for alfalfa production systems
are discussed on the next page.
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Weed Management Principles to Prevent Weed Shifts or Weed Resistance
Glyphosate-resistant crops have provided growers with an easy-to-use, low-cost, and effective weed management tool. However, the effectiveness of weed control systems using RR crops can make growers complacent in
their weed control practices. Growers need to develop an effective weed management system paying attention to
the following principles.
Herbicide rate and timing. While relying solely on glyphosate and shaving rates may provide satisfactory results in the short term, it is a risky practice in the long run and will accelerate weed species shifts and the evolution of resistant weeds. For example, some weeds considered somewhat tolerant to glyphosate (cheeseweed,
filaree, and purslane) can be controlled effectively in seedling alfalfa with glyphosate, provided the proper rate is
used and the application is made when the weeds are very small. If too low a rate is used, these weeds will proliferate. Research in Nebraska over 7 years (Wilson 2004) demonstrated a rapid increase in lambsquarters when
a low rate of glyphosate (0.5 lb ai/acre) was applied, but a higher rate (1.0 lb ai/acre) successfully controlled this
weed.
Crop rotation. One of the most effective practices for preventing weed shifts and weed resistance is crop rotation, which allows growers to modify selection pressure
imposed on weeds. Continuous (“back-to-back”) alfalfa is
not recommended for other agronomic reasons, but is especially ill-advised when it comes to management of resistance and weed shifts. Crop rotation allows the use of
different weed control practices, such as cultivation and
application of herbicides with different sites of action. For
the same reason, rotation with other glyphosate resistant
crops (e.g. RR corn or cotton) is not advisable, unless other
mitigation measures are used.
Rotation of herbicides. Rotation of herbicides reduces
weed shifts and is an effective resistance management
strategy provided the rotational herbicide is highly effective against the weed species that is not controlled with the
primary herbicide. The grower should rotate to an herbicide with a complimentary spectrum of weed control and a
different mechanism of action. Weed susceptibility charts
are useful to help develop an effective herbicide rotation
scheme (Canevari et al., 2006).

Figure 1. Field plots to evaluate herbicide tank mixes to
avoid weed shifts and resistance. Weedy control plots are
shown interspersed with glypho-sate-treated plots.

Herbicide tank mixtures. For the same reasons that rotating herbicides is effective, tank mixing herbicides is also recommended. The key is to select tank mix partners that have different target sites and that compliment each other so that when combined, they provide complete or nearly complete weed control.
Frequent monitoring for escapes. It is difficult to detect an emerging weed shift or weed resistance problem if
fields are not frequently monitored for escapes from weed management practices. Identification and frequent
monitoring can identify problem weeds early and guide management practices, including herbicide selection,
rate and timing.
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Recommended Weed Management Program for RR Alfalfa
Ultimately, growers and pest control advisors hold the key to avoiding weed shifts and resistance by reducing selection pressure. There is no single weed management program that is appropriate for all alfalfa farms—the ideal
program is area- or even field-specific. An effective program should incorporate the following principles.
For seedling alfalfa, use glyphosate alone or in a tank mix combination. The seedling stage is when alfalfa is
most susceptible to weed competition and complete weed control is difficult to achieve. Herbicide tank mixes are
often required for complete control. Therefore, it is only logical to use glyphosate for weed control in RR seedling
alfalfa for the cost savings, improved weed control, reduced crop injury, superior stand establishment, and to eliminate the small percentage of alfalfa seedlings (commonly called nulls) that do not carry the RR gene. A tank mix
may be advised if especially difficult to control weeds are present. For example, a tank mix of glyphosate with
imazamox (Raptor) or imazethapyr (Pursuit) may be advised if burning nettle is present, or a tank mix with clethodim
(Prism) will be necessary if the field or surrounding area is known to have glyphosate-resistant ryegrass.
Rotate or tank mix herbicides once or twice during the life of an alfalfa stand. It is strongly recommended that
growers rotate to another herbicide or tank mix at least once in the middle of the life of a stand, and perhaps more
often than that in areas with a long stand life. Some areas that have glyphosate tolerant weeds or where resistant
weeds are already present should rotate or use tank mixes more often. Fortunately, all of the herbicides currently
registered in alfalfa have a different target site of action than glyphosate. The soil-residual herbicides applied during the dormant season to established alfalfa [such as hexazinone (Velpar), diuron (Karmex), metribuzin (Sencor)
and pendimethalin (Prowl)] would be appropriate herbicides for a rotation or tank-mix partner. Paraquat
(Gramoxone) is another candidate for rotation, but paraquat, like glyphosate, lacks residual activity and is applied
late in the dormant season.
Rotate herbicides early in stand life so glyphosate remains effective. Weed control during the last year of an
alfalfa stand is often challenging because the stand is typically less dense and competitive and there are also fewer
herbicide options from which to choose. There are lengthy plant-back restrictions associated with many of the soil
-residual herbicides used in alfalfa so glyphosate is a good choice for controlling weeds in the final year of a RR
alfalfa field. The preference to use glyphosate in the final year of an alfalfa stand underscores the importance of
rotating herbicides earlier so that glyphosate will remain effective and continue to control the majority of the
weeds, especially during the last year of production.
Consider a soil-residual herbicide for summer annual weed control. Summer annual grass weeds such as yellow and green foxtail (Setaria spp.), barnyardgrass (Echinochloa crus-galli), and broadleaf weeds like pigweed
(Amaranthus spp.) or lambsquarters (Chenopodium album) can be problematic in established alfalfa. These are
prolific seed producers and emerge over an extended time period, typically from late winter or early spring throughout the summer. Therefore, several applications may be necessary for a strictly foliar herbicide like glyphosate to
provide season-long control. Rather than making multiple glyphosate applications, a better approach may be to apply a pre-emergence soil-residual dinitroaniline herbicide like trifluralin (Treflan) or pendimethalin (Prowl) and
follow-up with glyphosate later in the season if needed for escapes. Not only is this approach more in line with
management practices to avoid weed shifts and resistance, but it may be more economical as well, compared with
multiple applications of glyphosate.
The practice of rotating herbicides or applying tank mixtures is recommended for both dormant applications aimed
at winter annual weeds and for spring/summer applications intended to control summer annual weeds. For example, rotating to hexazinone (Velpar) for winter annual weed control for a year does nothing to prevent weed species
shifts or the evolution of resistance in the summer annual weed spectrum. Herbicides for summer annual weed control should be rotated as well.
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Conclusions
The Roundup Ready alfalfa production system has the potential to simplify weed management, while also improving the spectrum of weed control. However, growers should learn from the experience gained in other crops and
stay alert to the occurrence of weed shifts and evolution of resistant weeds. Although weed shifts and weed resistance are not unique to RR crops, the wide use of many glyphosate tolerant crops and the temptation to ONLY
use one herbicide makes weed resistance and weed shifts more likely. The key is for growers to reduce selection
pressure, not to rely on repeated applications of glyphosate year-after-year, application-after-application. Wellknown management principles are available to manage weed shifts and weed resistance in RR alfalfa. Rotate crops,
rotate herbicides and utilize tank mixes as needed, depending on the weed species and weed escapes present. Crop
rotation is also an important tool. A grower should not wait for a problem to occur before he or she employs these
practices; a preemptive approach to prevent resistance before it becomes a serious issue is needed.
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Herbicide Resistant Weed Issues and Solutions in Agronomic Crops in
the San Joaquin Valley
Steven Wright (sdwright@ucdavis.edu), Steve Orloff (sborloff@ucanr.edu), and Anil Shrestha (ashrestah@csufresno.edu)

Concern over herbicide-resistant weeds, especially glyphosate-resistant (GR) weeds, has been more prevalent in
other parts of the U.S. than in California. These other agricultural areas typically lack the crop diversity that we
often take for granted in California. These other states have large acreages of crops such as soybeans, corn, cotton and wheat which are often continually cropped due to the lack of rotation choices. Most areas do not have
the diversity of rotation crops to choose from that California is blessed with. Does this cropping diversity mean
that California is immune to the weed resistance issues that have plagued other states? It is becoming increasingly obvious that the answer to this question is…no. The increasing dependence on glyphosate tolerant crops and
adoption of reduced tillage systems underscore the need to pay attention to herbicide resistance. In fact, several
states have had to bring back cultivation in their Roundup Ready (RR) cropping systems because of GR weeds.
While California is clearly not immune to weeds evolving resistance to herbicides, crop diversity can be used to
delay and minimize the evolution of resistant weeds in both conventional and reduced tillage systems.
Herbicide resistant weeds are not a new phenomenon to California. In fact, common groundsel resistant to atrazine was documented in 1981 in asparagus in California. According to the International Survey of Herbicide Resistant Weeds website (www.weedscience.org), there are currently 26 cases of herbicide resistant weeds in California. Half of those are found in rice. Since 2005, six of the seven reported cases of herbicide resistance involved glyphosate and include the weeds horseweed, hairy fleabane, junglerice, Italian ryegrass, rigid ryegrass,
and most recently Palmer amaranth. These weeds were found in a variety of cropping systems including alfalfa,
corn, cotton, fence-lines, orchards, roadsides, and vineyards. Does this signify that crop diversity is not effective
for avoiding herbicide resistance? We believe that the key factor is not the cropping system per se but more specifically the weed management system employed. A documented case of herbicide resistance in a crop does not
necessarily mean that the weed species evolved to become resistant in that crop. Seed dispersal from an already
existing GR population in another crop or in adjacent non-crop areas is a likely scenario as well.
Increased attention has been paid to herbicide resistance since the introduction of glyphosate tolerant crops.
Glyphosate tolerant crops themselves are not the culprit, but rather the selection pressure that is imposed on weed
populations when the grower uses a single herbicide mechanism of action exclusively and does not vary the weed
management system. As discussed in other articles in this edition of CWSS Research Update and News, the evolution of herbicide resistant weeds is due to the selection pressure placed on weeds that occurs when a single
herbicide or single herbicide mechanism of action is used repeatedly. This can happen in the presence or absence
of herbicide tolerant crops. In fact, most if not all of the GR weeds in California to date were first observed in
non-RR cropping systems like orchards and vineyards and in non-crop areas such as roadsides, fence lines, and
ditches. Herbicide tolerant crops may, however, encourage the use of a single herbicide—the herbicide to which
they are resistant. To protect the value of this technology and for improved weed control in general, it is important to return to some basics of sound weed management practices. These will be discussed in relation to specific agronomic crops in the San Joaquin Valley in the sections that follow.

Cotton. RR cotton was the first genetically engineered herbicide tolerant crop used in California. The
acreage of herbicide tolerant cotton has increased dramatically in the United States. They account for approximately 95 percent of the cotton in other cotton-producing states; whereas, in California RR cotton is
grown on approximately 50 percent of the upland and 85 percent of California Pima cotton (Fig. 1). The
(Continued on page 12)
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acreage of herbicide tolerant cotton will likely continue to increase as higher yielding varieties are developed with these traits and as genetically engineered crops with resistance to more than one herbicide are
developed.
RR technology has provided growers with an excellent tool for managing most annual and perennial weeds, including weeds that have historically
been the most difficult to control such as nightshades, annual morningglory, and nutsedge. For
example, before the adoption of RR cotton, both
purple and yellow nutsedge were widespread problems in California cotton fields and existing control measures were only marginally effective at
best. Using a combination of glyphosate and cultivation, now nutsedge is seldom a serious problem.
Additional advantages of this system include the
following: Glyphosate can be applied post emergence so growers can delay application to observe
Figure 1. Herbicide use in cotton (number of acres treated with
the weeds present and their density. There are no
each herbicide) in California in 2010.
plant-back restrictions. This technology has allowed growers to reduce tillage operations and experiment with ultra-narrow row systems. Cost savings from RR technology typically range from $25 to
$200/acre.
Herbicide tolerant cotton is not a panacea. Even with this technology weeds like annual morningglory,
common lambsquarters, and barnyardgrass are increasing, especially when growers rely solely on glyphosate. In other states where RR cotton is grown on greater than 90 percent of the acreage, weed shifts have
occurred after 6 to 7 years of using reduced tillage systems coupled with extensive use of glyphosate.
These weeds include palmer amaranth, horseweed, giant ragweed, and tropical spiderwort.
In many cotton production regions, growers have become complacent with the advent of herbicide tolerant crops and have veered away from common weed control practices that used to be part of an integrated
weed management system. Effective practices such as tillage, spot treatments, early postemergencedirected applications, and hand hoeing have decreased in many areas as a result of this technology. However, now with an increase in resistant weeds such as palmer amaranth, growers are learning the benefits
of bringing back some of the older technologies into the system such as the use of at least some tillage,
hand weeding, and soil residual herbicides.
Concerns have already surfaced in California regarding reduced control of barnyardgrass, sprangletop,
pigweed, and common lambsquarter in some cases with continual use of RR systems. Amaranth species
(pigweed) is becoming more difficult to control. Volunteer RR corn in RR cotton is now a major problem. Resistance management will become a greater part of our production systems. Sprangletop, palmer
amaranth, horseweed, and hairy fleabane have now infested most canals, roadsides, and field edges
throughout the San Joaquin Valley. In some cases these weeds are beginning to encroach into cotton
fields (Fig. 2). Liberty Link systems that use Rely 280 (glufosinate) are being used on a limited basis on
upland seed fields and some Rely 280 is giving effective control on “Widestike” Acala cotton for some of
these difficult to control weeds.
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Even if growers use an herbicide tolerant system, it is
still advisable to use one of the following preplant incorporated herbicides in cotton: Prowl, Treflan, Caparol, or Caparol + Treflan/Prowl. The cost is low ($6-$8/
A) and these herbicides control most annual grasses
and many broadleaves. Rotating glyphosate or tank
mixing with ET, Chateau, Diuron, Shark, or Rely is an
effective way to control annual morningglory at layby.
Ultimately the decision of which herbicide tool(s) to
use and how to integrate different herbicides into the
weed management system will depend on their cost and
Figure 2. Palmer amaranth is an increasing problem in RR
effectiveness. The solution is not a “one size fits all”
cotton crops and is often found encroaching into fields from
approach but the key is to avoid using a single apborder areas..
proach.
Dr. Stanley Culpepper, University of Georgia Extension weed scientist, conducted a survey of weed scientists which focused on weed shifts in GR cotton systems. Six scientists in six states (AL, GA, FL, MO, NC,
and TX) responded to the survey. All scientists noted that weed shifts have occurred, and Amaranthus species, annual grasses, dayflower species (Commelina sp.), morningglory species (Ipomoea sp.), and winter
annuals were becoming more problematic in response to currently utilized GR management systems. Four
of the six states noted these shifts are of economic concern and all weed specialists are addressing weed
shift issues by recommending 1) the use of residual herbicides in current RR programs, 2) the addition of
other herbicides in mixture with glyphosate, 3) rotation to other herbicide chemistry, and 4) rotation away
from RR crops when feasible.

Corn. When RR cotton was the only glyphosate tolerant crop in California, crop rotation in itself was usually enough to avoid problems with weed shifts or resistant weeds. However, now with the commercialization of other glyphosate-tolerant crops like RR corn, cotton, and alfalfa the potential for the evolution of
herbicide resistant weeds is greater. The more crops relying on glyphosate for weed control the greater is
the selection pressure. A major concern for an increase in GR weeds is that cotton is often rotated with RR
corn and often RR volunteer corn becomes a problem in RR cotton or vice versa (Fig. 3). In addition, there
has been considerable interest in reduced tillage corn, a system that relies on glyphosate for weed control.
A crucial component of no-till corn production should be effective weed management.

Figure 3. The acreage and number of RR crops has increased and volunteer crops can be a weed problem in
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Figure 4. Herbicide
use in corn (number
of acres treated with
each herbicide) in
California in 2010.

Corn growers have access to a variety of different herbicide programs due to the sheer number and effectiveness of herbicides registered for use in corn. Despite the abundance of available herbicides for conventional corn, the RR system continues to gain popularity because it is the easiest to use in terms of
weed management, especially when tillage is completely eliminated or reduced. By the 2010 season, RR
corn comprised 50 percent or more of the total corn acreage and glyphosate was the most commonly used
herbicide in corn in California (Fig. 4). Most no-till
corn growers who use the RR system do not use a pre
-emergence herbicide, preferring instead to rely on
over-the-top applications of glyphosate, often alone
but sometimes in tank mixes with 2,4-D, dicamba,
halsulfuron (Sempra) or in conjunction with separate
treatments of these herbicides. As a result in RR corn
where glyphosate-alone is used GR jungle rice is becoming a common problem (Fig. 5). Corn growers
using dairy manure to fertilize fields need to be particularly diligent to stay on top of weed control.
Some tillage once in a while, combined with use of
herbicides with a different mechanism of action, may
be necessary for effective weed control especially
Figure 5. Glyphosate-resistant jungle rice has been conwhere dairy manure is applied to fields.

Effective Farmstead Weed Management

firmed in California and this weed is becoming problematic
in RR corn.

Sound stewardship practices to avoid weed shifts and the evolution of herbicide-resistant weeds is not
restricted to weed control practices within the actual crop fields. As mentioned earlier, many of the GR
weeds did not evolve in agronomic crop fields themselves. Instead many evolved in non-crop areas or
orchards and vineyards and subsequently invaded crop fields. Many of these annual weed species are
dispersed by wind and/or water and can therefore easily move from field borders and fence-lines into
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cropland. For example, sprangletop, horseweed, and hairy fleabane have now infested most canals, roadsides, and field edges throughout the San Joaquin Valley and in many cases these weeds are now encroaching into crop fields. Growers should be more diligent in their weed control practices and be sure to control
weeds along field edges and border areas using mechanical practices or other effective control measures.
It is imperative for growers to have a lower tolerance threshold and control weeds around fields so that
these herbicide-resistant biotypes don’t get a foothold in crop fields.

Summary
The potential for herbicide resistance in agronomic crop should receive serious and thoughtful attention.
As weed management systems change with new herbicides and with the introduction of herbicide resistant
crops, resistant management must become an integral part of the production system. With the selection
pressure brought about by continuous use of the same herbicide, herbicide resistance can soon render herbicide resistant crops significantly less effective.
A sound approach to resistance management must incorporate crop and herbicide rotation and control of
weed escapes through tillage or hand weeding. An integrated weed management system supplements an
existing transgenic or conventional weed control program and uses a variety of the available pre-plant, selective over-the-top and layby herbicides along with tillage. Keep in mind that many weeds were not easily
controlled before herbicide tolerant technology was available. Although herbicide tolerant crops provide
an easy-to-use and effective tool, it will continue to be necessary to use a range of weed management strategies in the future to economically and effectively control weeds and prevent to the greatest degree possible weeds from building up in the seed bank to infest future crops.
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Rotate Herbicide Modes of Action to Prevent and Manage Glyphosate
Resistant Weeds in Orchards and Vineyards
Brad Hanson (bhanson@ucdavis.edu) and Lynn Sosnoskie (jmsosnoskie@ucdavis.edu)
Department of Plant Sciences, University of California, Davis
Most of this information was originally prepared as an article entitled “Preventing and Managing Glyphosate-Resistant Weeds in Orchards and Vineyards” by E. Peachey, R. Boydston, B. Hanson, K. Al-Khatib, and T. Miller. This series of UC-IPM bulletins from glyphosate-resistant weed workshops
can be found at: http://www.ipm.ucdavis.edu/IPMPROJECT/glyphosateresistance.html

Glyphosate is the most widely used herbicide for the management of emerged weeds in California orchards and
vineyards. Glyphosate is a broad-spectrum product with activity on many annual and perennial grasses, broadleaves, and sedges. Once applied, glyphosate is tightly bound to soil and has no residual activity; weeds that emerge
after glyphosate is applied are not controlled. Thus, glyphosate must be used multiple times per year, or as part of
an integrated and comprehensive weed management pro-gram, to obtain season-long weed control.

Due to the low cost of glyphosate and its effectiveness on numerous weeds, it is tempting for growers to eliminate other weed control practices or herbicides from their management programs. However, multiple applications of the same herbi-cide, over time, can select for weeds that are not controlled by that product. These
weeds may be naturally tolerant to the herbicide, or the weeds may have evolved resistance to the herbicide. If
this same herbicide is used repeatedly without employing any other control measures or herbicides with a different mode of action, the frequency of the resistant or tolerant biotypes in the population will increase over
time.
Because of an over-reliance on this herbicide, glyphosate-resistant weeds have become a major issue in several
cropping systems around the world. Currently, there are 21 weed species known to have developed resistance
to glyphosate, 13 of which are found in the United States. Five of these have become common in orchards and
vineyards of California—hairy fleabane (Conyza bonariensis), horseweed or mare’s tail (Conyza canadensis),
Italian ryegrass (Lolium multiflorum), rigid ryegrass (Lolium rigidum), and junglerice (Echinochloa colona).

Figure 1. Glyphosate-resistant horseweed in a raisin vineyard near Parlier, CA (left) and glyphosate-resistant
ryegrass in a walnut orchard near Winters, CA. Photos by B. Hanson

(Continued on page 17)
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Rotate herbicide MOA: Herbicides kill plants by inhibiting specific physiological processes, often targeting
a particular enzyme or protein; based on their activity within a plant, herbicides are then grouped into classes defined by their modes of action or sites of action (Table 1). For example, glyphosate (a group 9 herbicide) affects
an enzyme called EPSPS (5-enolpyruvyl shikimate3-phosphate synthase).
Similar to the way fungicide-resistance is managed by rotating FRAC groups; using herbicides with different
modes of action (either in tank mixes or in rotation) will reduce the selection for glyphosate-resistant weeds and
minimize the impacts of existing resistant species. To manage or prevent glyphosate-resistant weeds, growers
should use herbicides that affect weeds differently than glyphosate (Tables 1 and 2). Combining an herbicide that
has soil residual activity with glyphosate or with another postemergence herbicide can also greatly extend the period of weed control and eliminate or reduce the need for multiple applications of postemergence herbicides.
Table 1. Herbicide Modes of Action Available in California Vineyards and Orchards.
MOA Group1

Mode of Action

A/1

ACCase inhibitor

B/2

ALS inhibitor

C1 / 5

Photosystem II inhibitor

Example herbicides
clethodim (Prism), fluazifop-p-butyl (Fusilade),
sethoxydim (Poast)
flazasulfuron (Mission), penoxsulam (Pindar GT), rimsulfuron (Matrix), halosulfuron (Sandea)
simazine (Princep,Caliber 90)
diuron (Karmex,Diurex)

C2 / 7
D / 22

Photosystem I inhibitor

diquat (Diquat), paraquat (Gramoxone Inteon)

E / 14

PPO inhibitor
Carotenoid biosynthesis inhibitor

flumioxazin (Chateau) , oxyfluorfen (Goal, GoalTender),
carfentrazone (Shark), pyraflufen (Venue), saflufenacil
(Treevix)
norflurazon (Solicam)

G/9

EPSP synthase inhibitor

glyphosate (Roundup)

H / 10

Glutamine synthase inhibitor

glufosinate (Rely 280)

K1 / 3

Microtubule assembly inhibitor

oryzalin (Surflan, Farm Saver), pendimethalin (Prowl H2O),
pronamide (Kerb), thiazopyr (Visor)
napropamide (Devrinol)

Cell wall synthesis inhibitor

dichlobenil (Casoron)

F1 / 12

K3 / 15
L / 20

isoxaben (Trellis)

L / 21

indaziflam (Alion)

L / 29
N/8

Fatty acid and lipid synthesis inhibitor

EPTC (Eptam)

O/4

Synthetic auxin

2,4-D (Clean-crop, Orchard Master)

clove oil (Matratec), d-limonene (GreenMatch),
No accepted MOA classification, usually
pelargonic acid (Scythe)
considered general membrane disruptors
1
Herbicide mode of action designations are according to the Herbicide Resistance Action Committee (letters) and the Weed Science
Society of America (number) systems.
NC

Non-chemical management: Cultivation can be extremely helpful in preventing shifts to species that are
tolerant of herbicides. Small seedlings of many weeds are easily controlled with cultivation. Cultivation equipment
used in orchards and vine-yards includes narrow under-vine rototillers, small disk harrows, and a wide assortment
of tools designed to cut weeds off just under the soil surface. Like other weed management practices, overuse of
cultivation may increase cultivation-re-sistant species, including perennial weeds. Cultivation equipment must be
properly set to make sure it does not damage roots or tree trunks. Shields around tires and implements help minimize aboveground damage to tree trunks. Permanent sod strips are often used in vineyards and orchards to improve access and reduce dust (Figure 2, right). They also prevent establishment of some weedy species but must be
well-managed with mowing to prevent excessive water use.
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Preventing and managing resistance: Orchards and vineyards should be monitored for weed escapes.
The identity of the escapes is often telling about whether herbicide-resistance, or another factor, is responsible for
the herbicide failure. If there is a mixture of species present, the problem is more likely related to environment at

Figure 2. A timely cultivation (left) often eliminates many weed escapes following an herbicide application
(Photo by R. Boydston). Sprayed strips and mowed prune orchard middles (right) in CA. Photo by B. Hanson.

the time of spraying or poor application procedures. If the escapes are primarily a single species, if the herbicide
treatment previously controlled the escaped species, and if a single herbicide has been used repeatedly, then the
weed is more likely to be resistant. Do not re-spray suspected resistant weeds with the same herbicide. Instead,
collect samples for confirmation of resistance.
If an herbicide-resistant species is identified and confirmed, keep the weed from producing seed and clean field
equipment to prevent spreading the weed from one field to another. Begin using cultivation, mowing, or herbicides with a different mode of action to prevent the resistant species from flowering and producing seed.

Conclusions
Utilizing multiple weed management tactics will help prevent the buildup of glyphosate-resistant weed species in
perennial cropping systems. To prevent development of glyphosate resistance, several important steps need to be
considered:
1. If glyphosate resistance is not present, use preemergence treatments followed by a tank mix of postemergence products to minimize the selection pressure for new cases of resistance. Consider using other nonselective herbicides for burndown control.
2. To delay resistance from developing, use higher glyphosate rates (do not cut the rate). The resistance is likely to be polygenic (i.e., caused by several factors, not just one genetic mutation), and cut rates may make
the problem worse.
3. If glyphosate resistance is present, growers may continue to use glyphosate but must mix it with other herbicides that are effective on the resistant weeds.
4. The level of glyphosate resistance is usually lower when weeds are very small. If continuing to use glyphosate in orchards or vineyards with resistant weeds, then tank mix glyphosate with other herbicides and
make the application when the weeds are small.
PAGE 18

Volume 9, Number 1

(Continued from page 18)

5. Use other means to manage weeds such as cultivation and mowing in orchards and vineyards.
6. And, of course, do not let weeds go to seed!

Postemergence

Grape

Kiwi

Olive

Pomegranate

N
N
N
N
N
N
N
N
N
N
R
N

N
N
N
N
NB
N
NB
N
N
R
R
N

R
R
N
R
R
R
R
R
R
R
R
R

N
N
N
N
N
N
NB
R
N
R
R
N

N
R
N
N
NB
N
NB
N
N
R
R
R

N
N
N
N
NB
N
NB
N
N
R
R
R

Peach

N
R
R
N
NB
R
NB
N
R
R
NB
R

Nectarine

N
N
N
N
NB
N
NB
N
R
R
R
N

Cherry

---------stone fruit --------N
R
N
N
N
N
N
N
R
N
N
N
N
N
N
N
N
N
N
N
R
R
R
R
R
R
R
R
R
R
NB NB NB NB NB
N
N
N
N
N
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R

Apricot

Pear

Apple

Walnut

Fig

d-limonene (GreenMatch )
fluazifop-p-butyl (Fusilade)
glyphosate (Roundup)
glufosinate (Rely 280)
halosulfuron (Sandea)
paraquat (Gramoxone Inteon)

- pome R
R
R
R
N
N
N
N
R
R
R
R
NB NB
N
N
R
R
R
R
R
R
R
R

Date

clove oil (Matratec )
2,4-D (Clean-crop, Orchard Master)
diquat (Diquat )

----- tree nut ------N
N
N
N
N
R
N
R
R
N
N
R
N
N
N
N
R
R
R
R
R
R
R
R
R
R
R
R
R
N
N
N
R
R
N
R
R
R
R
R
R
R
R
R
R
R
R
R

Citrus

L / 20
C2 / 7
N/8
B/2
E / 14
L / 29
L / 21
K3 / 15
F1 / 12
K1 / 3
E / 14
K1 / 3
B/2
K1 / 3
B/2
C1 / 5
K1 / 3
E / 14
A/1

Avocado

dichlobenil (Casoron)
diuron (Karmex,Diurex)
EPTC (Eptam)
flazasulfuron (M ission)
flumioxazin (Chateau)
indaziflam (Alion)
isoxaben (Trellis)
napropamide (Devrinol)
norflurazon (Solicam)
oryzalin (Surflan, Farm Saver)
oxyfluorfen (Goal, GoalTender)
pendimethalin (Prowl H 2 O)
penoxsulam (Pindar GT )
pronamide (Kerb)
rimsulfuron (Matrix, Mana )
simazine (Princep,Caliber 90)
thiazopyr (Visor)
carfentrazone (Shark, Rage)
clethodim (Prism)

Pistachio

Group 1

Pecan

M ode of
Action

Plum / Prune

Preemergence

Herbicide-Common Name
(example trade name)

Almond

Table 2. Herbicide Registration on California Tree and Vine Crops -(updated: December 2012 - UC Weed Science)

R
N
R
R
NB
R
NB

R
N
R
R
N
R
NB

R
N
R
N
NB
R
NB

R
N
R
R
NB
R
NB

N
R
R
R
N
R
NB

N
R
R
R
N
R
NB

N
R
R
N
NB
R
NB

N
R
R
R*
NB
R
NB

N
R
R
R
NB
R
NB

N
R
R
R
NB
R
NB

N
R
R
N
NB
R
NB

N
N
N
R
N
R
N

N
N
R
R
R**
R
R

N
N
N
N
N
R
N

N
N
N
N
N
R
N

N
R
R
R
NB
R
NB

N
N
N
N
N
R
N

N
N
N
R
N
R
NB

N
N
N
N
N
R
N

NC
O/4
D / 22

R
R
NB

R
R
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R
R
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R
R
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R
R
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R
R
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R
R
NB

R
R
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R
R
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R
R
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R
R
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R
N
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R
N
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R
N
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R
N
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R
R
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R
N
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R
N
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R
N
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NC3
A/1
G/9
H / 10
B/2
D / 22

R
NB
R
R
N
R

R
R
R
R
R
R

R
NB
R
R
R
R

R
NB
R
R
R
R

R
NB
R
R
N
R

R
NB
R
N
N
R

R
R
R
N
N
R

R
R
R
N
N
R

R
R
R
N
N
R

R
R
R
N
N
R

R
R
R
N
N
R

N
NB
R
N
N
R

R
NB
R
N
N
R

N
NB
R
N
N
N

R
NB
R
N
N
R

R
R
R
R
N
R

R
N
R
N
N
R

N
NB
R
N
N
R

N
NB
R
N
N
N

3

3

pelargonic acid (Scythe )
NC
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
N
pyraflufen (Venue )
E / 14
R
R
R
R
R
R
R
R
R
R
R
N
N
R
R
R
R
R
R
saflufenacil (Treevix )
E / 14
R
N
R
R
R
R
N
N
N
N
N
N
R
N
N
N
N
N
N
sethoxydim (Poast)
R
R
R
R
R
R
R
R
R
R NB NB R NB NB R
N NB NB
A/1
Notes: N = Not registered, NB = nonbearing, R = Registered. This chart is intended as a general guide only.
Always consult a current label before using any herbicide as labels change frequently and often contain special restrictions regarding use of a company's product.
Weed susceptibility information and the most up to date version of this table can be found at the Weed Research and Information Center (http://wric.ucdavis.edu)
1
Herbicide mode of action designations are according to the Herbicide Resistance Action Committee (letters) and the Weed Science Society of America (number) systems.
2

Simazine is registered on only sour cherry in CA. Thiazoypr is registered on orange and grapefruit only.
3 NC = no accepted site of action classification; these contact herbicides are general membrane disrumptors.
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Evolution of Herbicide-resistant Weeds or Species Shift in Non-crop
Areas of the Central Valley?
Anil Shrestha1(ashrestha@csufresno.edu), Steven D, Wright2(sdwright@ucdavis.edu), Kurt J. Hembree3(kjhembree@ucanr.edu),
and Richard Miller4 (rmiller@dow.com)
1
Dept. of Plant Science, California State University, Fresno, CA
2
University of California Cooperative Extension, Tulare, CA
3
University of California Cooperative Extension, Fresno, CA
4
Dow AgroSciences, CA

Evolved resistance to herbicides in several important weed species is a global phenomenon and a matter of great
concern as there are a limited number of herbicide modes-of-action (MOA) and very few new herbicide active ingredients in the pipeline. Globally, there are 393 biotypes of weeds that are deemed to be resistant to one or more
herbicides (Heap 2012). Of even more concern are glyphosate-resistant (GR) weeds, as glyphosate is one of the
most popular herbicides in agricultural and non-agricultural systems. Of the 24 weed species with confirmed GR
biotypes, California has five: rigid ryegass (Lolium rigidum), Italian ryegrass (L. multiflorum), horseweed (Conyza
canadensis), hairy fleabane (C. bonariensis), and junglerice (Echinochloa colona). These GR weed biotypes have
been observed in agricultural and non-agricultural systems. All of these but junglerice are problematic roadside
weeds. However, herbicide resistance has not been limited to glyphosate in California and there are 19 different
weed species reported to have herbicide-resistant biotypes in California (Table 1). Although some of these species
have been reported from non-crop areas such as roadsides, much of the local and national attention has focused on
herbicide resistance in agricultural weeds.
Weeds that grow on field margins cannot be marginalized and they should be a part of integrated weed management because these weeds can move into agricultural fields, especially those species with wind-disseminated seeds,
and add to the weed seedbank. Of importance are weeds on roadsides, ditchbanks, canal banks, and other rights-ofway. Seeds from weeds growing near water ways and canal banks can also travel with water and invade crop fields.
A recent example of such invasion seems to be sprangletop in orchards and vineyards. A similar example of such
invasions in the past few years is that of horseweed and hairy fleabane. Glyphosate-resistant biotypes of these
weed species were first documented from non-crop areas adjacent to irrigation canals and ditchbanks. It is not
known if the selection pressure of glyphosate in these non-crop areas led to glyphosate-resistant biotypes which
moved to crop areas or if occurrence of glyphosate-resistant horseweed and hairy fleabane in crop and non-crop
areas were independent events. Therefore, integrated weed management and planning for herbicide-resistance
management may require a landscape approach where weeds in cropped and non-cropped areas are considered integral parts of the landscape.
As seen in Table 1, herbicide-resistant biotypes of weeds have been reported for about eight different MOAs. Although most of these reports have been from cropped areas, several of these weed species also occur in non-crop
areas such as roadsides, railway tracks, right-of-way areas, fallow areas, and canal banks. In the recent few years,
much of our focus has been on horseweed and hairy fleabane, primarily due to reports of GR biotypes. Most of the
extension effort was focused on the need to use herbicides with different MOAs in these areas. Although these two
weed species have not disappeared from the landscape, growers and land managers in these areas are taking appropriate actions to manage these GR biotypes. However, this year and in the past year, certain species are becoming
more prominent in the non-crop areas of the Central Valley than in previous years. These species include pigweeds
(primarily Palmer amaranth, spiny pigweed), Russian thistle, prickly lettuce, and common sunflower. It is not
known, if alternate MOAs being used in these areas are causing a species shift to these weeds or herbicide-resistant
biotypes of these weed species are evolving.
(Continued on page 21)
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Table 1. Documented cases of herbicide-resistant weeds in California (Heap 2012; www.weedscience.org)

Weed species
Common groundsel
Perennial ryegrass
Umbrella sedge
California arrowhead
Russian thistle
Redstem
Ricefield bulrush
Longleaved loosestrife
Late watergrass
Barnyardgrass
Early watergrass
Littleseed canarygrass
Wild oat
Smooth crabgrass
Rigid ryegrass
Italian ryegrass
Horseweed
Hairy fleabane
Junglerice

Situation
Asparagus
Roadsides
Rice
Rice
Roadside
Rice
Rice
Rice
Rice
Rice
Rice
Onion
Barley, oat
Rice
Almond
Almond
Canalbanks
Roadsides
Almond, roadsides

Herbicide MOA
Photosystem II inhibitors (Atrazine)
ALS inhibitors
ALS inhibitors
ALS inhibitors
ALS inhibitors
ALS inhibitors
ALS inhibitors
ALS inhibitors
ACCase inhibitors, thiocarbamates
ACCase inhibitors, thiocarbamates
ACCase inhibitors, thiocarbamates
ACCase inhibitors
Pyrazoliums
Synthetic auxins
Glycines
Glycines
Glycines
Glycines, bipyridiliums
Glycines

The glyphosate-resistant biotype of Palmer amaranth has already been documented in several states. A suspected
GR biotype of Palmer amaranth is being tested for confirmation in the neighboring state of Arizona. Although we
do not have a confirmed case of GR Palmer amaranth in our state, there are reasonable grounds to suspect that
they may be present in our state, especially in the Central Valley as this weed seems to occur particularly in field
edges of Roundup Ready corn cotton and alfalfa, and roadsides (Fig. 1). In fact, in some areas, it is displacing
hairy fleabane and horseweed.

.

Fig.1. Palmer amaranth in field edges of Roundup Ready corn (left) and roadsides in Tulare County (right).
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Fig.2. Palmer amaranth survivors of application of
labeled rate of glyphosate in Stockton .

Seeds from Palmer amaranth plants escaping labeled rate of glyphosate application (Fig. 2) in Stockton were
collected and tested in summer 2010 for possible case of resistance by spraying glyphosate (Roundup
Weathermax) at 27 oz/ac. None of the plants that were less than 6 inches tall survived the glyphosate application but interestingly, all the plants that were taller than 6 inches tall survived. This study concluded that
the case in the Stockton area was not glyphosate resistance but probably a result of plants being too large at
the time of application. However, this species is becoming more prominent in the Central Valley and seeds
are being collected from various locations to test for glyphosate resistance again. It will be interesting to see
if these are cases of glyphosate resistance or species shifts.
Escapes of Russian thistle and horseweed resistant to some ALS inhibiting herbicides, primarily sulfonylureas have been reported but it has not been confirmed if these cases are of herbicide resistance. Although these
reports were from the Central Coast, increased prevalence of Russian thistle in roadsides was observed in
the Central Valley in 2012. Figure 4 shows Russian thistle escaping a sulfonylurea herbicide application in a
highway median of US 101. Similarly, other pigweed types in general are becoming more prominent in the
Central Valley along with prickly lettuce, sowthistles, common sunflower, shortpod mustard, and Russian
thistle. Further, there are reports of difficulty in controlling shortpod mustard with sulfonylureas and glyphosate. Shortpod mustard has a challenging life cycle – growing as a biennial or even a short-lived perennial. The roots of shortpod overwinter, and are not well-controlled by some post-emergent herbicides. So
populations might be escaping the post-emergent sprays (tolerance) or there may be some resistance development to one or more herbicide classes.
Therefore, the question is if these species in non-crop areas have evolved resistance to herbicides or is it
merely a species shift in response to selection pressure imposed in these areas or changes in rainfall patterns
we have had in these areas in recent years? Nevertheless, we should monitor these changes in dominant
weed species and be vigilant for herbicide escapes and begin to take a proactive approach to prevent the onset of herbicide resistance in these species at a landscape level.
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Fig. 3. Russian thistle and shortpod mustard plants
escaping sulfonylurea applications in the medians of
US Highway 101 north of Gonzalez.

Release of the new “Weed Control in Natural Areas in the Western United
States” book
The new book on control options for 340 weeds of natural areas is expected
to be released on January 21, 2013. This is just in time for the CWSS meetings in Sacramento. The retail price of the book is $37 plus tax, but it will be
available for sale only at the CWSS meeting at a $5 discount ($32). This 544
page book was compiled by 15 weed scientists from around the western US
and is the most comprehensive book on control of non-crop weeds in the
world. It provides both chemical and non-chemical control options, as well as
biological information and many other chapters on control techniques, equipment, rainfast times, grazing restrictions, etc. The book is published through
the University of California Weed Research and Information Center. After
the CWSS meeting, the book can be purchased through the California Invasive Plant Council (cal-ipc.org) for those living in the state or through the
Western Society of Weed Science (wsweedscience.org) for those outside
California.
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