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Abstract
The ability of Poa annua L. to adapt to most turfgrass environments extends to its

ability to develop resistance to commonly used herbicides. Herbicide resistant P.
annua is of almost epidemic proportions. The loss of once viable chemical-based

treatments pushes practitioners towards more expensive, and often less effective,

Abbreviations:: EPA, Environmental Protection Agency; HRAC, Herbicide Resistance Action Committee; IWM, integrated weed management; MOA, mode

of action; SOA, site of action; WSSA, Weed Science Society of America.
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control strategies. This management guide focuses on integrated weed management

(IWM) practices for P. annua control and herbicide resistance—what it is and how to

overcome it. Also discussed are resistance mechanisms and documentation of com-

mon occurrences of field-level resistance within much of the United States. Finally,

a summary of some of the social and economic constraints that practitioners face in

the implementation of IWM strategies for P. annua is discussed.

1 INTRODUCTION

1.1 Herbicide resistance

Poa annua L. is historically a troublesome, if not impor-

tant weed of turfgrass (Christians, 1996; Van Wychen, 2020).

Reliance upon herbicides as the primary means of control has

led to almost overwhelming presence of herbicide resistance

globally (Figure 1; Heap, 2023; Norsworthy et al., 2012).

There are 49 herbicide resistant P. annua cases reported

worldwide and there are 18 cases reported in the United States

(Heap, 2023). Cases are likely severely under-reported based

upon ongoing research (Ignes et al., 2023; Rutland et al.,

unpublished data, 2023; Singh et al., 2021). The worrying

trend is that for some turfgrass scenarios, there are no longer

effective means of chemical control (Allen et al., 2022).

Herbicide resistance can have severe economic conse-

quences for turfgrass managers and producers by affect-

ing aesthetics, playability, surface stability, integrity of the

desired turfgrass species, and yield (e.g., sod and seed pro-

duction). To control resistant weeds, turfgrass managers must

often increase their input costs by purchasing alternative her-

bicide chemistries and investing in additional labor to remove

resistant weed populations using alternative, integrated weed

management (IWM) methods (Carroll et al., 2021a, 2021b;

Elmore et al., 2023; Johnson, 1994).

Herbicide resistance occurs from the repeated use of her-

bicides with the same site of action (SOA), or mechanism,

which therefore selects for resistant plants (Norsworthy et al.,

2012). These uncontrolled plants reproduce, leading to an

increased prevalence of resistance within a local population.

Progeny from the resistant population may move off-site as

seed on equipment or athletic attire.

Options for controlling resistant populations are improved

by understanding what herbicides the resistant population is

susceptible to. Ultimately, chemical weed control with multi-

ple SOA will be more effective and long-lived than repeatedly

relying on one SOA (Cross et al., 2015). Furthermore, chem-

ical control strategies are only one of several integrated

approaches to managing herbicide resistant P. annua (Barua

et al., 2021; Brosnan et al., 2020; Carroll et al., 2021a, 2021b;

Guertal & McElroy, 2018; Imaizumi et al., 1997; Varco &

Sartain, 1986).

1.2 How herbicides work

Herbicides can be classified in various ways, but the intent

of any classification system should be to characterize the use

in a particular crop or scenario. To quote Zimdahl (2013),

“An adequate classification cannot be created for any group

as large as herbicides by dividing the group in two.” In

turfgrass, like many other cropping systems, herbicides are

classified foremost as “preemergence” or “postemergence”

herbicides. Preemergence, or residual herbicides, prevent suc-

cessful germination and maturation of seedling weeds but may

also negatively affect the intended turfgrass crop through the

same mechanism (e.g., inhibition of root or shoot growth).

Postemergence herbicides are applied on existing weeds or

to established crops. Note that there is considerable cross-

over between pre- and postemergence herbicides, with a

spectrum rather than polar range of activities of many her-

bicides. Herbicides are generalized as either “selective” or

“non-selective.” Selectivity is affected by turfgrass species

tolerance, weed susceptibility, application rate, and appli-

cation technology (e.g., liquid- or granular-applied), among

others. Furthermore, herbicides can be “contact” or “sys-

temic” in nature. Contact herbicides are generally absorbed

through the leaf surface and do not require extensive translo-

cation within the plant to be effective. Contact herbicides

may disrupt cell membranes, causing plant cells to rupture

and rapidly degrade. Alternatively, systemic herbicides are

absorbed by roots and/or foliage and translocate within the

plant.

To enter and circulate within a plant, herbicide molecules

may move through either the apoplast, symplast, or both

(Zimdahl, 2013). The apoplast consists of nonliving parts of a

plant where water movement occurs by passive diffusion (i.e.,

driven by transpiration of water from the roots up through the

plant and eventually into the atmosphere). The symplast refers

to the continuous arrangement of interconnected living tis-

sue. In this tissue, water movement occurs by osmosis and/or

active transport.

A mode of action (MOA) or SOA refers to the process or

location within a plant that is affected after foliage, roots, or

seeds come into contact with the herbicide. Mode of action

describes the broad process within the plant that is disrupted

by an herbicide. That MOA involves absorption into the plant,
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translocation or movement within the plant, metabolism of the

herbicide, and the physiological plant response. Site of action

and MOA are often used interchangeably to describe the spe-

cific physiological binding site or enzymatic process within

the plant that is disrupted by an herbicide. Examples of herbi-

cidal activity include build-up of toxic byproducts, decreased

light harvesting, and reduced production of components like

amino acids or cofactors for other plant processes (Shaner,

2014; Weed Science Society of America, 2021; Zimdahl,

2013).

1.3 Herbicide site of action classification

In 1995, the Herbicide Resistance Action Committee (HRAC)

and Weed Science Society of America (WSSA) commis-

sioned an herbicide categorization system based on herbicide

SOA (Retzinger & Mallory-Smith, 1997). A classification

system was developed with the idea that if herbicide SOAs

were well known, recommendations for herbicide resistance

management would be easier to understand. With few excep-

tions, herbicides with the same SOA are assigned a group

number (Figure 2; Weed Science Society of America, 2021).

These numbers are commonly listed on herbicide product

labels and may also list the active ingredient. The US Envi-

ronmental Protection Agency (EPA) currently recommends

that herbicide labels display the group number that identifies

the SOA for all active ingredients in the product (Figure 3).

Rotation among herbicide SOAs between years and within

seasons is crucial to slowing the evolution of herbicide resis-

tance. However, mixing or using premixtures of effective

herbicides with different SOAs may delay resistance longer

than single-herbicide applications alone or in annual sequence

(Norsworthy et al., 2012).

1.4 Resistance evolution

After an herbicide application, plants that escape control pro-

duce seed and become more widespread in the environment,

leading to an increased resistant population in the local seed-

bank (Norsworthy et al., 2012). That population may move

off-site as seed or vegetatively.

Currently, resistance to 21 of the 31 known SOA are

reported (515 herbicide resistant weeds [species × SOA]

listed worldwide; Heap, 2023). The United States represents

roughly 30% of these cases. Globally, weed species are accu-

mulating resistance mechanisms (Gaines et al., 2020), dis-

playing multiple resistance across many herbicides (Powles

& Yu, 2010), and are posing a greater challenge to herbi-

cide sustainability in world agriculture (Gould et al., 2018).

Mechanisms of resistance are simply how plants can tolerate

or recover from an herbicide application. Resistance mech-

Core Ideas
∙ Poa annua herbicide resistance is common world-

wide.

∙ An integrated weed management (IWM) strategy

is necessary to combat herbicide resistance and

maximize control.

∙ Management success relies upon a diverse range of

control options and stakeholder cooperation.

∙ Economics and biological complexity of the prob-

lem pose a significant constraint to IWM adoption.

anisms are classified as either target site or nontarget site

resistance.

1.4.1 Target-site resistance

Target site resistance occurs when the intended herbicide

binding location undergoes a conformational change in struc-

ture. This change reduces the binding of an herbicide at

the SOA, thus reducing herbicide efficacy. Most targeted

plant populations have very low occurrence of this structural

“defect.” In fact, the binding sites that are structurally differ-

ent from that normally present in the natural population may

have a negative consequence on the plant’s health, referred to

as “fitness penalty” or “fitness cost” (Vila-Aiub et al., 2009).

The process of repeated selection using the same herbicide

SOA expands this trait across an entire population, leading to

population-wide resistance. Target site resistance in P. annua
in the United States is reported to acetolactate synthase (ALS)

Inhibitors (Group 2) (Brosnan et al., 2015, 2016; Cross et al.,

2013; McElroy et al., 2013; Rutland et al., unpublished data,

2023), microtubule assembly inhibitors (Group 3) Ignes et al.,

2023; Rutland et al., 2022; Rutland et al., unpublished data,

2023), photosystem II (PSII) inhibitors (Group 5) (Kelly et al.,

1999; Perry et al., 2012; Rutland et al., unpublished data,

2023), and enolpyruvyl shikimate-3-phosphate (EPSP) syn-

thase inhibitors (Group 9) (Rutland et al., unpublished data,

2023). In some cases, the P. annua is resistant to more than

one SOA (Brosnan et al., 2015; Ignes et al., 2023; Singh et al.,

2021).

1.4.2 Non-target site resistance

Non-target site resistance is associated with the plant’s abil-

ity to metabolize an herbicide or plant characteristics that

decrease herbicide absorption or translocation, which may

lead to ineffective control (Gaines et al., 2020). There are
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F I G U R E 1 Chronological increase in unique resistant weeds (independently observed and reported populations) and Poa annua cases globally,

and the increase in unique resistant weeds and P. annua cases in the United States (Heap, 2023).

many ways non-target site resistance can occur, such as

reduced herbicide absorption through plant leaves, reduced

translocation, sequestration of herbicide into the vacuoles, or

alteration of the activity of transporters present in the plasma

membrane.

Metabolism based non-target site resistance may increase

activity of metabolic enzymes, such as cytochrome P450 and

glutathione S-transferase. These enzymes enhance the defense

system of plants and may bind the herbicides and render them

inert or ineffective. Cases of non-target site resistance in P.
annua in the United States are currently few and include a

report on atrazine (Group 5) (Svyantek et al., 2016) and also

methiozolin (WSSA Group 30) (Brosnan et al., 2016). The

mechanism of resistance in P. annua to other herbicides, such

as ethofumesate (Group 15) and indaziflam (Group 29), is

currently unknown. Overall, there are many ongoing research

projects on the topic of herbicide resistance mechanisms in P.
annua, and future discoveries in this area will be beneficial in

developing control strategies.

2 SCREENING

2.1 Screening for resistance

Confirming resistance in weed species such as P. annua
requires use of scientific protocols; simply failing to be con-

trolled by a single herbicide treatment in the field does not

result in a plant being designated as “resistant” (Beckie et al.,

2000; Heap, 2005). To be defined as a resistant weed, the plant

in question must survive a dose of herbicide that is normally

lethal to the wild type; the response must be heritable and

must be confirmed using a scientific protocol. Furthermore,

the response must have practical field impact, and the species

must be naturally occurring in the field.

Scientific protocols to confirm resistance have been

reviewed (Burgos et al., 2013) and are updated as both tech-

nology (to conduct research on resistance) and new cases

of herbicide resistance evolve or are reported. Classically,

resistance confirmation is conducted via dose-response exper-

iments where putative resistant plants are exposed to a wide

range of herbicide doses under controlled conditions, along

with a biotype (of the same species) known to be herbicide

susceptible. A quantifiable response variable (e.g., biomass)

is used to compare the presumed-resistant and susceptible

biotypes across the range of doses studied. While effective,

this method is time consuming and limits the ability to return

results to practitioners within the season.

Efforts have been made to develop laboratory bioassays to

screen suspect weeds for herbicide resistance more expedi-

tiously (Burgos et al., 2013). These tests, often called “quick

tests” or “rapid assays” are conducted in tissue culture media

and are advantageous because they can be used to discern

resistance, whether the mechanism is a function of target site

mutation, metabolism, sequestration, or altered biokinetics

(Gaines et al., 2020; Kaundun, 2021). Similar to classical dose

response tests, rapid assays require known susceptible and

resistant plant material for the herbicide in question. Given

that herbicides are typically more bioavailable in tissue cul-

ture media (compared to soil), herbicide doses used in these

assays may not be easily transferable to field conditions.

In P. annua, assays using tissue culture agar have been

developed to discern resistance to active ingredients within

the following herbicide groups:

∙ Group 2 – trifloxysulfuron (Brosnan et al., 2017; Cross

et al., 2013)

∙ Group 3 – prodiamine, pendimethalin, dithiopyr (Cutulle

et al., 2009)

∙ Group 5 – simazine (Kelly et al., 1999)

∙ Group 9 – glyphosate (Brosnan et al., 2017)

∙ Group 29 – indaziflam (Pritchard, 2022)

While these assays can be used by laboratories to return

results to turfgrass managers in ≤14 days (once seed is avail-

able), they only explore P. annua response to a limited cohort

of herbicides used for control in the field. In situations where

a rapid test is not available, classical dose-response testing

(using whole plants) is the preferred method of resistance test-

ing. For herbicides that are primarily absorbed via foliage
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F I G U R E 2 This Herbicide Classification Poster categorizes

herbicides that are commonly used to control Poa annua in turfgrass

systems. Categories are based upon unique binding sites and

mechanism of binding within a plant. This poster is free to download at:

resistpoa.org/tools/site-of-action-poster/

F I G U R E 3 An example of the first page of an herbicide label

showing the Herbicide Resistance Action Committee (HRAC) / Weed

Science Society of America (WSSA) Group 2 (acetolactate-synthase

inhibiting herbicides), clearly visible at the top of the label. This

communicates to users the active ingredient and the site of action for

the product.

(e.g., glufosinate-ammonium), this can be conducted using

mature plants established in peat-based greenhouse growing

media, whereas those absorbed via plant roots (e.g., pron-

amide) should be tested using soil similar to that present at

the field site from which plants are collected.

2.2 Resist Poa: An example of herbicide
resistance screening
Individual turfgrass sectors (golf courses, athletic fields, sod

production, and lawn care operations) each perform unique

management practices related to turfgrass selection, mow-

ing, irrigation, cultivation, and labeled pesticide use. In many

cases, soils may also be significantly modified to support

a particular use. For example, many golf greens, tee boxes,

and professionally managed athletic fields may have a con-

structed sand-based rootzone to support infiltration and traffic

tolerance.

Many of these practices and characteristics that make a tur-

fgrass sector unique can play an important role in a site’s

susceptibility to herbicide resistance. This can be due in part

to the way in which particular management practices (e.g.,

irrigation, fertilization, mowing) affect the turfgrass’s ability

to be competitive, allowing P. annua populations to thrive.

Susceptibility to resistance may also be due to the limited

number of herbicides labeled for particular use sites. For

example, some herbicides are labeled for postemergence con-

trol of P. annua on golf course putting greens. Similarly, some

products may not be suitable for a particular turfgrass species

or soil type. Further, some herbicides diminish in activity in

certain soil types (Brosnan et al., 2013). These limitations can

impact a turfgrass manager’s ability to rotate SOA in their pro-

gram, making it all the more important to develop a strong

IWM program.

A team of 16 university scientists in the United States

have collected almost 1,400 unique populations of P. annua
across 23 states (Rutland et al., unpublished data, 2023). In

an effort to collect as much information as possible about

herbicide resistance in US P. annua populations, scientists

sought to collect populations across five unique USDA har-

diness zones (5 through 9) and four turfgrass industry sectors

(golf courses, athletic fields, sod production, and lawn care

operations) (Figure 4).

To date, 1349 of these populations have been screened for

herbicide resistance with at least 568 populations suspected of

resistance to one or more herbicide SOA following a 1× rate

screening (Figure 5) (Rutland et al., unpublished data, 2023).

It is important to note that this initial screening methodology

does not “confirm” resistance but only identifies “suspected”

resistance. Additional experiments are conducted with each

population “suspected” of resistance to both “confirm” and

“quantify” the level of resistance as well as to identify the

mechanism of resistance.

 23743832, 2023, 1, D
ow

nloaded from
 https://acsess.onlinelibrary.w

iley.com
/doi/10.1002/cft2.20225 by Portland State U

niversity M
illar, W

iley O
nline L

ibrary on [14/08/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://resistpoa.org/tools/site-of-action-poster/


6 of 13 MCCURDY ET AL.

F I G U R E 4 Sampling locations for 1349 total screened Poa annua populations across four turfgrass systems: golf courses (n = 699), lawn care

(n = 247), athletic fields (n = 237), and sod production (n = 166).

F I G U R E 5 Distribution of herbicide-susceptible (n = 781) Poa annua populations and populations with suspected herbicide-resistance

(n = 568) to one or more herbicides following a 1× label rate screening.

3 INTEGRATED WEED MANAGEMENT

3.1 Developing an effective/sustainable
management program

Herbicide resistance is often present before it is prevalent or

detectable. A successful control strategy relies upon practices

that reduce P. annua density, thereby reducing the probability

for resistant biotypes. When suspected, diagnosing herbicide

resistance is possible for most herbicide SOA; although, diag-

nosis is not always rapid. Understanding alternative herbicide

SOA is critical to rotating away from failed options. Table 1

presents common herbicide SOA, use sites, and turfgrass

species tolerances for herbicides labeled for P. annua control.

Table 1 can be used by practitioners to assess what chemical

control options are available for their scenario. Any potential
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resistance issues on-site should be diagnosed, and herbicides

should be chosen in lieu of this information.

No single practice or strategy will completely eliminate

P. annua from turf. Integrated weed management techniques

require a balance of both chemical and non-chemical tactics

used in conjunction with one another (Elmore et al., 2023):

∙ It is necessary to decrease reliance upon chemical weed

control and increase diversity of traditional cultural prac-

tices, such as selection of appropriate turfgrass species

and variety for the scenario or environment. The emphasis

should be on providing a dense and competitive turfgrass

sward. A holistic approach of managing soil and plant

health is required to do so (Elmore et al., 2023).

∙ When herbicides are used, diversify SOA between years and

within seasons (Norsworthy et al., 2012).

∙ Emphasis should be on both preemergence followed by

early postemergence means of control (Patton et al., 2018),

which may reduce the amount of P. annua exposed to

postemergence-alone strategies.

∙ Use labeled rates at appropriate timings and stages of

growth (Norsworthy et al., 2012).

∙ Use multiple herbicide SOA in spray mixes with overlap-

ping spectrums of weeds controlled (Norsworthy et al.,

2012).

∙ Scout after application and avoid allowing weeds to go to

seed or proliferate vegetatively (Norsworthy et al., 2012).

Non-chemical approaches should be implemented first and

followed by effective herbicide programs where needed. No

single program can stand alone. Programs need to be cus-

tomized for each location based on their resistance issues,

turfgrass species, soil type, labor and materials budget, and

type of use site. Further, programs will change over time as

products leave and enter the marketplace; as site uses, budgets,

or expectations change; or as resistance evolves.

3.2 Overcoming social and economic
constraints

Turfgrass managers face several social and economic con-

straints that hinder the use of IWM strategies. While financial

viability is a key constraint, other social and economic fac-

tors may also influence weed control decisions. The long-term

net benefit of reducing herbicide resistant weeds depends on

a host of factors, including local environment, community

effects, and rapidly developing weed management technolo-

gies, yet an IWM approach requires short-term adaptive

planning that practitioners may be reluctant to incur. Focus

group discussions with turfgrass professionals reveal that

many practitioners hope for new chemical discoveries to better

control P. annua but feel that government policies are delaying

the discovery and implementation of new chemicals (Allen

et al., 2022; Ervin et al., 2022).

3.3 Coordination and leadership as
catalysts for IWM adoption

The potential for weed movement across property bound-

aries suggests that coordination among turfgrass managers

may achieve more efficient control (Ervin & Frisvold, 2016).

One example of where cooperation achieved sustainable pest

control was the control of the cotton boll weevil (Anthono-
mus grandis Boheman) in southeastern states and the pink

bollworm (Pectinophora gossypiella Saunders) in southwest-

ern states (Shaw et al., 2020). However, this potentially

complicates management responses by requiring cooperation

regarding the practices that each operator must implement.

One bioeconomic model evaluating the effects of imple-

menting resistance management strategies in some cropping

systems found that cumulative benefits often exceeded cumu-

lative costs in as little as 2 to 3 years, particularly when there

was coordination among neighbors (Livingston et al., 2016).

Individual champions can bolster cooperative efforts,

though studies of the roles of such champions to foster IWM

are rare. Dentzman et al. (2020) discuss the importance of

local leaders in facilitating community-based efforts to pro-

mote cooperative pest management in Iowa’s promotion of

IWM. Another study discusses the efforts of a University of

Arkansas Extension Specialist in the early success of the Zero

Tolerance program to control palmer amaranth (Amaranthus
palmeri S. Wats.) in Clay County, Arkansas (Barber et al.,

2014). These studies demonstrate that the identification of

such trusted leaders will be an important task in fostering

cooperation and the advancement of IWM in the turfgrass

industry.

3.4 Credible, accessible, and consistent
information sharing

The absence of reliable information sources on IWM practices

for turfgrass managers poses a significant constraint to adop-

tion. The search and transaction costs for implementing IWM

are difficult to quantify and are often not included in economic

evaluations. For those without responsive and credible infor-

mation networks, the search costs, especially management

time requirements, may be too burdensome to pursue.

In the case of agronomic systems, the need for more

consistent education of farmers and stakeholders in agricul-

ture about herbicide resistance and management approaches

serves as a key lesson (Schroeder et al., 2018). Study partici-

pants identify the need for more communication and collabo-

ration among different government levels (e.g., federal, state,
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and local) with farmers, non-farm groups, universities, and

private-sector firms. Participants desire consistent messag-

ing about effective herbicide resistance control options, (e.g.,

rotating modes of action) to avoid confusion about the best

approach for their situations. Similar priorities may benefit

the advancement of IWM in turfgrass systems by facilitat-

ing easy access to credible and consistent information for

implementation.

4 CONCLUSIONS

The management of P. annua herbicide resistance is a seri-

ous problem with no standard solution across regions or even

within specific regions (Jussaume & Ervin, 2016). Currently,

researchers are developing decision support tools to aid in the

development of solutions. Practitioners are encouraged to visit

http://resistpoa.org/ to learn more. Increased knowledge of the

biology and non-chemical control of P. annua coupled with

increased knowledge of herbicide resistance is needed to take

steps to combat the problem. While eradication of herbicide

resistance in P. annua is not feasible, coordination, research,

and education will hopefully allow for the advancement of

IWM and improved weed control in turfgrass systems.
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