
ABSTRACT 

ALSDORF, JACKON WADE. Survey of Herbicide-Resistant Palmer amaranth (Amaranthus 

palmeri) and Italian ryegrass (Lolium perenne L spp. multiflorum) Populations in North Carolina. 

(Under the direction of Dr. Wesley J. Everman) 

 

North Carolina farmers are constantly dealing with competition from various weeds on a 

yearly basis. The most problematic of these weeds have become Italian ryegrass and Palmer 

amaranth, which have both been proven to significantly reduce crop yield when gone 

uncontrolled. Another rising issue among growers is the evolution of herbicide-resistant weed 

populations. One statewide survey for Italian ryegrass has previously taken place across North 

Carolina in 2012-2013, as well as one statewide and two regional surveys for Palmer amaranth 

populations in 2010, 2005, and 2015, respectively. These historical surveys have been helpful in 

understanding the distribution of known herbicide-resistant weed populations.  Updated surveys 

are needed to track the spread of these resistant populations, along with being used to detect 

putative-resistant populations previously unconfirmed in the state.  

In the summer of 2022, 115 samples of Italian ryegrass were collected from growers' 

fields, then seeds were grown in the greenhouse to screen and determine the efficacy of 

herbicides: mesosulfuron, pinoxaden, glyphosate, paraquat, and glufosinate. Ratings were taken 

weekly on a scale of 0 to 100 for each individual plant, with 0 representing no control, and 100 

representing plant death. Populations with <50% control with a specific herbicide are considered 

to be potentially resistant. Ten populations were found to be putative-resistant to mesosulfuron, 

17 to pinoxaden, two to glyphosate, one to paraquat, and 44 to glufosinate. One four-way 

resistant population was found, along with two three-way resistant populations. 

In the fall of 2022, 137 samples of Palmer amaranth were collected from growers' fields 

and, similar to the Italian ryegrass, were screened to determine the efficacy of herbicides: 2,4-D, 



dicamba, fomesafen, and glufosinate. Additionally, 101 Palmer amaranth samples that were 

collected in 2015 were screened with the same herbicides as the 2022 Palmer amaranth 

populations. No resistance was found in 2,4-D, dicamba, or glufosinate with both the 2015 and 

2022 populations. Reduced control (<50% control) was found, with seven populations in 2015, 

and 40 populations in 2022. Results from both surveys will be used as extension tools to help 

growers and agents make informed decisions when choosing a weed control program.  
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Italian ryegrass 

Wheat (Triticum aestivum L.) is commonly grown in North Carolina, with almost 195,000 

hectares planted in 2022 (ñUSDA/NASS 2022 State Agriculture Overview for North Carolinaò 

n.d.). In North Carolina, wheat is grown in rotation with other row-crops commonly grown across 

the state. Wheat provides essential feed grain for poultry and hog production which rank first and 

second in the state as well as fourth and third nationally, respectively (USDA 2023a). As the crop 

grows reproductively during the spring, it must compete with winter annual weeds such as Italian 

ryegrass [Lolium perenne L. ssp. multiflorum (Lam.) Husnot], which have been known to cause 

yield loss in wheat (Wilson and Wright 1990).  Italian ryegrass is known to be a problematic weed 

in the southeastern United States (Liebl and Worsham 1987; Grey and Bridges 2003; Grey et al. 

2012; Jones et al. 2021).  

 Appleby et al. (1976) observed interactions between Italian ryegrass and wheat over 

several years under different field conditions in the Northwestern United States. Different wheat 

cultivars yielded 32 and 40% lower, relative to untreated checks under high Italian ryegrass 

competition densities over a one-year study. Similarly, a two-year study was performed where 

Italian ryegrass was seeded at various rates into a wheat crop the first year and split into two 

treatments the following year (non-treated check and diuron application). Treatments where Italian 

ryegrass was not controlled the second year showed up to 60% yield loss in wheat compared to 

those which received treatment, showing how significantly Italian ryegrass populations can affect 

a field planted into wheat the following growing season (Appleby et al. 1976).  

Field studies performed in North Carolina demonstrated grain yields were reduced 3.8 and 

4.5% at Clayton and Kinston research stations, respectively, for every 10 Italian ryegrass plants/m2 

within the range of 0 to 100 Italian ryegrass plants/m2. The greatest proportion of wheat yield loss 
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caused by Italian ryegrass was attributed to decreased crop tillering (Liebl and Worsham 1987). 

Liebl and Worsham (1987) concluded that their findings in yield loss were similar to yield losses 

in wheat observed by (Appleby et al. 1976). In a separate North Carolina study observing weed 

control with various herbicides, wheat yields were reduced by 44 to 75% in untreated checks due 

to competition with Italian ryegrass (Crooks et al. 2004).  

Greenhouse studies determined that Italian ryegrass interference with wheat was the result 

of greater Italian ryegrass root density, relative to the crop, which creates excess competition for 

moisture and nutrients (Stone et al. 1998; Grey et al. 2012). With respect to aboveground 

development, Ball et al. (1995) determined that leaf production rate was greater for Italian ryegrass 

than it was for wheat (Grey et al. 2012). Further greenhouse studies concluded that wheat and 

Italian ryegrass biomass both decrease when grown in competition and under soil moisture stress 

(Granadino et al. 2018). 

There are very few labeled herbicide options for weed control postemergence (POST) in 

wheat, with acetyl CoA carboxylase- (ACCase) and acetolactate synthase- (ALS) inhibiting 

herbicides primarily relied upon for controlling grass weed species such as Italian ryegrass. 

Preemergence (PRE) herbicides used in wheat include ALS-, microtubule synthesis, photosystem 

II - (PSII), protoporphyrinogen oxidase- (PPO) and very long chain fatty acid- (VLCFA) inhibiting 

herbicides.  

Due to the heavy reliance on these few select chemistries; herbicide resistance in Lolium 

species has been a major issue worldwide over the last five decades. Rigid ryegrass (Lolium 

rigidum), a grass weed pervasive to cereal grain production closely related to Italian ryegrass 

which is found in Australia, was confirmed to have resistance to diclofop which was a commonly 

used ACCase-inhibiting herbicide (Heap and Knight 1982; Heap 2024). This came within just 10 
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years of diclofop being labeled for use in wheat. By 2001, herbicide-resistant rigid ryegrass 

populations were more common than susceptible populations across much of the Western 

Australian wheat belt (Llewellyn and Powles 2001).  

Italian ryegrass resistance to diclofop is now distributed worldwide (Betts et al. 1992; 

Bravin et al. 2001; De Prado et al. 1999; Eberlein et al. 1999; Grey and Bridges 2003). Not only 

has ACCase resistance developed in Italian ryegrass worldwide, but also resistance to ALS, PSII, 

VLCFA, microtubule synthesis, 5-enolpyruvylshikimate-3-phosphate synthase (EPSP), and 

glutamine synthetase across 15 countries on 5 different continents (Heap 2024).  

The first case of herbicide-resistant Italian ryegrass in North America was observed in 

Oregon in 1987 to ACCase herbicide diclofop (Appleby et al. 1976; Heap 2024). Diclofop 

resistance was subsequently reported in the southeastern United States (Grey and Bridges 2003; 

Kuk et al. 2000). ALS and ACCase resistant Italian ryegrass populations have been confirmed in 

Southern states Arkansas, Georgia, Louisiana, Mississippi, North Carolina, South Carolina, and 

Virginia (Heap 2024).  

Italian ryegrass resistance to ACCase inhibiting herbicides was first documented in North 

Carolina in 1990 (Heap 2024).  ALS resistance in Italian ryegrass was confirmed in 2007, also 

having multiple resistance to both ALS and ACCase herbicides (Chandi et al. 2011; Heap 2024). 

A statewide screen was performed in the summers of  2012 and 2013 to determine the distribution 

of the resistance to two ACCase herbicides (diclofop-methyl and pinoxaden) and two ALS  

herbicides (pyroxsulam and mesosulfuron) across the state of North Carolina (Jones et al. 2021). 

All 155 populations survived full labeled rates of diclofop; eight populations survived full labeled 

rates of pinoxaden; 18 populations survived full labeled rates of mesosulfuron; 29 populations 

survived full labeled rates of pyroxsulam (Jones et al., 2021). Additionally, Jones et. al reported 
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21 populations had multiple resistance to several families of both ACCase and ALS-inhibiting 

herbicides.  

In North Carolina, confirmation of herbicide-resistant Italian ryegrass to a single mode of 

action includes ACCase, ALS, and EPSP;  two cases with multiple resistance have been confirmed, 

one with ACCase and ALS, and one with ACCase, ALS, PSI, and EPSP (Chandi et al. 2011; Heap 

2024; de Sanctis et al. 2024). This four-way resistant population was found in the Southern 

Piedmont region of the state, where a large majority of wheat production takes place (USDA 

2023b). One issue which growers in this area of the state are faced with is limited options for 

mechanical methods of weed control. The Piedmont region of the state tends to produce extreme 

erosion when combined with moderate to intense tillage practices, leaving most of these growers 

with no-till as their only viable option. Consistent no-till practices lead to a much greater reliance 

on herbicides to manage weed populations, increasing the selection pressure on an already limited 

pool of herbicides. 

Understanding the distribution of resistant Italian ryegrass populations across North 

Carolina is essential to inform growers of how to effectively manage their crop protection 

strategies. Eleven years of heavy herbicide use has left opportunity for an intense amount of 

selection pressure on Italian ryegrass populations, so a follow-up statewide survey is necessary to 

understand where resistant populations are located around the state. Many new cases of herbicide 

failure have been reported since the last statewide survey, including confirmation of paraquat 

resistant populations, so a new survey will help understand where resistance occurs across the 

state. Large screens identify where resistance is a concern and allow for preemptive measures to 

be taken and get ahead of the resistance issue in neighboring areas.  
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Palmer amaranth 

 Palmer amaranth [Amaranthus palmeri] is a summer annual weed native to the area 

encompassing northwestern Mexico and southern California to New Mexico and Texas. As a 

summer annual weed, it competes with many widely grown row crops. It is consistently ranked 

the most common as well as most troublesome weed across the United States and Canada in 

broadleaf crops such as cotton [Gossypium hirsutum], peanut [Arachis hypogaea], and soybeans 

[Glycene max], among others (Van Wychen 2022). As a dioecious plant with very high fecundity, 

it can grow at a rapid rate of 10 to 15 centimeters per day, and produce large amounts of seeds 

over a short period of time. These characteristics lead to this plant being extremely competitive 

with surrounding crops. Bensch et al. (2003), reported that soybean yield could be reduced up to 

79% in the presence of competing Palmer amaranth populations in Kansas. A separate soybean 

study in Arkansas saw a linear correlation between yield loss and increasing levels of weed 

infestation (Klingaman and Oliver 1994). In dryland cotton, studies determined high levels of 

Palmer amaranth infestation lead to a 28% reduction in lint yield while also increasing harvest 

time up to 3.5 fold due to mechanical stoppage from stalks clogging the stripper head which also 

led to losses in 2.4% of harvestable yield (Smith et al. 2000). Rowland et al. (1999), also reported 

a significant yield loss in cotton relative to the presence of Palmer amaranth biomass. In North 

Carolina, studies identified a 28% reduction in peanut yield loss from the presence of one plant 

per meter of crop (Ward et al. 2013; Burke et al. 2007). Although corn [Zea maize] is a much more 

competitive crop with its upright growth, research still shows up to a 91% yield loss when Palmer 

amaranth plants compete with crops beginning at germination (Massinga et al. 2001). Massinga et 

al. (2001), did however find that when weed emergence was much later in the growing season, 

yield loss was decreased. The use of preemergent  herbicides is vital when trying to control any 
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problematic weeds, especially Palmer amaranth (Whitaker et al. 2011; Toler et al. 2002; Reddy 

2001; Culpepper and York 1998; Inman et al. 2016; Everman et al. 2009; Cahoon et al. 2015). In 

sweetpotato [Ipomoea batatas], experiments performed in North Carolina resulted in losses up to 

94% when Palmer amaranth plants were present at >6 plants per meter of row (Meyers et al. 2010).  

 The intense competitive nature of Palmer amaranth has led to many efforts to attempt to 

control this weed in row crops. While presence was not widespread during a 1974 survey of 

troublesome weeds across the Southern United States; Palmer amaranth had become one of the 

most troublesome weeds specifically in cotton, soybean, and peanut by 1995 (Webster and Coble 

1997).  During this time frame, the first cases of herbicide resistance were confirmed in Palmer 

amaranth populations to herbicides in the dinitroaniline family located in South Carolina where 

weeds were surviving after applications to each of six group 3 herbicides (Heap 2024; Ward et al. 

2013; Gossett et al. 1992). Subsequently, other resistant populations were soon to follow by 1995 

including: ALS- [Kansas, Arkansas, Tennessee, and North Carolina], and PS II -[Texas and 

Kansas] (Ward et al. 2013; Heap 2024).  

In 1996, glyphosate-tolerant soybeans came onto the market allowing glyphosate to be 

applied over-the-top to soybeans, followed by the same traits in cotton (1997) and corn (1998). 

This led to an immediate increase in the use of glyphosate, according to the USDA, with 

glyphosate-resistant crops consisting of 68%, 71%, and 91% of corn, cotton, and soybean acres by 

2010, respectively (Shaw et al. 2011a). Problems quickly arose with the first case of glyphosate 

resistance being reported in Georgia in 2004, when glyphosate failed to control Palmer amaranth 

in a growerôs cotton field (Heap 2024; Culpepper et al. 2006). By 2010, 17 cases of glyphosate 

resistance had been documented across 13 US states, predominantly in the Southern region (Heap 

2024; Norsworthy et al. 2008; Steckel et al. 2008; Culpepper et al. 2006). A large factor in this 
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rapid development of resistance was most likely due to intense selection pressure from growers. 

Many grower's herbicide programs consisted of multiple applications of glyphosate year after year 

with little to no rotation or use of other preemergence or postemergence herbicides (Duke and 

Powles 2008a, 2008b; Foresman and Glasgow 2008; Poirier et al. 2014) 

Glyphosate resistant Palmer amaranth was first documented in North Carolina in 2006, 

which led to a large statewide screen to determine the distribution of resistant weed populations 

(Heap 2024; Whitaker 2009; Culpepper et al. 2008). ALS- resistance, which was confirmed in 

North Carolina in 1995, had also become increasingly common across the United States (Heap 

2024; Horak and Peterson 1995; Sprague et al. 1997; Whitaker 2009). In 2005, 290 samples were 

collected, with 17% and 18% having resistance to glyphosate and thifensulfuron, respectively, 

including five populations exhibiting multiple resistance to both herbicides.  A follow-up statewide 

screen in 2010 concluded that of 134 sampled populations, 98% and 97% showed resistance to 

glyphosate and thifensulfuron, respectively (Poirier et al. 2014). Poirier et al. (2014) also reported 

93% of the populations to have multiple resistance to both thifensfulfuron as well as glyphosate 

with all of them scattered across the entire coastal plains and piedmont regions of North Carolina. 

These results are a drastic increase from the few populations reported in the southeastern coastal 

plains by Whitaker just five years prior. A third sample collection performed by Mahoney et al. 

(2020) reported similar numbers as Poirier et al (2014) with 99% and 96% of the populations 

showing resistance to glyphosate and thifensufuron, respectively. Mahoney also reported low 

levels of plant survival from select populations after field-use rate applications of mesotrione and 

fomesafen. Survivors of the mesotrione screenings were used to confirm Palmer amaranth 

resistance to mesotrione in North Carolina, the first confirmation in HPPD-inhibiting herbicides 

(Heap 2024; Mahoney et al. 2020). Low levels of survival following s-metolachlor and 2,4-D 
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applications were reported, from the same populations collected by Mahoney in 2016 (Moore et 

al. 2021). Moore et al. also reported 18 of the populations to have survivors to both s-metolachlor 

and 2,4-D.    

Soybeans, corn, cotton, peanuts, and sweetpotato are row-crops grown in North Carolina; 

comprising of 1.3 million hectares planted in 2022 (USDA 2023a). Herbicide-resistant Palmer 

amaranth has become a serious issue for many of these growers, with confirmation of resistance 

to chlorimuron-ethyl, glyphosate, mesotrione, atrazine, and glufosinate; along with complaints 

from lack of control with a variety of other herbicides across the state (Heap 2024; Jones et al. 

2022). Herbicide-resistant Palmer amaranth populations have been reported to infest entire fields 

in as little as three years (Norsworthy et al. 2008). Updated surveys are necessary to proactively 

obtain an updated understanding of the distribution of Palmer amaranth response from herbicides 

where failure has been reported, but resistance has not yet been officially confirmed. Determining 

low levels of resistance early can be beneficial for growers, by encouraging them to accept more 

stringent herbicide-resistance management practices.  
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Abstract 

Italian ryegrass populations were collected from around the state of North Carolina in June of 

2022. A statewide grid sample resulted in 115 samples collected from wheat fields, with observed 

Italian ryegrass escapes. The objective of this study is to understand the frequency and distribution 

of resistance to multiple herbicides. Seeds were germinated in flats, and then transplanted into 

individual conetainers with four replications treated with one of six treatments: untreated check, 

mesosulfuron, pinoxaden, glyphosate, paraquat, and glufosinate. Ratings were taken weekly on a 

scale of 0-100 for each individual plant, with 0 being no control, and 100 being plant death. 

Populations with <50% control with a specific herbicide are considered to be potentially resistant. 

10 populations were found to be putative-resistant to mesosulfuron, 17 to pinoxaden, two to 

glyphosate, one to paraquat, and 44 to glufosinate. One four-way resistant population was found, 

along with two three-way resistant populations. These results are helpful tools for growers and 

county agents as they put together effective weed control programs. Populations from a similar 

statewide sample in 2012 were also screened for response to glyphosate, paraquat, and glufosinate. 

Zero populations were found to be resistant to glyphosate and paraquat, while 91 populations were 

determined to show resistance towards glufosinate.  

 

Nomenclature: Glufosinate; glyphosate; mesosulfuron; paraquat; pinoxaden; Italian ryegrass, 

Lolium perenne L.ssp. Muliflorum Husnot; wheat, Triticum aestivum L. 

 

Key words: Herbicide resistance, multiple resistance, Resistance survey 
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Introduction  

Italian ryegrass [Lolium perenne L. ssp. multiflorum (Lam.) Husnot] has become a 

problematic weed for North Carolina growers, especially in winter wheat (Triticum aestivum L.). 

Research has shown that Italian ryegrass is highly competitive with wheat and other cereal crops, 

leading to significant yield losses (Appleby et al. 1976; Liebl and Worsham 1987; Ball et al. 1995; 

Stone et al. 1998). Few chemistries are labeled for use in postemergence (POST) applications in 

wheat. The lack of diverse herbicide options has led to high selection pressure for herbicide 

resistance in Italian ryegrass populations (Everman, personal communication).  Selection pressure 

occurs when an herbicide is applied to any population containing plants that naturally have a gene 

allowing that plant to survive and continue its life cycle (Powles et al. 1996). Repetitive 

applications of the same herbicides select for these resistant weeds, which produce seed and pass 

on the resistance trait leading to entire populations having resistance. Although resistance develops 

at different speeds, resistance has been observed in as little as three consecutive herbicide 

applications in Lolium rigidum populations (Tardif et al. 1993; Gill 1995; Powles et al. 1996). 

Herbicide resistance in Lolium species has been well documented worldwide, becoming a 

significant issue predominantly across Australia and first being confirmed in the United States in 

the Northwest (Heap and Knight 1982; Stanger and Appleby 1989; Llewellyn and Powles 2001; 

Tardif et al. 1993; Gill 1995; Grey and Bridges 2003; Heap 2024).  

Herbicide resistance in Italian ryegrass has been confirmed in 17 U.S. states, including 

North Carolina. Diclofop resistance was first reported in North Carolina wheat fields in 1990 

(Heap 2024). After diclofop, which is an acetyl CoA carboxylase (ACCase)-inhibiting herbicide, 

resistance became prominent across the state, many growers turned to acetolactate synthase (ALS)- 

inhibiting herbicides to control ACCase resistant weeds (Chandi et al. 2011). Resistance to the 
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ALS herbicide mesosulfuron-methyl was reported in 2004, just three years after product 

registration (Heap 2024). That same year, multiple resistance was found to ACCase: diclofop-

methyl, pinoxaden; and ALS: imazamox, mesosulfuron-methyl, pyroxsulam; herbicides (Heap 

2024).  With all POST options no longer completely effective, North Carolina growers had to rely 

on non-selective herbicides such as glyphosate and paraquat in rotational crops. Glyphosate 

resistance was confirmed in North Carolina in 2009 (Heap 2024). The Southern Piedmont region 

of North Carolina is where a significant portion of the stateôs wheat is produced (USDA, 2023). 

In 2022, an Italian ryegrass population in the Southern Piedmont was found to have confirmed 

four-way multiple resistance to ACCase-, ALS-, EPSP-, and PSI-inhibiting herbicides; clethodim, 

nicosulfuron, glyphosate, and paraquat (Heap 2024; de Sanctis 2024).  

A statewide survey was performed in the springs of 2012 and 2013 to better understand the 

distribution of herbicide-resistant Italian ryegrass populations across the state (Taylor 2015; Jones 

et al. 2021). 155 populations were collected across North Carolina and screened for resistance to 

ACCase Inhibitors diclofop and pinoxaden, and ALS-inhibitors mesosulfuron and pyroxsulam 

which resulted in the discovery of 155, eight, 18, and 29 populations resistant to the  herbicides, 

respectively. Diclofop was the only herbicide in which no susceptible populations were found 

(Jones et al. 2021).  

An updated statewide survey is necessary, as continued reports of herbicide failures are 

being reported across the state. In addition to concerns about the spread of resistance to POST 

herbicides in wheat production, Photosystem I Electron Diversion (PSI) and 5-

enolpyruvylshikimate-3-phosphate synthase (EPSP) herbicides have increased in usage for spring 

burndown. Additionally, screening the 2012 populations with these non-selective herbicides will 

show us if any reduced control existed 10 years ago before it was more recently detected. An 
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updated survey is also necessary to see how and where previously screened herbicides have shown 

an increase in resistance across the state over the past decade of heavy usage. Understanding where 

areas of resistance are located will aid in making better recommendations for growers experiencing 

issues with resistant weeds. Data collected and accumulated over time may also aid in predicting 

where resistance might develop and allow for decisions to be made to prevent that from happening 

before it is too late.   

Materials and Methods 

Greenhouse Screening of 2012 Samples with Non-Selective Herbicides 

Seeds used for this study were selected from a previous survey, which took place in 2012-

2013, with samples and collection as described by Jones et al. 2021. Populations were collected 

from 155 different fields during this survey (Figure 2.1), however only 102 of the populations were 

screened due to poor germination. Studies were conducted in two separate greenhouses at North 

Carolina State University Method Road Greenhouse (Raleigh, North Carolina 27607). Italian 

ryegrass populations were sown in 10 cm square pots filled with Sunshine® Mix #1 (Sun Gro 

Horticulture, Agawam, MA, USA) and allowed to germinate and grow until the emergence of the 

first true leaf before a single seedling was transplanted into individual cone-tainers measuring 3.8  

in diameter by 21 cm in depth. Supplemental greenhouse lighting consisting of 530W total grow 

lights (Total Grow Control, Alvin, TX, USA) producing 800 µmol/ m -2/ s -1 . Greenhouse 

conditions included 12- hour photoperiods with day/night fluctuations of  25/20 . Once the plants 

reached the 4-leaf stage (about 23 cm), applications were made with a CO2 sprayer calibrated to 

deliver 140 L/ha-1 of solution at 207 kPa using TeeJet® XR 11002 VS nozzles (TeeJet nozzles; 

Spraying Systems Co., Wheaton, IL). Treatments included a non-treated check, glyphosate at 1350 

g ai ha-1, paraquat at 562 g ai ha-1, and glufosinate at 596 g ai ha-1 (Error! Reference source not 
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found.). Rates were selected based on the recommended rate according to the label. Treatments 

were organized into a completely randomized block design with four replications, and visual 

ratings were recorded weekly at 14, 21, and 28 days after treatment (DAT). At each rating time, 

each individual plant was given a control rating on a scale of 0 to 100 where 0 represented no 

control and 100 represented plant death.  

2022 Sample Collection  

Italian ryegrass populations were selected at random by way of observation while 

surveying fields from the road during June 2022. A sampling grid was chosen using an atlas [North 

Carolina Atlas & Gazetteer. Ninth Edition. Yarmouth, Maine: Delorme, 2010] where points were 

chosen on a longitudinal spacing of every 13 degree min, and a latitude spacing of every 10 degree 

min (Jones et al. 2021; Poirier et al. 2014; Whitaker 2009; Culpepper et al. 2008). A total of 202 

potential sample locations were distributed across the Piedmont and Coastal Plain regions of North 

Carolina (Figure 2.2). Each sample point was visited, and an effort was made to collect Italian 

ryegrass seedheads out of a wheat field within proximity to that point. If driving down several 

roads proved unfruitful in a collection near a given point, that point was dropped, and travel 

continued to the next pre-determined point. A total of 115 individual populations of Italian ryegrass 

were collected (Figure.3). According to the USDA, 194,250 hectares of wheat were planted in 

2022 with 151,760 of those hectares being harvested (USDA 2023b). These numbers are 

significantly reduced from 2012 when 311,610 hectares were harvested (USDA 2012), which 

explains the reduction in number of sample points between 2012 and 2022. Methods used for 

collection involved stopping after spotting a field with Italian ryegrass seedheads present in the 

wheat, recording the sample location and field information on a brown paper sack, and placing the 

seed heads inside. An effort was made to go at least 30 meters into the field to avoid collecting 
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from the end rows, with at least 20 seed heads collected from different plants while walking in a 

zig-zag pattern. Seed collections were taken to Method Road Weed Control Laboratories (Raleigh, 

North Carolina 27607) where they were left in the paper sacks to effectively dry down to aid in 

the threshing process. After threshing, seed samples were stored in a seed room (5) until 

greenhouse trial initiation.  

Greenhouse Screening of 2022 Samples 

 Greenhouse studies for this survey were conducted at Alexandria Launchlabs at the 

Alexandria Center for AgTech ï Research Triangle (Durham, North Carolina 27709), and North 

Carolina State University Method Road Greenhouse (Raleigh, North Carolina 27607). Greenhouse 

lighting consisted of NXT light fixtures (P.L. Light Systems, Hamilton, ON, Canada) producing 

800 µmol/ m -2/ s -1 containing alternating 1000 watt high pressure sodium and 1000 watt metal 

halide bulbs. Light length of day was 10 hours with day/night temperature fluctuations of 25/20 

 throughout the extent of the experiment.  Italian ryegrass samples were sown in 10 cm square 

pots filled with Sunshine® Mix #1 (Sun Gro Horticulture, Agawam, MA, USA). After the 

emergence of the first true leaf, one plant was transplanted to an individual cone-tainer (3.8  in 

diameter by 21 cm in depth) filled with Sunshine® Mix #1 potting mixture (Sun Gro Horticulture, 

Agawam, MA, USA). Plants were grown to the 4 to 5 leaf stage (18 cm) when herbicides were 

applied 46 cm above plant height. Treatments were applied using a research track booth sprayer 

(Devries Gen4 Research Track Sprayer) with TeeJet® XR 8002 VS nozzles (TeeJet nozzles; 

Spraying Systems Co., Wheaton, IL) at 140 L/ha-1 of solution at 207 kPa. The trial consisted of six 

treatments including a non-treated check, mesosulfuron at 15 g ai ha-1, pinoxaden at 61 g ai ha-1, 

glyphosate at 1350 g ai ha-1, paraquat at 562 g ai ha-1, and glufosinate at 596 g ai ha-1. Nonionic 

surfactant (NIS) (Helena Agri-Enterprises, Colloerville, TN, USA) at 0.5% v/v plus 1,683 g ha-1 
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ammonium sulfate (AMS) were included with mesosulfuron. All herbicide rates (Table 2.2) were 

based on the recommended labeled rates for application in wheat cropping systems, either over-

the-top or for preplant burndown (Anonymous 2014, 2020, 2021a, 2021b, 2023). Visual control 

ratings were taken weekly at 7, 14, 21 and 28 DAT. At each rating time, each individual plant was 

given a control rating on a scale of 0 to 100 where 0 represents no control and 100 represents plant 

death. Treatments were arranged as a completely randomized design with four replications and 

was repeated in time. Statistical analysis was performed using Statistical Analysis Software, SAS 

9.4 (SAS Institute, Inc., NC, USA). Analysis of variance was determined using PROC GLIMMIX. 

There was no variability between runs, so runs were combined for analysis. 

Results and Discussion 

2012 Statewide Non-selective Herbicide Survey 

 Italian ryegrass control was averaged across replications and runs for each treatment and 

herbicide. Populations with an average of <50% control are considered resistant. Out of the 102 

populations, no resistant populations can be reported for glyphosate and paraquat. However, 91 

populations were found to be resistant to glufosinate (Table 2.3).  

 No populations had <75% overall control when treated with glyphosate (Table 2.4). One 

population was controlled <80% while six populations were controlled between 80 to 89%. 95 

populations were controlled >90%. These numbers suggest that while glyphosate resistance was 

confirmed prior to 2012, it was still effectively controlling a majority of Italian ryegrass 

populations across the state of North Carolina in 2012.  

 Paraquat demonstrated 90 to 100% control for nearly every population surveyed. Two 

populations were controlled between 80 to 89% while 100 of the populations were controlled 

>90%  (Table 2.4). These results are not surprising, given glyphosate was still an effective option 
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for growers in 2012, therefore they had not switched to paraquat for burndown control of Italian 

ryegrass. Additionally, for both glyphosate and paraquat, sample selection was skewed away from 

those which may survive burndown application, as samples for this survey were primarily selected 

from fields where wheat was present. 

 Glufosinate did not demonstrate effective control for the majority of the Italian ryegrass 

populations evaluated. Out of 102 populations, 91 were below the 50% control threshold and 

would be considered resistant (Table 2.4). 10 populations were controlled 51 to 69% and one 

population was controlled 70%. No populations were controlled >70% with glufosinate. While 

additional studies would be needed to determine actual resistance, this survey highlights the 

challenges observed when trying to control Italian ryegrass with glufosinate. In fact, glufosinate is 

not recommended for control of grass weed species, but a survey was needed to obtain a baseline 

for control. Surveying these historical populations with these non-selective herbicides allows for 

a comparison of resistance profiles for both sets of Italian ryegrass collections.  

2022 Statewide Survey 

Italian ryegrass control was averaged across replications and runs for each treatment and 

herbicide. Populations with an average of <50% control are considered resistant. Of the 115 

populations surveyed, 10 are resistant to mesosulfuron, 17 are resistant to pinoxaden, two are 

resistant to glyphosate, one is resistant to paraquat, and 45 have putative resistance to glufosinate 

(Table 2.5).  

Results for control with each herbicide can further be broken down into five different 

control levels. 90 to 100% control, 80 to 89% control, 70 to 79% control, 51 to 69% control, and 

<50%. These control levels are helpful in interpreting the variability of control for populations yet 

to be confirmed resistant.  
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Ten populations were found to have resistance to mesosulfuron (Figure 2.4). This is a lower 

number of resistant populations than reported by Jones et al. (2021), where 18 resistant populations 

were found in the 2012 survey (Figure 2.5). Resistant populations from the 2022 survey were 

found in Cabarrus, Davidson, Guilford, Orange, Pitt, Randolph, Rowan, and Union counties (Table 

2.5). Two resistant populations were found in both Cabarrus and Union counties. Nine of these 

counties are considered to be in the Piedmont region of North Carolina, while Pitt County is located 

in the central Coastal Plains region. A key explanation as to why fewer resistant populations were 

observed between the two surveys is that nearly half as many hectares of wheat were planted in 

2022 when compared to 2012 (USDA, 2023), leading to a reduction in the likelihood of selecting 

fields with resistant populations in the survey. Aside from the 10 resistant populations, treatment 

with mesosulfuron resulted in 10 and 11 populations demonstrating 51 to 69% and 70 to 79% 

control, respectively (Figure 2.6). Mesosulfuron provided 80 to 89% control of 30 populations and 

90 to 100% control of 54 populations.   

The number of populations determined to be resistant to pinoxaden also increased from 

2012 to 2022. Seventeen populations were controlled <50% by pinoxaden (Figure 2.7). This 

increase over the last 10 years, as Jones et al. (2021) reported eight populations with pinoxaden 

resistance (Figure 2.8), is likely due to reduced control with ALS-inhibiting herbicides in 2012 

and a widespread switch to pinoxaden. While there has been a decrease in control with pinoxaden, 

resistant populations are distributed very similarly from 2012 to 2022 with most of the resistant 

populations being found in the Southern Piedmont and parts of the Central/Northern Piedmont. 

Counties with resistant populations include Anson, Chatham, Edgecombe, Granville, Guilford, 

Hoke, Johnston, Martin, Person, Randolph, Rowan, Union, and Yadkin (Table 2.5).  
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Control with pinoxaden can be further broken down to show which populations were within 

each control range (Figure 2.9). Pinoxaden treatment resulted in 51 to 69% control of 44 

populations, 70 to 79% control of 26 populations, and 80 to 89% control of 26 populations. Only 

three populations were controlled 90 to 100% by pinoxaden. While only 14% of the populations 

are considered resistant, 75% of the populations had a control rating of <80%.  The three locations 

where >90% control was obtained were collected from Martin, Vance, and Wake counties. Vance 

and Wake counties both had <810 hectares of wheat planted in 2022 according to the USDA 

(USDA 2023b).  

Although there has been an increase in reported failures of Italian ryegrass control with 

glyphosate (Everman, personal communication), only two populations were found to have 

resistance in the 2022 survey (Figure 2.10). While surprising, this is encouraging as it shows that 

glyphosate may still be effective when used properly. These two resistant populations were found 

in Anson, and Edgecombe counties (Table 2.5). Glyphosate had 51 to 69% control on three 

populations, 70 to 79% control on six populations, and 80 to 89% control on 26 populations (Figure 

2.11). Seventy-nine populations were controlled 90 to 100% with glyphosate. Glyphosate is not 

labeled for POST applications in wheat, but is common for spring and fall burndown applications 

and over-the-top of glyphosate-tolerant crops. The use of other POST herbicides in wheat might 

be reducing the selection pressure placed on Italian ryegrass populations leading to effective 

control with glyphosate. Paraquat provided >80% control on 90% of the populations tested (Figure 

2.12). One population in Anson County was determined to be resistant to paraquat (Figure 2.13). 

This is the same area where paraquat resistant Italian ryegrass was first confirmed in North 

Carolina and is located in the Southern Piedmont. One other population in Alamance County 

showed 51 to 69% control (Table 2.5). The 10 populations demonstrating 70 to 79% control show 
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that paraquat is no longer completely effective. Paraquat is also a herbicide that is not used POST 

in wheat, but is an effective burndown product. Results differ from a more localized survey in 

Union and Stanly counties in 2022, which reported 11 and 23 populations surviving maximum 

labeled rates of paraquat and glyphosate, respectively  (de Sanctis 2024). Survey populations were 

collected in the same region as the glyphosate- and paraquat-resistant population was found in the 

2022 statewide survey. This evidence supports that a large state-wide survey may not encompass 

every resistant population found across the entire state, however, it is still useful in identifying 

regions where resistance might be more prevalent.  

Glufosinate is not widely considered to be an effective herbicide on grasses, and is not  

recommended for control of Italian ryegrass. However, growers often utilize glufosinate in areas 

where glyphosate or paraquat give unfavorable results in their burndown application, or where 

weeds persist in emerged crops. This survey included glufosinate as a benchmark to identify how 

well it controls Italian ryegrass. Forty-five populations were controlled <50% by glufosinate 

(Figure 2.14). Forty-seven populations were controlled 51 to 69%, and 19 populations were 

controlled 70 to 79% (Table 2.5). Only five of the 115 populations were controlled >80% by 

glufosinate (Figure 2.15). Based on these results, growers should not rely on glufosinate as a 

primary control method for Italian ryegrass. 

Multiple herbicide-resistance was found in a variety of combinations. There was one 

combination of three-way resistance, and four combinations of two-way resistance.  Two 

populations were found to have three-way resistance to mesosulfuron, pinoxaden, and glufosinate 

(Figure 2.16). These populations were found in Guilford and Rowan counties. Five populations 

were found to have multiple resistance to both mesosulfuron and pinoxaden (Figure 2.17). These 

populations were found in Guilford, Rowan, and Randolph counties as well as two populations 
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found in Union County.  Jones et al. (2021) reported four populations that had multiple resistance 

to both ALS and ACCase-inhibiting herbicides however, those four populations were concentrated 

in the Southern Piedmont region. While only one more population was found in the 2022 survey, 

three of the populations were found two and three counties North of where they were reported in 

2012 showing a spread in distribution of multiple resistance to ALS and ACCase inhibiting 

herbicides. Additional multiple resistant combinations included five populations to mesosulfuron 

and glufosinate, nine populations to pinoxaden and glufosinate, and one population to glyphosate 

and glufosinate.  

 One population was found to have multiple resistance to herbicides pinoxaden, glyphosate, 

paraquat, and glufosinate (Figure 2.13). Located in Anson County, this four-way resistant 

population was collected in the same region as the population that was confirmed to have four-

way resistance to clethodim, nicosulfuron, paraquat, and glyphosate (Heap, 2024). The Southern 

Piedmont, specifically Union and Anson Counties, is a predominate wheat-growing region of the 

state (USDA, 2023), therefore it is reasonable that more resistant populations can be found there 

compared to other regions of the state. This increased resistance could be due to high selection 

pressure, and little chemistry rotation. Additionally, the large emphasis on no-till cropping across 

the Piedmont leaves farmers to rely more heavily on burndown herbicide applications, adding to 

the selection pressure.  

 This research is important as it can be used as an educational tool for growers to know what 

does not work, and what may still be working in terms of effective weed control in wheat. With 

this survey being a follow-up study, 10 years since the last survey adds value as resistance profiles 

can be tracked over time. This allows for a better understanding of developing resistances in 

different weed populations to aid in a more informed decision when it comes to herbicide 
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recommendations. Although herbicides such as glyphosate and paraquat are still effective in 

controlling Italian ryegrass, it is vital to incorporate other chemistries into a rotation to create a 

well-rounded herbicide program. Glufosinate is not recommended in cases where Italian ryegrass 

control is needed. The increased resistance to all herbicides, shows that a strong PRE program is 

necessary to reduce weed competition. Alternative weed control methods should also be 

considered, such as using cover crops in combination with residual herbicides which can suppress 

Italian ryegrass growth and seed production in North Carolina (de Sanctis, 2024). Further research 

can help broaden the understanding of the effectiveness of herbicides across the state of North 

Carolina. Additional confirmation of resistance in PRE herbicides is needed to demonstrate 

effectiveness of those important herbicides, specifically very long chain fatty acid- and PPO-

inhibitors. Additional research includes screening for cross resistance to multiple herbicides within 

the same mode of action, mainly observing the differences of control among different ACCase 

families- dims, dens and fops.  
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Tables and Figures 

 

Table 2.1 Herbicide information for Italian ryegrass populations from North Carolina surveyed 

in 2012 and 2013. 

/ƻƳƳƻƴ bŀƳŜ ¢ǊŀŘŜ bŀƳŜ /ƻƳǇŀƴȅ wŀǘŜ 

   Ǝ ŀƛ Ƙŀπм 
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wŜǎŜŀǊŎƘ ¢ǊƛŀƴƎƭŜ tŀǊƪΣ b/ 

рфс 
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Table 2.2 Herbicide information for Italian ryegrass populations from North Carolina surveyed 

in 2022. 

/ƻƳƳƻƴ bŀƳŜ ¢ǊŀŘŜ bŀƳŜ /ƻƳǇŀƴȅ wŀǘŜ 

   Ǝ ŀƛ Ƙŀπм 

aŜǎƻǎǳƭŦǳǊƻƴ hǎǇǊŜȅ 
.ŀȅŜǊ /ǊƻǇ {ŎƛŜƴŎŜ 
{ǘΦ [ƻǳƛǎΣ ah 
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{ȅƴƎŜƴǘŀ 
DǊŜŜƴǎōƻǊƻΣ b/ 
 

см 

DƭȅǇƘƻǎŀǘŜ wƻǳƴŘǳǇ tƻǿŜǊaŀȄ о 
.ŀȅŜǊ /ǊƻǇ {ŎƛŜƴŎŜ 
{ǘΦ [ƻǳƛǎΣ ah 
 

морл 

tŀǊŀǉǳŀǘ DǊŀƳƻȄƻƴŜ оΦл 
{ȅƴƎŜƴǘŀ 
DǊŜŜƴǎōƻǊƻΣ b/ 
 

рсн 

DƭǳŦƻǎƛƴŀǘŜ [ƛōŜǊǘȅ нул {[ 
.!{C 
wŜǎŜŀǊŎƘ ¢ǊƛŀƴƎƭŜ tŀǊƪΣ b/ 

рфс 

a NIS at 0.5% v/v as well as ammonium sulfate at 1,683 g ha-1 
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Table 2.3 Total number of Italian ryegrass populations from North Carolina where average 

control falls in to thresholds of <50%, 51%-69%, 70%-79%, 80%-89%, and 90%-100%.  

Treatment Threshold 2012 2022 

  ---------------Number of populations-------------- 

Mesosulfuron <50%  18a 10 

 51% - 69% -- 10 

 70% - 79% -- 11 

 80% - 89% -- 30  
90% - 100%  -- 54 

    

Pinoxaden <50%  8a 17  
51% - 69% -- 44  
70% - 79% -- 26  
80% - 89% -- 26  
90% - 100%  -- 3  

    

Glyphosate <50%  0 2  
51% - 69% 0 3  
70% - 79% 1 6  
80% - 89% 6 26  
90% - 100%  95 78  

    

Paraquat <50%  0 1  
51% - 69% 0 1  
70% - 79% 0 10  
80% - 89% 2 30  
90% - 100%  100 73  

    

Glufosinate <50%  91 44  
51% - 69% 10 47  
70% - 79% 1 19  
80% - 89% 0 4 

 90% - 100% 0 1 
aNumbers derived from Jones et al. (2021). Only populations < 50% were reported. 
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Table 2.4 Total percent control of Italian ryegrass populations from North Carolina collected in 

2012 treated with non-selective herbicides. 

    Italian ryegrass control   

Population County Glufosinate Glyphosate Paraquat  
 

  -----------------------% control--------------------  
 

18-6 Alamance 56 100 100  
 

59-5 Anson 30 95 94  
 

72-3 Anson 34 95 100  
 

75-3 Bladen 56 93 100  
 

75-4 Bladen 42 99 98  
 

75-6 Bladen 40 96 99  
 

84-1 Bladen 48 92 99  
 

84-4 Brunswick 48 98 96  
 

84-6 Brunswick 36 93 100  
 

58-2 Cabarrus 40 97 100  
 

58-3 Cabarrus 51 91 100  
 

19-1 Caswell 31 91 96  
 

38-4 Chatham 48 99 100  
 

38-6 Chatham 40 97 99  
 

65-4 Craven 70 100 100  
 

65-6 Craven 45 98 100  
 

62-5 Cumberland 44 96 100  
 

75-1 Cumberland 64 97 100  
 

37-1 Davidson 31 100 100  
 

37-5 Davidson 38 98 100  
 

63-6 Duplin 48 97 100  
 

76-4 Duplin 30 99 100  
 

77-1 Duplin 41 91 100  
 

77-2 Duplin 46 95 99  
 

77-3 Duplin 32 98 100  
 

77-4 Duplin 31 91 99  
 

42-2 Edgecomb 37 95 100  
 

17-5 Forsyth 39 98 100  
 

21-6 Franklin 31 99 100  
 

41-1 Franklin 44 95 100  
 

41-2 Franklin 40 93 97  
 

20-2 Granville 30 85 98  
 

20-4 Granville 30 80 93  
 

18-5 Guilford 45 96 100  
 

38-1 Guilford 43 98 86  
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Table 2.4 (continued) 

22-4 Halifax 39 93 100  
 

61-4 Harnett 31 97 100  
 

62-3 Harnett 41 96 91  
 

62-4 Harnett 30 95 100  
 

74-1 Hoke 54 98 100  
 

41-5 Johnston 38 94 100  
 

41-6 A Johnston 56 95 99  
 

41-6 B Johnston 39 96 100  
 

63-2 Johnston 30 94 89  
 

63-3 Johnston 40 91 100  
 

65-5 Jones 30 97 100  
 

61-2 Lee 30 99 100  
 

64-4 Lenior 30 97 100  
 

64-6 Lenior 43 98 100  
 

65-3 Lenior 38 97 100  
 

43-2 Martin 30 94 100  
 

43-4 Martin 58 99 100  
 

60-1 Moore 39 96 100  
 

60-2 Moore 33 96 100  
 

60-3 Moore 37 98 100  
 

42-1 Nash 48 99 99  
 

42-3 Nash 30 99 99  
 

22-2 Northampton 41 97 100  
 

19-5 Orange 39 98 100  
 

19-6 Orange 37 95 100  
 

76-6 Pender 31 92 100  
 

77-6 Pender 28 89 100  
 

84-2 Pender 34 94 100  
 

19-2 Person 54 93 100  
 

19-4 Person 42 90 97  
 

20-1 Person 48 89 99  
 

20-3 Person 36 93 93  
 

43-6 Pitt 39 99 100  
 

65-1 Pitt 34 99 100  
 

65-2 Pitt 39 96 100  
 

37-4 Randolph 30 95 100  
 

38-5 Randolph 30 75 98  
 

59-6 Richmond 28 93 100  
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Table 2.4 (continued) 

60-5 Richmond 30 97 100  
 

72-4 Richmond 48 95 100  
 

74-3 Robeson 30 99 100  
 

74-4 Robeson 47 92 100  
 

74-6 Robeson 30 97 100  
 

17-4 Rockingham 34 100 91  
 

62-6 Sampson 41 90 100  
 

63-5 Sampson 33 97 99  
 

75-2 Sampson 30 94 100  
 

76-1 Sampson 48 97 100  
 

76-2 Sampson 29 99 97  
 

76-3 Sampson 60 100 100  
 

73-3 Scotland 37 100 100  
 

73-4 Scotland 56 99 93  
 

73-5 Scotland 31 99 100  
 

58-4 Stanley 30 99 100  
 

59-3 Stanley 44 89 100  
 

17-1 Stokes 30 99 100  
 

58-6 Union 33 93 93  
 

71-2 Union 39 83 93  
 

21-1 Vance 33 94 100  
 

21-3 Vance 50 93 100  
 

41-3 Wake 34 96 100  
 

21-2 Warren 30 99 100  
 

21-4 Warren 30 99 100  
 

63-4 Wayne 30 96 100  
 

64-1 Wayne 40 96 96  
 

64-3 Wayne 39 96 100  
 

42-6 Wilson 39 94 100  
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Table 2.5 Total percent control of each population from North Carolina collected in 2022 with 

each herbicide. 

    Italian ryegrass control 

Population County Glufosinate Glyphosate Mesosulfuron Paraquat Pinoxaden 
  -----------------------------------% control--------------------------------- 

38-2 Alamance  40 87 74 66 77 

59-5 Anson 48 45 68 45 47 

72-2 Anson 56 91 77 97 57 

23-6 Bertie 46 77 81 86 61 

24-5 Bertie 54 95 96 91 70 

24-6 Bertie 59 98 99 91 73 

84-1 Bladen 65 98 94 100 81 

83-2 Bladen 73 100 98 100 88 

84-4 Brunswick 64 94 89 91 83 

58-1 Cabarrus 35 63 19 79 51 

58-3 Cabarrus 46 68 43 85 51 

58-2 Cabarrus 47 99 57 87 71 

19-1 Casswell 43 99 96 86 63 

18-4 Caswell 55 86 88 95 87 

38-4 Chatham 44 90 93 78 38 

39-3 Chatham 50 100 98 88 65 

75-1 Cumberland 40 79 75 82 51 

74-2 Cumberland 50 89 96 89 68 

62-5 Cumberland 55 100 98 100 75 

D-4 Davidson 41 85 27 88 56 

D-3 Davidson 54 88 61 91 72 

D-2 Davidson 55 90 85 91 76 

D-1 Davidson 79 96 98 100 81 

36-3 Davie 58 99 76 99 57 

76-4 Duplin 33 82 84 75 53 

64-5 Duplin 41 86 88 86 66 

77-3 Duplin 47 88 91 93 69 

63-6 Duplin 48 89 93 93 69 

77-1 Duplin 50 91 98 99 71 

77-2 Duplin 56 92 99 99 74 

77-4 Duplin 61 98 100 100 84 

20-5 Durham 57 88 93 83 66 

42-4 Edgecombe 41 30 83 84 50 

43-1 Edgecombe 44 78 86 91 63 

42-2 Edgecombe 49 88 91 91 64 
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Table 2.5 (continued) 

43-3 Edgecombe 60 91 94 100 74 

17-5 Forsyth 44 96 98 91 74 

21-6 Franklin 55 96 85 81 63 

20-4 Granville 44 90 79 89 33 

20-6 Granville 54 90 85 91 64 

20-2 Granville 76 100 91 99 73 

18-5 Guilford 49 100 49 82 39 

22-6 Halifax 38 96 86 93 58 

23-5 Halifax 54 96 89 99 85 

22-4 Halifax 56 99 100 100 88 

62-4 Harnett 49 85 85 81 63 

61-4 Harnett 53 85 88 88 63 

62-1 Harnett 70 88 99 91 72 

62-3 Harnett 73 94 99 91 74 

24-4 Hertford 31 99 88 96 67 

74-1 Hoke 59 100 93 88 44 

62-2 Johnston 46 93 80 82 48 

41-5 Johnston 51 94 88 89 65 

63-2 Johnston 61 96 92 91 69 

41-5 B Johnston 63 98 92 91 70 

63-1 B Johnston 73 98 94 91 83 

63-1 Johnston 88 99 98 100 84 

61-1 Lee 54 98 92 99 63 

61-2 Lee 63 98 99 100 71 

64-6 Lenoir 48 81 88 83 61 

64-4 Lenoir 49 96 98 100 75 

65-3 Lenoir 79 98 100 100 84 

43-4 Martin 53 99 93 93 45 

43-2 Martin 70 99 93 100 91 

59-2 Montgomery 44 87 85 79 75 

59-1 Montgomery 78 93 100 89 77 

60-3 Moore 46 94 78 100 60 

60-4 Moore 83 97 98 100 87 

42-3 Nash 41 71 86 79 57 

41-4 Nash 49 92 94 89 66 

42-1 Nash 68 99 98 91 83 

22-5 Nash 79 100 99 100 89 

19-5 Orange 41 82 49 73 59 
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Table 2.5 (continued) 

39-1 Orange 44 94 78 83 62 

39-2 Orange 60 94 93 88 70 

19-6 Orange 64 97 98 99 71 

76-6 Pender 60 96 93 99 83 

19-4 Person 63 94 56 83 47 

19-2 Person 79 97 65 89 61 

20-1 Person 82 99 79 100 62 

20-3 Person 99 100 83 100 83 

65-1 Pitt 44 60 17 74 63 

43-5 Pitt 46 86 80 81 63 

43-6 Pitt 53 86 86 91 66 

65-2 Pitt 79 96 96 98 83 

38-5 Randolph 58 83 20 73 38 

37-6 Randolph 76 96 91 95 65 

17-4 Rockingham 53 96 91 91 67 

18-1 Rockingham 75 99 99 96 81 

36-6 Rowan 41 81 28 92 32 

36-5 Rowan 55 94 67 96 53 

76-1 Sampson 51 76 72 91 64 

62-6 Sampson 55 78 85 94 64 

76-3 Sampson 59 93 89 99 79 

75-2 Sampson 66 96 93 100 83 

76-2 Sampson 77 100 99 100 83 

73-4 Scotland 40 96 83 90 63 

73-3 Scotland 44 99 89 91 78 

73-6 Scotland 62 100 91 100 81 

16-3 Surry 83 100 78 99 83 

58-6 Union 50 82 21 76 28 

58-5 Union 52 91 36 86 30 

71-3 Union 56 94 51 89 35 

71-1 Union 56 95 68 90 37 

71-4 Union 73 96 68 96 38 

71-2 Union 76 97 89 99 59 

21-1 Vance 55 98 87 80 76 

21-3 Vance 76 100 99 100 92 

41-3 Wake 78 100 91 100 96 

22-3 Warren 60 81 82 91 75 

64-1 Wayne 44 82 75 79 80 
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Table 2.5 (continued) 

64-3 Wayne 53 99 91 98 81 

42-6 Wilson 56 85 95 96 85 

42-5 Wilson 59 100 96 99 89 

16-5 Yadkin 42 100 64 99 42 
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Figure 2.1 Distribution of 155 Italian ryegrass populations from North Carolina collected in 2012 and 2013. 
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Figure 2.2 Location of pre-determined sample points used for of Italian ryegrass seed collection routes in 2022.
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Figure 2.3 Distribution of 115 Italian ryegrass populations from North Carolina collected in 2022. 
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Figure 2.4 Distribution of mesosulfuron-resistant Italian ryegrass populations from North Carolina identified in the 2022 survey. 
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Figure 2.5  Distribution of mesosulfuron resistant Italian ryegrass populations from North Carolina identified in the 2012 survey. 
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Figure 2.6 Heat map showing mesosulfuron control of Italian ryegrass populations from North Carolina surveyed in 2022. Symbols 

demonstrate resistant (red octagon), 51 to 69% (pink triangle), 70 to 79% (orange diamond), 80 to 89% (blue circle), and 90 to 100% 

(dark blue cross) control levels.  
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Figure 2.7 Distribution of pinoxaden resistant Italian ryegrass populations from North Carolina identified in the 2022 survey. 
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Figure 2.8 Distribution of pinoxaden resistant Italian ryegrass populations from North Carolina identified in the 2012 survey. 
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Figure 2.9 Heat map showing pinoxaden control of Italian ryegrass populations from North Carolina surveyed in 2022. Symbols 

demonstrate resistant (red octagon), 51 to 69% (pink triangle), 70 to 79% (orange diamond), 80 to 89% (blue circle), and 90 to 100% 

(dark blue cross) control levels.  
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Figure 2.10 Distribution of glyphosate resistant Italian ryegrass populations from North Carolina identified in the 2022 survey.
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Figure 2.11 Heat map showing glyphosate control of Italian ryegrass populations from North Carolina surveyed in 2022. Symbols 

demonstrate resistant (red octagon), 51 to 69% (pink triangle), 70 to 79% (orange diamond), 80 to 89% (blue circle), and 90 to 100% 

(dark blue cross) control levels. 
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Figure 2.12 Heat map showing paraquat control of Italian ryegrass populations from North Carolina surveyed in 2022. Symbols 

demonstrate resistant (red octagon), 51 to 69% (pink triangle), 70 to 79% (orange diamond), 80 to 89% (blue circle), and 90 to 100% 

(dark blue cross) control levels. 
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Figure 2.13 Distribution of paraquat resistant Italian ryegrass populations from North Carolina identified in the 2022 survey. This 

population is also resistant to pinoxaden, glyphosate, and glufosinate.
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Figure 2.14 Distribution of glufosinate resistant Italian ryegrass populations from North Carolina identified in the 2022 survey. These 

populations are also resistant to pinoxaden, glyphosate, and glufosinate.
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Figure 2.15 Heat map showing glufosinate control of Italian ryegrass populations from North Carolina surveyed in 2022. Symbols 

demonstrate resistant (red octagon), 51 to 69% (pink triangle), 70 to 79% (orange diamond), 80 to 89% (blue circle), and 90 to 100% 

(dark blue cross) control levels. 
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Figure 2.16 Distribution of 3-way multiple resistant Italian ryegrass populations from North Carolina identified during the 2022 

survey. These populations are resistant to mesosulfuron, pinoxaden, and glufosinate. 
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Figure 2.17 Distribution of 2-way multiple resistant Italian ryegrass populations from North Carolina identified in the 2022 survey. 

These populations are resistant to mesosulfuron, and pinoxaden.
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Abstract 

Palmer amaranth populations were collected from the Coastal Plains and Piedmont regions of 

North Carolina in the fall of 2015 and 2022, resulting in 101 and 137 samples, respectively. Seed 

samples were collected from fields with an observed population of mature Palmer amaranth 

seedheads. Populations were treated to determine their response to 2,4-D, dicamba, fomesafen, 

and glufosinate applied at the rate labeled for in field use when Palmer amaranth plants were at 

the 5-7 leaf stage. Ratings were taken weekly for 28 days following treatment. Populations were 

determined to be resistant when the average control of a herbicide was Ò50%. No populations with 

control <50% following treatments of 2,4-D, dicamba, or glufosinate were found in the 2015 

survey; however, seven populations demonstrated potential resistance to fomesafen. The survey 

of the 2022 populations found the same results for 2,4-D, dicamba, and glufosinate as 2015, 

however 40 populations showed reduced control (<50%) following fomesafen treatment.  

 

Nomenclature: 2,4-D; dicamba; glufosinate; fomesafen; Palmer amaranth, Amaranthus palmeri 

 

Key words: Herbicide resistance, Resistance survey,  
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Introduction  

Palmer amaranth [Amaranthus palmeri] is consistently one of the most troublesome weeds 

in the United States and Canada, competing with commonly grown row-crops (Van Wychen 

2022). Resistance in Palmer amaranth to different herbicide modes of action has become an 

increasingly important issue over the past four decades, since the first documented case of 

herbicide resistance was identified in South Carolina in 1989 (Gossett et al. 1992; Heap 2024; 

Ward et al. 2013). The first documentation of glyphosate resistance was significant, as it was the 

most common herbicide used to control Palmer amaranth in fields planted with glyphosate-tolerant 

crops (Culpepper et al. 2006; Heap 2024).  

Glyphosate-resistant Palmer amaranth was first documented in North Carolina in 2006, 

which led to a large statewide survey to determine the distribution of resistant weed populations 

(Heap 2024; Whitaker 2009; Culpepper et al. 2008). Resistance to acetolactate synthase (ALS) in 

Palmer amaranth, which was confirmed in North Carolina in 1995, had also become increasingly 

common across the state (Heap 2024). Out of 290 samples collected in the 2006 survey, 17% and 

18% demonstrated resistance to glyphosate and thifensulfuron, respectively, including five 

populations with multiple resistance to both herbicides. A follow-up statewide survey in 2010 

concluded that of 134 sampled populations, 98% and 97% showed resistance to glyphosate and 

thifensulfuron, respectively (Poirier et al. 2014). Poirier et al. (2014) also found 93% of the 

populations tested to have multiple resistance to both thifensulfuron and glyphosate. These results 

represented an increase from the five populations found in the Southeastern coastal plains by 

Whitaker just five years prior. In 2016, 110 populations were collected in a targeted screen of the 

Coastal Plains region of North Carolina (Mahoney et al. 2020). Mahoney reported similar numbers 

as Poirier, with 99% and 96% of the populations showing resistance to glyphosate and 
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thifensufuron, respectively. Mahoney also found low levels of plant survival from select 

populations after field-use rate applications of mesotrione and fomesafen. Survivors of the 

mesotrione screenings were used to confirm Palmer amaranth resistance to mesotrione in North 

Carolina, the first confirmation of HPPD resistance in the state (Heap 2024; Mahoney et al. 2020). 

Low levels of survival following S-metolachlor and 2,4-D applications were reported, from the 

same populations collected by Mahoney in 2016 (Moore et al. 2021). Moore also reported 18 of 

the populations to have survivors to both S-metolachlor and 2,4-D.  

In 2019, a nationwide survey concluded 71% of farmers expressed concern over the 

migration of herbicide-resistant weeds into their fields, yet only 56% made any efforts to discuss 

these issues with farmers with neighboring fields (Ervin et al. 2019). In the same study, only 40 to 

50% of growers admit rotating modes of action to help combat the development of herbicide-

resistant weeds. Ervin et al. (2019) also concluded that growers who relied on extension educators 

were more likely to be concerned when presented with resistance issues, leading to better 

management practices. A separate study in 2016 found that while incorporating different practices 

to manage herbicide-resistant weeds was common among farmers, there is still room for more 

growers to adopt better management strategies (Dong et al. 2016). It has been hypothesized that 

growers do not take resistance management as seriously on rented acres due to a host of factors 

such as short-term use of that property and not wanting to put too much money into it, however, 

studies show no difference in weed management across rented versus owned land (Frisvold et al. 

2020). Growers are becoming more aware of the widespread resistance problem at hand, but 

continued teaching and extension work is necessary to provide them with proper information 

concerning the best herbicide use strategies.  
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The last documented Palmer amaranth survey including the piedmont region occurred in 

2010 by Poirier et al. (2014). Screening of the 2015 populations, as well as an updated survey 

incorporating both the Piedmont and Coastal Plains regions is needed to determine the 

development of herbicide resistance across the entire state over the past decade. These results will 

provide information on the distribution of herbicide resistance, and more importantly where 

postemergence herbicides commonly used in North Carolina row cropping systems are still 

efficacious.  

Materials and Methods 

Sample Collection  

 Palmer amaranth populations were selected at random by way of observation while 

surveying fields from the road during the fall of 2015 and 2022. A sampling grid was chosen using 

an atlas [North Carolina Atlas & Gazetteer. Ninth Edition. Yarmouth, Maine: Delorme, 2010] 

where points were chosen on a longitudinal spacing of every 13 degree min, and a latitude spacing 

of every 10 degree min (Jones et al. 2021; Poirier et al. 2014; Culpepper et al. 2008). A total of 

296 potential sample locations were distributed across the Piedmont and Coastal Plains regions of 

North Carolina (Figure 3.1). Each sample point was visited, and an effort was made to collect 

female Palmer amaranth seedheads out of a row-crop field within proximity to that point. If driving 

down several roads proved unfruitful in a collection near a given point, that point was dropped, 

and travel continued to the next pre-determined point. Methods used for collection included 

stopping after visual observation of a field infested with Palmer amaranth plants, then recording 

the sample location with GPS reference points and field information including the crop on a brown 

paper sack and placing the seed heads inside. An effort was made to go at least 30 meters into the 

field to avoid collecting from the end rows, with at least 20 seed heads collected from different 
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plants while walking in a zig-zag pattern across the field. In 2015, 101 populations were collected 

(Figure 3.2) from various cropping systems including common row crops: cotton [Gossypium 

hirsutum] (9), peanut [Arachis hypogaea] (1), soybean [Glycine max] (84); specialty crops: lima 

bean [Phaseolus lunatus L.] (1) and tobacco [Nicotiana tabacum] (1); no crop data was recorded 

for five populations. In 2022, 137 populations were collected (Figure 3.3). Collection sites in 2022 

consisted of various cropping systems including common row crops: corn [Zea mays] (2), cotton 

(12), peanut (1), and soybean (119); specialty crop: sweetpotato [Ipomoea batatas] (2); and fallow 

ground (1). Seed collections were taken to Method Road Weed Control Laboratories (Raleigh, 

North Carolina 27607) where they were set out to dry, then processed by separating seeds from 

the seedhead. Seed samples were stored in freezers until screening.  

Greenhouse screening 

 Greenhouse studies were conducted at Method Road Weed Control Laboratories (Raleigh, 

North Carolina 27607). Populations collected in 2015 were screened separately from populations 

collected in 2022. Palmer amaranth seeds were sewn directly into 10 cm pots containing Sunshine® 

Mix #1 potting mixture (Sun Gro Horticulture, Agawam, MA, USA). Once the seeds germinated, 

one plant was transplanted into each 7.6 cm pot containing a 4:1 mix of Sunshine® Mix #1 potting 

mixture (Sun Gro Horticulture, Agawam, MA, USA) and sand including 5 g of slow-release pellet 

fertilizer (14-14-14). Daily overhead irrigation was provided throughout the course of each 

experiment. Supplemental greenhouse lighting consisting of 530W total grow lights (Total Grow 

Control, Alvin, TX, USA) producing 800 µmol/ m -2/ s -1  was provided with 15 hour photoperiods 

consisting of 35/29  (day/night) temperature fluctuations respectively. Plants grew until they 

reached an average of 10 to 15 cm (5 to 7 leaves). Applications were made with a CO2 pressurized 

sprayer equipped with TeeJet® TTI 11002 VS nozzles (TeeJet nozzles; Spraying Systems Co., 
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Wheaton, IL) for auxin treatments and TeeJet® XR 11002 VS nozzles (TeeJet nozzles; Spraying 

Systems Co., Wheaton, IL) for all other treatments, producing 140 L/ha-1 of solution at 207 kPa.  

Treatments included: non-treated check, fomesafen [281 g ai ha-1] 2,4-D [1064 g ae ha-1], dicamba 

[562 g ae ha-1], and glufosinate [596 g ai ha-1] (Table 3.1). Nonionic surfactant (NIS) (Helena Agri-

Enterprises, Colloerville, TN, USA) at 1% v/v was added to fomesafen. All rates were based on 

label recommendations for an over-the-top row crop application. Visual ratings were taken weekly 

until 28 days after treatment (DAT), where each individual plant was assessed a control rating on 

a scale of 0 to 100 with 0 representing no control and 100 represents plant death. Treatments were 

arranged in a completely randomized block design with four replications of each treatment by 

population combination. This study was repeated in another greenhouse with the same 

management practices. Statistical analysis was performed using Statistical Analysis Software, SAS 

9.4 (SAS Institute, Inc., NC, USA). Analysis of variance was determined using PROC GLIMMIX. 

There was no variability between runs, so runs were combined for analysis. 

Results and Discussion 

2015 Survey of Palmer amaranth Populations 

Palmer amaranth control was averaged across all replications  and runs for each treatment 

and herbicide. Populations with an average of <50%  control are considered to have putative-

resistance. Out of 101 populations evaluated, fomesafen was the only herbicide where populations 

exhibited Ò50% control, with a total of seven populations below the threshold to be considered 

putative resistant. No populations were found to have control <50% for 2,4-D, dicamba, or 

glufosinate (Table 3.2).  

Results for control with each herbicide can further be broken down into five different 

control levels: <50%, 51 to 69%, 70 to 79%, 80 to 89%, and 90 to 100%. These control levels are 
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similar to typical herbicide efficacy ratings and help break down the overall control range for those 

populations which have reduced control but would not fall below the 50% threshold. This is of 

interest since herbicide resistance continues to spread in the Coastal Plain and Piedmont regions 

of North Carolina. By identifying areas where reduced control is observed in the survey, extension 

messaging can be targeted to explain the areas of concern across the state. Growers who rely on 

extension educators for training and information tend to be more concerned when presented with 

various cases of resistance, leading to more acceptance of resistance management weed control 

programs (Ervin et al. 2019). This evidence further supports the use of this information and the 

importance of extension to raise awareness among growers.   

Palmer amaranth collected in 2015 did not have any populations below the 50% threshold 

when treated with 2,4-D. Additionally, only two populations were controlled between 51 to 69%. 

These two populations originated from Cumberland and Johnston counties (Table 3.3). Eleven 

populations were controlled between 70 to 79%, 21 populations were controlled 80 to 89%, and 

61 populations were controlled >90% (Figure 3.4). These results are similar to those reported by 

Moore et al. (2021) where plant survival (observed new growth 28 DAT) was observed for most 

populations, however, most populations were still controlled between 80-100%. No populations 

were <70% with dicamba (Table 3.3). Only five populations were controlled 70 to 79%. Ninety 

populations of Palmer amaranth were controlled >80%, with 74 of them being controlled > 90%. 

Overall, dicamba demonstrated excellent control across the entire state of North Carolina (Figure 

3.5). Moore et al. (2021) reported no differences in survival among any of the populations collected 

in the Coastal Plains. Enlist and Xtend traited crops, which allow for postemergence applications 

of 2,4-D and dicamba, respectively, were not available to growers until 2016. The Palmer amaranth 

populations in both Moore et al. (2021) and our survey in 2015 were collected before the use of 
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2,4-D and dicamba over-the-top in soybean and cotton. The lack of selection pressure with these 

herbicides could explain why no synthetic auxin-resistant weed populations were found in this 

survey.  

 Seven populations of Palmer amaranth collected in 2015 were controlled <50% after an 

application of fomesafen (Figure 3.6). These putative-resistant populations were distributed mostly 

across the southern tier counties. The counties with putative-resistant fomesafen populations 

include Anson, Cleveland, Nash, Richmond, and Scotland with two of the populations each being 

found in Anson and Cleveland counties (Table 3.3). Only 18 populations were controlled >90%, 

with the rest of the populations being controlled between 51-89% (Figure 3.7). Populations of 

Palmer amaranth from 2010 were completely controlled with fomesafen across the entire state 

(Poirier et al. 2014). Mahoney et al. (2020) reported much higher control with fomesafen in their 

populations collected in 2015. One explanation is the distribution of samples collected, as none of 

the seven putative-resistant populations from this survey were located in the same area as the 

reported 2015 Coastal Plains survey (Mahoney et al. 2020).  

 While no putative resistance can be reported with glufosinate, some reduced control was 

observed in some populations tested. No populations of Palmer amaranth were controlled <50% 

with glufosinate, however one population in Pitt County and one population in Lenior county 

showed control between 51 to 69% (Table 3.3). Four more of the populations were controlled 70 

to 79%. Sixteen populations were controlled 80 to 90%, while 73 populations were controlled 

>90% by glufosinate (Figure 3.8). Poirier et al. (2014) and Mahoney et al. (2020) both reported 

100% control across all populations, which is much higher control than what can be reported with 

these populations. 
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2022 Survey of Palmer amaranth Populations 

Control will be discussed using the same control levels as those used for the 2015 

populations. Out of 137 of the populations, fomesafen was the only herbicide where control was 

observed <50%, with 40 populations showing reduced control. 2,4-D, dicamba, and glufosinate 

controlled all populations >50% (Table 3.3).  

 The majority of Palmer amaranth populations from 2022 were controlled >90% when 

treated with 2,4-D. Two populations in Sampson and Warren counties were controlled between 51 

to 69%, six between 70 to 79%, and 28 between 80 to 89% (Table 3.4). Populations with reduced 

control were all located in the Coastal Plains region of North Carolina (Figure 3.9). These results 

are similar to the 2015 populations as well as the results of Moore et al. (2021). No populations 

were controlled <70% by dicamba (Table 3.4). Only one population was controlled 70 to 79%, 80 

to 89% control achieved in three populations, and >90% control in 126 populations (Figure 3.10). 

The reduced susceptibility in certain populations is cause for some concern, especially in 2,4-D. 

However, results between 2015 and 2022 demonstrate that resistance development of auxin 

herbicides is not on a rapid trajectory in North Carolina, but should still be used in rotation 

coinciding with proper resistance management strategies.  

 Forty populations of Palmer amaranth were controlled <50% with fomesafen, marking 

them each as putative resistant populations. These populations were distributed predominantly 

across the Coastal Plains region of North Carolina (Figure 3.11). Further control included 51 to 

69% control in thirty-five populations, 70 to 79% control in sixteen populations, 80 to 89% control 

in twenty-four populations, while twenty-two populations were controlled >90% (Figure 3.12). 

This number is much greater than those reported by Poirier et al. (2014), Moore et al. (2021), and 

in the screened 2015 populations.  
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 Glufosinate was the most effective herbicide in controlling Palmer amaranth populations. 

Every population evaluated from the 2022 survey was controlled >90% (Table 3.4). These results 

are similar to numbers reported by Poirier et al. (2014) and Mahoney et al. (2020), where every 

population was controlled 100%. Widespread control of Palmer amaranth with glufosinate (Figure 

3.13) is very beneficial for North Carolina growers. While still effective, glufosinate should still 

be used in rotation with other herbicides to prevent resistance, which has been confirmed in North 

Carolina as recently as 2015 (Heap 2024; Jones et al. 2024). In a recent study surveying growers 

in North Carolina about their use of glufosinate, 56% of respondents reported using glufosinate to 

some extent (Jones et al., 2022). In 2020, Jones et al. (2022) reported that 13 to 17% of North 

Carolina growers rely exclusively on glufosinate for weed control. Additionally, 4 to 10% reported 

using glufosinate as a late postemergence application, which has the potential for escape with 

larger weeds. Overall, Jones et al. (2022) determined that glufosinate was being stewarded well by 

growers with few reported escapes of weeds after the use of glufosinate. Glufosiante is dependent 

on weather conditions for proper effectiveness (Coetzer et al. 2001; Sellers et al. 2004). Because 

of these environmental factors, continuous education of growers should be the mission of the 

extension program to ensure proper application timings and usage of glufosinate. 

 Control of Palmer amaranth with 2,4-D and dicamba remains steady between 2015 and 

2022. In 2015, >80% was achieved in 86% of the populations with 2,4-D, and 94% of the 

populations with dicamba. In 2022, >80% control was achieved in 95% of the populations with 

2,4-D, and 99% of the populations with dicamba.  Fomesafen resistance has increased over the 

past 7 years, from Poirier et al. (2014) and Mahoney et al. (2020) reporting no resistant populations, 

our 2015 screen identifying seven putative-resistant populations and a large increase in 2022 to 40 

putative-resistant populations. Only 16% of the populations in the 2022 screen were controlled 
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>90% with fomesafen. >90% glufosinate control was demonstrated for all populations in 2022, 

similar to Poirier et al. (2014) and Mahoney et al. (2020), who also reported zero populations 

surviving after an application of glufosinate.  

 Putative resistance was only found with one herbicide in this survey so no cases of multiple 

resistance can be reported to these herbicides. While glyphosate and ALS herbicides were not 

used, they have been thoroughly documented over the last two decades in the state of North 

Carolina (Mahoney et al. 2020; Poirier et al. 2014; Whitaker 2009). Surveys from Palmer amaranth 

collections in 2010 and 2016 reported >95% of populations being resistant to both glyphosate and 

an ALS herbicide, so multiple resistance is highly likely with the populations surviving fomesafen, 

should resistance be confirmed in the future.  

This research is important for North Carolina growers to make informed decisions when 

structuring effective herbicide programs. The maps provided can be excellent extension and 

educational tools to show where the pockets of resistance may be located across the state so 

recommendations can be made on the best control options to growers in a county. Having almost 

two decades' worth of data on herbicide-resistant Palmer amaranth populations helps visualize the 

reality of resistance and how it takes relatively little time for resistant populations to infest an entire 

field (Nichols 2009; Norsworthy et al. 2014). The most important tool when it comes to chemical 

weed control is a diverse weed management program. Consistently using the same herbicides with 

the same mode of action will lead to a higher selection pressure and increased evolution of 

herbicide resistance (Poirier et al. 2014; Shaw et al. 2011b). Rotation of different chemistries along 

with the use of multiple modes of action will reduce the likelihood of developing herbicide 

resistance in a particular population (Inman et al. 2016; Merchant et al. 2014). A good program 

including multiple modes of action and the use of preemergence herbicides is strongly 
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recommended (Cahoon et al. 2015; Everman et al. 2009; Whitaker et al. 2011). Integrating cultural 

weed control methods into a program, such as cover cropping and row spacing might also aid in 

decreased selection pressure against potentially resistant populations (Besançon et al. 2017; 

Essman et al. 2023; Loux et al. 2017; Schultz et al. 2015). 

The method of a statewide survey may not provide the most accurate representation of 

resistance across the state, as it may favor resistant populations by only collecting data from fields 

with observed escapes. While this screen does not confirm resistance for each population, it 

provides a general understanding of responses for each population with each herbicide. Future 

research should include dose responses or genetic tests to confirm resistance to specific herbicides 

such as fomesafen, which has not yet been confirmed in North Carolina. Additional screening 

work could be done to determine the control levels of other common herbicides, such as very long 

chain fatty acid-, PSII- and HPPD- inhibiting herbicides.  
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Tables and Figures 

Table 3.1 Herbicide information for Palmer amaranth populations from North Carolina surveyed 

in 2015 and 2022. 
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Table 3.2 Total number of Palmer amaranth populations from North Carolina where average 

control falls in to thresholds of <50%, 51%-69%, 70%-79%, 80%-89%, and 90%-100%. 

Treatment Threshold 2015 2022 

  ----------------Populations---------------- 

2,4-D <50%  0 0 

 51% - 69% 2 2 

 70% - 79% 11 6 

 80% - 89% 21 28 

 90% - 100% 61 101 

    

    

Dicamba <50% 0 0 

 51% - 69% 0 0 

 70% - 79% 5 1 

 80% - 89% 16 3 

 90% - 100% 74 126 

  
  

    

Fomesafen <50% 7 40 

 51% - 69% 27 35 

 70% - 79% 26 16 

 80% - 89% 22 24 

 90% - 100% 18 22 

  
  

    

Glufosinate <50% 0 0 

 51% - 69% 2 0 

 70% - 79% 4 0 

 80% - 89% 16 0 

 90% - 100% 73 137 
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Table 3.3 Palmer amaranth control with populations collected in 2015. 

   Palmer amaranth control 

Population County Crop 2,4-D Dicamba Fomesafen Glufosinate 

   -----------------------------%--------------------------- 

19-5 Alamance Soybean 93 100 80 89 

72-3 Anson Soybean 78 86 23 83 

Anson 5 Anson Soybean 93 78 90 100 

Anson 7 Anson Butter Bean 100 100 40 100 

Anson 8 Anson Soybean 86 100 100 100 

Anson 9 Anson Soybean 100 100 81 91 

Anson 11 Anson Soybean 86 93 71 99 

Anson 13 Anson Soybean 100 100 85 92 

66-2 Beaufort Soybean 91 96 80 85 

83-4 Bladen Soybean 93 100 64 100 

84-1 Brunswick Cotton 93 93 55 100 

58-1 Cabarrus Soybean 91 81 71 100 

58-2 Cabarrus Soybean 92 99 69 100 

34-3 Catawba Soybean 96 93 81 86 

35-4 Catawba Soybean 93 93 91 90 

55-2 Cleveland Soybean 86 100 23 82 

55-3 Cleveland Cotton 100 91 41 83 

55-3a Cleveland Cotton 93 99 89 100 

55-3b Cleveland Soybean 100 92 63 100 

83-3 Columbus Soybean 93 100 71 92 

83-5 Columbus Soybean 88 89 60 100 

83-6 Columbus Soybean 76 100 94 100 

62-5 Cumberland Soybean 68 100 80 92 

36-4 Davidson Soybean 93 86 90 99 

22-4 Edgecombe Cotton 78 93 63 100 

22-5 Edgecombe Soybean 88 100 63 82 

42-2 Edgecombe Soybean 93 70 58 83 

35-1b Forsyth Soybean 100 96 80 92 

20-6 Franklin Tobacco *  *  100 *  

56-3a Gaston Soybean 93 94 72 100 

56-3b Gaston Soybean 93 93 81 100 

46-5 Greene Soybean 100 100 76 100 

64-1 Greene Soybean 92 93 70 99 
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Table 3.3 (continued) 

64-3 Greene Soybean 93 93 62 85 

65-1 Greene Soybean 91 100 90 99 

35-1a Guilford Soybean 90 100 71 91 

20-5 Halifax NA 100 100 *  100 

23-1 Halifax Soybean 88 100 83 100 

23-4 Halifax Soybean 100 100 91 99 

24-1 Halifax Peanut 93 100 100 100 

24-4 Halifax Soybean 83 86 91 92 

61-4 Harnett Soybean 72 84 80 100 

62-6 Harnett Soybean 86 97 63 100 

25-1 Hertford Soybean 85 92 61 100 

25-3 Hertford Soybean *  *  89 *  

82-3 Horry Soybean 83 93 80 74 

62-1 Johnston Soybean *  *  62 *  

62-2 Johnston Soybean 66 100 69 93 

62-3 Johnston Soybean 71 93 53 100 

62-4 Johnston Soybean 92 93 75 100 

63-1 Johnston Soybean 94 93 55 82 

63-3 Johnston Soybean 95 100 70 91 

76-1 Johnston Cotton 87 91 80 83 

64-6 Lenoir Soybean 100 96 92 74 

65-2 Lenoir Soybean 100 86 83 68 

65-6 Lenoir Soybean 74 100 83 92 

82-2 Marlboro Soybean 78 93 81 93 

58-5 Mecklenburg Soybean 98 100 70 91 

38-5 Montgomery Soybean 100 100 90 91 

39-3 Montgomery Soybean *  *  100 *  

61-2 Montgomery Soybean 100 92 51 100 

60-3 Moore Soybean 100 100 61 100 

61-3 Moore Soybean 100 94 71 93 

21-5 Nash Soybean 93 87 79 93 

22-6 Nash Soybean 93 96 65 99 

23-5 Nash Cotton 92 93 73 90 

23-6 Nash Soybean 84 100 73 99 

24-5 Nash Soybean 93 100 77 99 

43-1 Nash Soybean 89 91 73 92 
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Table 3.3 (continued) 

43-2 Nash Soybean 94 93 46 91 

46-1 Nash Cotton 100 100 71 93 

26-4 Pasquotank Soybean *  *  90 *  

47-1 Pasquotank Soybean 78 93 63 100 

25-6 Perquimans NA 100 100 100 82 

46-3 Pitt Cotton 91 100 73 100 

64-2 Pitt Soybean 100 91 81 93 

64-4 Pitt Soybean 89 93 63 78 

65-3 Pitt Soybean 94 99 79 55 

66-3 Pitt Soybean 99 93 71 76 

38-3 Randolph Soybean 93 78 89 91 

38-4 Randolph Soybean 93 93 81 100 

60-4 Richmond Soybean 99 94 53 99 

72-2 Richmond Soybean 86 99 60 91 

73-4 Richmond Soybean 83 100 55 89 

74-2 Richmond Cotton 85 93 39 99 

75-5 Robeson Soybean 100 78 69 100 

35-6 Rowan Soybean 92 86 90 100 

63-6 Sampson Soybean 84 93 73 92 

74-3 Scotland Soybean 78 86 41 85 

74-4 Scotland Soybean 71 83 72 99 

74-5 Scotland Soybean 100 78 81 100 

74-6 Scotland Soybean 91 85 74 98 

59-1a Stanly Soybean 85 99 54 82 

16-3 Stokes Soybean 86 86 90 100 

71-2 Union Soybean 78 88 79 100 

71-4 Union Soybean 89 100 79 92 

41-2 Wake Soybean 100 86 61 89 

42-3 Wilson Soybean 91 99 75 100 

1-1 NA NA 93 100 100 100 

1-2 NA NA *  *  83 *  

1-3 NA NA 100 85 63 100 
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Table 3.4 Palmer amaranth control with populations collected in 2022. 

   Palmer amaranth control 

Population County Crop dicamba 2,4-D fomesafen glufosinate 

   
-----------------------------%---------------------------

--- 

18-6 Alamance Soybean 100 100 100 100 

72-4 B Anson Soybean 99 93 67 100 

46-2 Bertie Soybean 100 100 86 100 

24-6 Bertie Soybean 100 93 91 100 

23-6 Bertie Soybean 99 99 100 100 

75-5 Bladen Soybean 100 93 71 100 

83-1 Bladen Soybean 100 100 76 100 

80-4 Carteret Soybean 100 100 91 100 

19-3 Caswell Soybean 100 100 73 100 

39-3 Chatham N/A 100 *  *  100 

38-4 Chatham Soybean 100 100 100 100 

55-2 Cleveland Soybean 100 100 100 100 

55-4 Cleveland Soybean 100 93 100 100 

55-4 B Cleveland Soybean 100 99 73 100 

83-3 Columbus Cotton 100 100 100 100 

82-3 Columbus Soybean 100 100 39 100 

83-1 B Columbus Soybean 98 88 69 100 

83-5 Columbus Soybean 100 100 82 100 

83-6 Columbus Soybean 99 100 91 100 

65-6 Craven Soybean 100 100 82 100 

65-6 Craven Soybean *  100 90 100 

62-5 Cumberland Cotton 100 77 76 100 

75-1 Cumberland Soybean 99 88 48 100 

74-2 Cumberland Soybean 100 91 81 99 

36-3 Davie Soybean 99 86 72 100 

36-4 Davidson Soybean 99 100 91 100 

64-5 Duplin Cotton 99 92 91 100 

77-4 Duplin Peanut 99 93 81 100 

77-3 Duplin Soybean 100 93 24 100 

76-4 Duplin Soybean 100 87 61 100 

77-2 Duplin Soybean 99 82 73 100 

77-1 Duplin Soybean *  85 83 100 

20-5 Durham Soybean 100 100 75 100 

42-4 Edgecombe Soybean 70 85 24 100 

42-2 Edgecombe Soybean 100 91 38 100 
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Table 3.4 (continued) 

43-1 Edgecombe Soybean 100 91 43 91 

43-3 Edgecombe Soybean 91 86 56 100 

41-1 Franklin Soybean *  100 85 100 

21-6 Franklin Soybean 100 86 65 100 

21-5 Franklin Soybean 99 93 80 100 

41-2 Franklin Soybean 99 100 68 99 

25-1 Gates Soybean 100 85 84 *  

64-2 Greene Soybean 100 100 55 100 

18-5 Guilford Soybean 100 92 74 100 

22-6 Halifax Cotton 99 85 55 100 

23-5 Halifax Soybean 99 99 64 100 

62-4 Harnett Cotton 100 93 60 100 

61-4 Harnett Soybean 100 93 56 100 

62-1 Harnett Soybean 99 93 58 100 

62-3 Harnett Soybean *  81 73 100 

24-3 Hertford Soybean 95 91 83 100 

74-1 Hoke Soybean 99 93 44 100 

35-2 Iredell Soybean 99 94 73 100 

63-3 Johnston Cotton *  100 83 100 

63-2 Johnston Soybean 100 100 25 100 

63-1 Johnston Soybean 99 100 63 100 

41-6 Johnston Soybean 100 91 71 100 

41-5 Johnston Soybean 99 98 91 100 

62-2 Johnston 
Sweet 

potato 
100 100 30 100 

65-5 Jones Soybean 100 93 33 100 

78-1 Jones Soybean 99 86 36 96 

61-2 Lee Fallow 99 100 83 100 

61-1 Lee Soybean 100 93 48 100 

65-3 B Lenior Soybean 99 83 45 100 

64-4 Lenoir Soybean 100 100 46 100 

65-3 Lenoir Soybean 99 100 62 100 

56-1 Lincoln Soybean *  100 36 100 

56-1 Lincoln Soybean 100 91 90 100 

43-4 Martin Soybean 100 100 54 100 

60-3 Moore Corn *  100 33 100 

61-3 Moore Soybean 99 100 43 100 

60-2 Moore Soybean 99 100 46 100 

60-1 Moore Soybean 100 90 62 100 
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Table 3.4 (continued) 

60-4 Moore Soybean *  100 83 100 

22-5 Nash Cotton 96 93 54 100 

42-1 Nash Soybean 98 100 73 100 

42-3 Nash Soybean 100 100 83 100 

41-4 Nash Soybean 100 100 91 100 

19-5 Orange Soybean 100 100 82 100 

19-6 Orange Soybean 94 100 89 100 

25-4 Pasquotank Soybean 99 86 59 100 

26-5 Pasquotank Soybean 93 100 89 100 

25-6 Perquimans Soybean 90 93 53 100 

20-3 Person Soybean 100 85 44 100 

20-1 Person Soybean 81 88 83 100 

19-4 Person Soybean 99 100 91 100 

19-2 Person Soybean 97 100 100 100 

65-4 B Pitt Cotton 99 78 31 100 

43-5 Pitt Cotton 93 93 33 100 

43-5 B Pitt Cotton 100 100 45 100 

65-1 Pitt Cotton 98 93 65 100 

43-6 Pitt Soybean 99 100 80 100 

37-4 B Randolph Soybean 100 100 68 100 

37-4 Randolph Soybean 88 100 91 100 

38-3 Randolph Soybean 100 93 100 100 

72-4 Richmond Soybean 87 92 56 94 

74-5 Robeson Corn 99 100 83 100 

82-1 B Robeson Soybean 100 93 18 100 

74-4 Robeson Soybean 97 86 24 100 

82-2 Robeson Soybean 100 85 32 100 

74-5 B Robeson Soybean 92 93 40 100 

82-1 Robeson Soybean 100 100 46 100 

74-6 Robeson Soybean 99 85 49 100 

74-3 Robeson Soybean 99 100 61 100 

76-1 B Sampson Cotton 99 99 63 100 

76-1 Sampson Soybean 99 68 39 100 

62-6 Sampson Soybean 99 100 41 100 

62-6 B Sampson Soybean 100 79 43 100 

76-1 B Sampson Soybean 93 100 44 100 

63-5 Sampson Soybean 94 83 46 100 

75-2 Sampson Soybean 99 93 52 100 
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Table 3.4 (continued) 

76-2 B Sampson Soybean 99 94 59 100 

76-3 Sampson Soybean 99 100 72 100 

76-2 Sampson Soybean 98 100 79 100 

76-2 B Sampson Soybean 98 96 89 100 

73-2 Scotland Soybean 98 100 41 100 

73-4 Scotland Soybean 99 100 61 100 

73-6 Scotland Soybean 99 86 84 100 

58-4 Stanly Soybean 100 100 100 100 

15-4 Surry Soybean 100 100 91 100 

71-2 Union Soybean 92 81 62 100 

58-5 Union Soybean 99 100 81 100 

71-3 Union Soybean 99 88 81 100 

21-1 Vance Soybean 100 93 53 100 

21-3 Vance Soybean 100 100 90 100 

21-4 Warren Soybean 99 79 44 100 

22-1 Warren Soybean 98 86 59 99 

21-2 Warren Soybean 98 63 65 100 

47-4 Washington Soybean 99 100 46 100 

47-3 B Washington Soybean 93 92 52 100 

47-3 Washington Soybean 99 100 61 100 

64-3 Wayne Soybean 99 76 41 93 

64-1 Wayne Soybean 99 85 62 100 

63-4 Wayne Soybean 100 85 78 100 

42-5 Wilson Soybean 100 93 45 94 

42-6 Wilson Soybean 99 78 56 100 

15-6 Yadkin Soybean 99 84 31 100 

16-5 B Yadkin Soybean 100 100 43 100 
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Figure 3.1 Location of 296 pre-determined sample locations for Palmer amaranth populations across North Carolina for 2022 survey. 

  

 



 

104 

 

 
Figure 3.2 Distribution of 102 Palmer amaranth populations from North Carolina collected in 2015.
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Figure 3.3 Distribution of 137 Palmer amaranth populations from North Carolina collected in 2022.  
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Figure 3.4 Heat map showing 2,4-D control of Palmer amaranth populations from North Carolina surveyed in 2015. Symbols 

demonstrate 51 to 69% (pink triangle), 70 to 79% (orange diamond), 80 to 89% (blue circle), and 90 to 100% (dark blue cross) control 

levels. 
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Figure 3.5 Heat map showing dicamba control of Palmer amaranth populations from North Carolina surveyed in 2015. Symbols 

demonstrate 70 to 79% (orange diamond), 80 to 89% (blue circle), and 90 to 100% (dark blue cross) control levels. 



 

108 

 

 
Figure 3.6 Distribution of fomesafen putative-resistant Palmer amaranth populations identified during the 2015 survey. 
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Figure 3.7 Heat map showing fomesafen control of Palmer amaranth populations from North Carolina surveyed in 2015. Symbols 

demonstrate putative-resistant (red octagon), 51 to 69% (pink triangle), 70 to 79% (orange diamond), 80 to 89% (blue circle), and 90 

to 100% (dark blue cross) control levels. 



 

110 

 

 
Figure 3.8 Heat map showing glufosinate control of Palmer amaranth populations from North Carolina surveyed in 2015. Symbols 

demonstrate 51 to 69% (pink triangle), 70 to 79% (orange diamond), 80 to 89% (blue circle), and 90 to 100% (dark blue cross) control 

levels.
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Figure 3.9 Heat map showing 2,4-D control of Palmer amaranth populations from North Carolina surveyed in 2022. Symbols 

demonstrate 51 to 69% (pink triangle), 70 to 79% (orange diamond), 80 to 89% (blue circle), and 90 to 100% (dark blue cross) control 

levels.
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Figure 3.10 Heat map showing dicamba control of Palmer amaranth populations from North Carolina surveyed in 2022. Symbols 

demonstrate 51 to 69% (pink triangle), 70 to 79% (orange diamond), 80 to 89% (blue circle), and 90 to 100% (dark blue cross) control 

levels. 
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Figure 3.11 Distribution of fomesafen putative-resistant  Palmer amaranth populations from North Carolina in the 2022 survey.
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Figure 3.12 Heat map showing fomesafen control of Palmer amaranth populations from North Carolina surveyed in 2022. Symbols 

demonstrate putative resistant (red octagon), 51 to 69% (pink triangle), 70 to 79% (orange diamond), 80 to 89% (blue circle), and 90 

to 100% (dark blue cross) control levels. 
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Figure 3.13 Heat map showing glufosinate control of Palmer amaranth populations from North Carolina surveyed in 2022. Symbols 

demonstrate 90 to 100% (dark blue cross) control levels. numbers 
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