
 
 

ABSTRACT 

GANNON, TRAVIS WILLIAM. Leaching Potential and Efficacy of Select Herbicides in 
Turfgrass Environments. (Under the direction of Dr. Fred Yelverton.) 

Pesticide regulations based on environmental fate data collected from other 

agricultural systems may be inappropriate for an established turfgrass system.  Field 

lysimetry experiments were conducted during 2007 – 2009 to compare downward mobility of 

select herbicides in an established bermudagrass fairway and bare ground systems.  Summer 

and winter applications were also compared.  Evaluated herbicides included atrazine, 

mesotrione, monosodium methylarsonate, pendimethalin and sulfentrazone.  Lysimeters were 

removed 60 or 120 d after initial treatment and analyzed for parent analyte or total arsenic 

(monosodium methylarsonate) content.  Herbicides generally remained in vegetation or 

surface soil of a bermudagrass system whereas they distributed beyond the surface soil of a 

bare ground system.  Herbicides likely remained in surface soil or vegetation of 

bermudagrass due to increased organic matter content.  Additionally, greater herbicide 

concentrations were reported after winter applications, likely due to decreased biotic and 

abiotic degradation.  These data confirm herbicide downward mobility varies among 

turfgrass and bare ground systems and may allow regulatory agencies to view pesticide fate 

among these systems independently.  These data may also assist managers in devising 

comprehensive integrated pest management principles that may reduce adverse 

environmental effects. 

Another series of experiments were conducted to determine the efficacy of select 

herbicides on common and troublesome perennial sedge species.  Field experiments were 

conducted during 2007 and 2008 to evaluate herbicide treatment regimes for postemergent 

purple nutsedge and false-green kyllinga control.  Sedge control varied among years likely 



 
 

due to reduced rainfall during 2007.  During 2007, pooled across herbicide rate and number 

of applications, sulfosulfuron provided greater purple nutsedge control than trifloxysulfuron.  

Sulfosulfuron and trifloxysulfuron provided similar purple nutsedge control in 2008, 

although each were less effective compared to 2007.  During 2007, sulfosulfuron and 

trifloxysulfuron provided excellent false-green kyllinga control, while trifloxysulfuron 

provided greater control compared to sulfosulfuron in 2008.  Regardless of year, 

sulfentrazone provided < 30 and 60% purple nutsedge and false-green kyllinga control, 

respectively.  Data from this research also indicates a sequential application enhances sedge 

control compared to a single application.  Further, a sequential application 6 WAIT provided 

that greatest sedge control with evaluated herbicides.  These data indicate sulfosulfuron or 

trifloxysulfuron may offer acceptable postemergent perennial sedge control in tolerant warm-

season turfgrasses; however, sulfentrazone alone or tank-mixed with select herbicides did not 

provide acceptable sedge control.  Greenhouse experiments were conducted to determine the 

effect of selective herbicide placement on false-green kyllinga, purple nutsedge, and yellow 

nutsedge shoot number, shoot weight and root weight.  Selective herbicide placement levels 

included soil only, foliage only, and soil + foliage while evaluated herbicides included 

sulfentrazone, sulfosulfuron and trifloxysulfuron.  Yellow nutsedge and false-green kyllinga 

were more sensitive to sulfentrazone, compared to purple nutsedge.  Purple nutsedge and 

false-green kyllinga were more sensitive than yellow nutsedge to sulfosulfuron, while 

evaluated species responded similarly to trifloxysulfuron.  Soil-only and soil + foliage-

applications provided the highest level of growth suppression, indicating herbicide-soil 

contact is required for optimum sedge control with evaluated herbicides. 
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INTRODUCTION AND LITERATURE REVIEW 

Downward herbicide mobility.  Pesticides are viable management tools in many facets of 

agriculture but must be managed carefully to prevent environmental contamination.  In 2001, 

greater than 460 million kg pesticides were used in the U. S. (United States) (Kiely et al. 

2004).  Downward pesticide mobility is an important component of environmental fate.  

Pesticides have been detected in shallow groundwater in the U. S. in recent years although 

95% of reported concentrations were low (Barbash et al. 2001; Kolpin et al. 1998). 

When a pesticide is applied, various processes ensue which may include 

photodegradation, volatilization, plant absorption, soil adsorption, microbial or chemical 

degradation, or leaching (Cummings 2004; Gardner et al. 2000; Horst et al. 1996; Hurto et al. 

1979; Weber 1991).  Previous research suggests pesticide behavior and dissipation may vary 

among established turfgrass and other systems for various reasons including larger, more 

diverse soil microbial populations and increased organic matter (OM) content in established 

turfgrass systems (Gardner et al. 2000; Gold et al. 1988; Horst et al. 1996; Hurto et al. 1979; 

Magri and Haith 2009; Shi et al. 2006; Smith and Paul 1988). 

Clay and OM are considered active fractions for pesticide sorption.  Although OM 

generally accounts for a small portion of soil by volume, it has the most profound effect on 

pesticide adsorption (Alexander 2000; Farenhorst 2006; Hatzinger and Alexander 1997; Nam 

et al. 1998; Wauchope et al. 2002; Weber et al. 1993).  Adsorption of pesticides to colloidal 

surfaces reduces leaching potential (Weber et al. 1993).  With ionizable pesticides, soil pH 

also affects speciation between molecular and dissociated species (Corbin et al. 1971).  With 

acidic pesticides, as pH becomes greater than pKa, dissociated (deprotonated, anionic) 
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species will dominate while as pH becomes less than pKa, molecular (neutral) species will 

dominate.  With basic pesticides, as pH becomes greater than pKa, molecular species will 

dominate while protonated (cationic) species will dominate as pH becomes less than pKa.  

When pH is near pKa, the pesticide will exist as a mixture of dissociated and molecular 

species.  Soil pH also affects protonation of OM functional groups.  Protonation of specific 

functional groups affects the sorptive capacity as charged functional groups are able to bind 

more pesticides possessing the opposite charge.  Clay surfaces may possess a net negative 

charge due to isomorphic substitution and may readily bind cations while anions are 

generally repelled and more mobile (McBride 1994).  Nonionic pesticides may desorb 

readily with water, suggesting that weak physical attractive forces are involved and their 

adsorption is inversely related to aqueous solubility (Carringer et al. 1975). 

Although arsenic (As) is considered immobile in most soils, U.S. EPA has enacted a 

phase-out for all organic arsenical pesticides including MSMA in turfgrass systems.  

Currently, the phase-out calls for no organic arsenical pesticide use after 2013 in turfgrass 

systems while use in cotton is eligible for reregistration (U.S. EPA 2010).  The organic 

arsenical phase-out is currently in deliberation and was based on the limited value and 

adequate alternatives as well as the conversion of organic arsenical pesticides to more toxic 

species (Hughes 2002; Yelverton, personal communication).  Some previous research 

included experimental sites that were previously used for agriculture production and had 

been treated with As-based pesticides resulting in elevated As concentrations (Bednar et al. 

2002).  Additionally, some of the work was completed on a landfill which may have 

possessed elevated As concentrations (Khan et al. 2004).   



3 
 

Managed turfgrass areas include residential and commercial lawns, roadsides, golf 

courses, sports fields, airports, and other utility turfs (Beard and Green 1994; Turgeon 2008).  

Managed turfgrass in the U.S. comprises 16 to 20 million hectares (ha) or approximately 

15% of total cropland (Milesi et al. 2005; Qian and Follett 2002) and three times greater than 

any irrigated crop in the U.S. (Milesi et al. 2005).  Expectations vary for turfgrass areas based 

on many factors leading to different management intensities (Turgeon 2008).  Pesticides are 

commonly applied to managed turfgrass systems to attain desirable aesthetic value, turfgrass 

quality or function.  Pesticide applications have been reported to be up to eight and three 

times greater annually on golf courses and residential turf, respectively, compared to 

agricultural land (Koppell 1994; Schueler 2000).  The public may perceive turf areas unsafe 

because of increased pesticide use (Balogh and Anderson 1992; Gruen 2007; Kenna 1995). 

Inherent differences exist among turfgrass and row crop agriculture with respect to 

pesticide fate.  In established turfgrass environments, pesticides are not applied directly to 

soil, thereby reducing the fraction of pesticide that may leach.  Gasper et al. (1994) reported 

54% of applied pendimethalin was retained on turfgrass foliage immediately after application 

compared to a preemergent application in row crops where 100% may reach the soil 

immediately.  Also, if one compares a preemergence (PRE) application in a row crop and a 

turfgrass environment, pesticides may be readily absorbed by plants in an established 

turfgrass environment whereas in a row crop, there are no plants present at application to 

absorb pesticides.  Established turfgrass systems are not tilled and during periods of active 

growth, the turf is mowed and grass clippings are typically returned into the turf canopy.  As 

grass clippings and other plant material decompose, OM accumulates near the soil surface 
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indicating soils of turfgrass systems generally have higher levels of soil OM that increase 

with age (Bandaranayake et al. 2003; Hixson 2008; Qian and Follett 2002; Shi et al. 2006).  

Higher levels of OM may increase pesticide adsorption and reduce plant uptake or leaching 

(Novak et al. 1997; Weber et al. 1993).  Further, established turfgrass systems support larger, 

more diverse microbial populations which affect pesticide fate (Magri and Haith 2009).   

Assuming differences in OM content and microbial populations, one may assume 

pesticide fate would differ among turfgrass and a bare ground system, and this has been 

previously confirmed (Gardner et al. 2000).  Gardner and Branham (2001) concluded that 

ethofumesate downward mobility was reduced by > 95% in turfgrass systems compared to 

bare ground.  Similarly, Cummings (2004) reported that fipronil, imazaquin, prodiamine, 

pronamide and simazine tended to distribute uniformly through 15 cm of fallow soil whereas 

they remained in the surface soil of a bermudagrass system.  Gardner and Branham (2001) 

also reported ethofumesate half-life in a turfgrass system was three days compared to 51 days 

in bare ground.  Additional evidence confirming pesticide fate varies among systems may 

allow regulatory agencies to make more precise decisions pertaining to pesticide regulations. 

Purple nutsedge and false-green kyllinga control.  Purple nutsedge (Cyperus rotundus L.) 

and false-green kyllinga (Kyllinga gracillima Miq.) are common perennial sedge species 

(Cyperaceae) in turfgrass systems that thrive in moist soil conditions (Bendixen and 

Nandihalli 1987; McElroy et al. 2005).  Purple nutsedge and most kyllinga spp. are C4 plants 

(Bryson and Carter 2008; Lin et al. 1993) which possess specialized leaf anatomy allowing 

increased growth and efficiency under high light and temperature regimes (Hattersley 1983; 
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Lin et al. 1993; Teeri and Stowe 1976).  Purple nutsedge and false-green kyllinga also 

tolerate routine mowing (Summerlin et al. 2000).   

Herbicide programs have traditionally included  postemergent monosodium salt of 

methylarsonic acid (MSMA) applications to control summer annual grasses, including 

crabgrass (Digitaria spp.) and goosegrass (Eleusine indica), and also controlled nutsedge and 

kyllinga species. Today, managers rely less on postemergent herbicides in favor of 

preemergent herbicides that do not control Kyllinga and Cyperus species from perennial 

structures thereby leading to increased sedge incidence in turfgrass environments.  Selective 

herbicide options are available in most turfgrasses, although each species is difficult to 

control long-term as they possess vegetative structures capable of overwintering in select 

climates including the southeastern United States.  Further, data is limited evaluating 

recently-registered herbicides for selective sedge control in turfgrass systems. 

Selective exposure of sedge species to postemergence herbicides.  Herbicide efficacy may 

be governed by herbicide placement and site of uptake and action.  Effects of selective 

herbicide placement on sedge control have been previously reported (McElroy et al. 2003; 

McElroy et al. 2004; Nandihalli and Bendixen 1988; Reddy and Bendixen 1998; Vencill et 

al. 1995; Wehtje et al. 1997).   

Yellow nutsedge (Cyperus esculentus L.) is also a common perennial sedge species in 

turfgrass systems (Bendixen and Nandihalli 1987; Bryson et al. 1997; McCarty et al. 2008; 

McElroy et al. 2005).  Unlike purple nutsedge and false-green kyllinga, yellow nutsedge is 

not generally observed in mowing heights typical of a golf course fairway and is more 

commonly observed in higher mowing heights and nonmown areas (Summerlin 1997, 2000).  
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Yellow nutsedge has been described as one of the world’s worst weeds and is more widely 

distributed than purple nutsedge (Martínez-Ochoa et al. 2004; McCarty et al. 2008; Stoller 

and Sweet 1987).  Each species exhibits prolific vegetative growth and produce rhizomes 

while purple and yellow nutsedge also produce basal bulbs and tubers (McCarty et al. 2008; 

Stoller and Sweet 1987).  Information regarding the response of sedge species to currently 

available herbicides is limited. 

Turfgrass is a large commodity in the United States and it is imperative we 

understand pesticide environmental fate, weed biology and control options to assist managers 

in the development of comprehensive integrated pest management plans that reduce adverse 

environmental effects.  
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Abstract:  Experiments were conducted 2007 - 2009 to evaluate downward mobility of 

select herbicides in an established bermudagrass (Cynodon dactylon (L.) Pers.) fairway 

compared to bare ground.  Summer and winter applications were also compared.  Evaluated 

herbicides included atrazine, mesotrione, monosodium methylarsonate, pendimethalin and 

sulfentrazone.  Lysimeters were removed 60 or 120 d after initial treatment and analyzed for 

parent analyte or total arsenic (monosodium methylarsonate).  Generally, herbicides 

remained in vegetation or surface soil of bermudagrass likely due in part to increased organic 

matter content and microbial populations whereas they distributed below the surface soil of 

bare ground.  Greater pesticide concentrations were reported after winter applications, likely 

due to increased biotic and abiotic degradation after summer applications.  These data 

confirm that the downward mobility of soil-mobile herbicides vary among systems and may 

allow regulatory agencies to treat pesticide fate among systems independently.  Further, these 

data may assist in integrated pest management principles that may reduce adverse 

environmental effects. 
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Pesticides are viable management tools in many facets of agriculture, but must be 

managed carefully to prevent environmental contamination while meeting agronomic goals.  

In 2001, greater than 460 million kg pesticides were used in the U. S. (United States) (Kiely 

et al. 2004).  Downward pesticide mobility is an important component of environmental fate 

in crop systems.  Occurrence of pesticides in shallow groundwater has been documented in 

the U. S. in recent years, although 95% of reported concentrations were low (less than 1 µg 

L-1) (Barbash et al. 2001; Kolpin et al. 1998).  Detection of pesticides in groundwater has 

caused public concern for the safety of freshwater resources (Barbash et al. 2001; Ritter 

1990; Williams et al. 1988).  The increasing detection of pesticides in groundwater is due in 

part to increased analytical resolution making it possible to detect pesticides at very low 

concentrations (Nanita et al. 2009).  Additionally, the Food Quality Protection Act (FQPA) 

of 1996 amended the Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA) of 1972 

changing the way U. S. Environmental Protection Agency (EPA) regulates pesticides (U. S. 

EPA 1996a).  Understanding factors that affect pesticide mobility and being able to predict 

the likelihood to contaminate groundwater are of utmost importance.  To protect 

groundwater, the U. S. EPA has proposed for states to develop pesticide management plans 

for pesticides with increased leaching potential (U. S. EPA 1991, 1993). 

Traditionally, environmental fate studies have not been specific for each use site, 

even though characteristics of each cropping system could have a major effect on downward 

mobility.  For example, environmental fate data collected from row crop systems may not be 

applicable to established turfgrass systems.  Currently, some environmental fate studies for 

turfgrass labels may be conducted in turfgrass environments; however, there remains some 

extrapolation from other use sites which may lead to inaccurate conclusions. 
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Pesticide fate in the environment is influenced by many factors.  Specifically in soil, 

fate is based on pesticide and soil physicochemical properties as well as biological properties.  

Pesticide physicochemical and biological properties include pesticide family, application 

rate, molecular size, vapor pressure, aqueous solubility, octanol:water partitioning 

coefficient, soil sorption coefficients, organic carbon sorption coefficients, half-lives, and 

ionizability, among other properties (Pignatello and Xing 1996; Senesi 1992; Weber 1972; 

Weber et al. 1973).  Soil physicochemical properties which affect pesticide adsorption 

include soil texture, OM content and type, clay content and type, pH, cation exchange 

capacity (CEC), soil moisture and bulk density (Dyson et al. 2002; Gan et al. 1996; Hatzinger 

and Alexander 1995; Piatt and Brusseau 1998; Weber 1991; Wild 1993).  Much research has 

focused on various soil properties, including OM content, humic matter content, clay fraction 

and type, pH, and CEC and their effect on pesticide fate (Blumhorst et al. 1990; Corbin et al. 

1971; Harrison et al. 1976; Weber et al. 1993; Wolcott 1970).  Other properties that may 

influence pesticide fate and persistence include locale and climate, application timing, 

rainfall and irrigation, previous pesticide applications and cropping system.  Differences 

among winter and summer applications in temperate latitudes include rainfall and irrigation 

amount, microbial activity, chemical reaction rates, as well as other water relations including 

evaporation and evapotranspiration rates. 

Inherent differences exist among turfgrass and row crop agriculture with respect to 

pesticide fate.  In established turfgrass environments, pesticides are not applied directly to 

soil, thereby reducing the fraction of pesticide that may leach.  Established turfgrass systems 

are not tilled and during periods of active growth, the turf is mowed and grass clippings are 

typically returned into the turf canopy.  As grass clippings decompose, OM accumulates near 
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the soil surface indicating soils of turfgrass systems generally have higher levels of soil OM 

that increase with age (Bandaranayake et al. 2003; Hixson 2008; Qian and Follett 2002; Shi 

et al. 2006).  Higher levels of OM may increase pesticide adsorption and reduce plant uptake 

or leaching (Novak et al. 1997; Weber et al. 1993).  Further, established turfgrass systems 

support larger, more diverse microbial populations which affect pesticide fate (Magri and 

Haith 2009).   

Additional supporting evidence may allow pesticide regulation agencies to view 

pesticide fate in various systems differently.  Additional data may also allow one to devise 

integrated pest management principles to reduce adverse environmental effects.  The 

objectives of this research were 1) to measure the downward mobility of select herbicides in 

an established bermudagrass fairway compared to bare soil and 2) determine if application 

during summer or winter affects downward mobility. 

 

MATERIALS AND METHODS 

Field lysimetry.  Experiments were conducted at the Sandhills Research Station in Jackson 

Springs, NC.  The soil was a Candor sand soil (sandy, siliceous, thermic grossarenic 

kandiudult) comprised of 88% sand, 7% silt, and 5% clay (Table 1).  Prior to trial initiation, 

half of a ‘Tifway 419’ bermudagrass area was treated with glyphosate  (N-

[phosphonomethyl]glycine) and sod was removed.  After sod removal, the area was tilled and 

fumigated with 90% methyl bromide (bromomethane) and 10% chloropicrin 

(trichloronitromethane) (448 kg ha-1) at least eight wk prior to experiment initiation.  Eight 

wk were allowed to ensure soil microbial populations were not affected as Yamamoto et al. 

(2008) reported methyl bromide does not have lasting effects on soil microbial populations.  
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The bare ground and adjacent ‘Tifway 419’ bermudagrass area resulted in a modified split 

plot design. 

 Field lysimeters were used for experiments as previous research indicates field 

collected data is preferred compared to data collected in laboratory or chamber environments 

(Branham et al. 1993).  Similarly, Winton and Weber (1996) concluded pesticide mass 

balance utilizing field lysimeters may approach 97%.  Using an inverted post driver, 18 

gauge steel lysimeters (15.2 cm diameter, 91.4 cm length) were installed in bermudagrass 

and bare ground.  Trial area contained no slope making runoff and lateral mobility unlikely 

and lysimeters were installed in the center of 1.5 by 1.5 m plots.  During installation, 1.5 cm 

of lysimeter remained above the soil surface to prevent lateral contamination.  The 

bermudagrass was maintained as a golf course fairway and mown twice per wk (1.9 cm) with 

clippings returned.  While the bare ground plots were not mown, other inputs including 

irrigation and fertilization were identical to bermudagrass.  During summer, areas were 

irrigated as needed to bring total weekly precipitation to at least 6.4 cm. while no irrigation 

was applied during winter.  This was done to mimic normal turf management practices.  

Rainfall was recorded onsite by North Carolina Agriculture Research Service (Tables A1 – 

A4).  Also during summer, bermudagrass and bare ground areas received monthly 

applications of a complete fertilizer providing 48.9 kg N ha-1 totaling 195.5 kg N ha-1 per 

season.  The bare ground area was kept vegetation free with glyphosate. 

Herbicide treatments.  Five herbicides were included (Table 2).  Each herbicide was 

applied to a unique plot in bermudagrass and bare ground.  Evaluated herbicides included 

atrazine (AAtrex 4L [Syngenta Crop Protection, Greensboro, NC]), mesotrione (Tenacity 

[Syngenta Crop Protection, Greensboro, NC]), monosodium methylarsonate (MSMA) 
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(MSMA [Helena Chemical Company, Collierville, TN]), pendimethalin (Pendulum AquaCap 

[BASF Corporation, Research Triangle Park, NC]), and sulfentrazone (Dismiss Turf 

Herbicide [FMC Corporation, Philadelphia, PA]).  Application rates are listed in Table 2.  

Atrazine, pendimethalin and sulfentrazone were applied as a single application, whereas 

MSMA and mesotrione were applied as split applications at half-rates.  MSMA and 

mesotrione sequentials were applied 7 and 21 DAIT, respectively, which represents typical 

use regimes.  

Summer applications were initiated May 21 2007 or June 02 2008 while 

bermudagrass was actively growing.  Winter applications were initiated November 12 2007 

or November 05 2008 when bermudagrass was not actively growing (dormant).  Herbicides 

were applied with a hand-held CO2-propelled research plot sprayer calibrated to deliver 304 

L/ha with four 8002XR flat fan nozzles (TeeJet extended range spray nozzles, Wheaton, IL) 

on 25 cm spacing at 193 kPa.  Immediately after herbicide application, treatments were hand 

watered with 2.5 cm irrigation to simulate a worst case scenario for downward mobility. 

Physicochemical properties of evaluated herbicides are shown in Table 2.  Atrazine is 

a chlorotriazine, weakly basic (pKa = 1.7) herbicide widely used in many facets of 

agriculture. Atrazine is commonly used preplant incorporated (PPI), PRE, or early 

postemergent (POST) for control of many annual broadleaf and grass species (Senseman 

2007).  Atrazine has a low water solubility (33 mg L-1) and moderate field half-life (60 d) 

(Senseman 2007).  Herbicide residual is important for obtaining season-long weed control; 

however, this may lead to adverse environmental impacts including groundwater 

contamination.  As stated earlier, speciation of ionizable pesticides is pH-dependent.  

Atrazine exists primarily in molecular form at near-neutral pH which is more mobile 
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compared to protonated species at more acidic pH.  Although atrazine is moderately sorbed 

to soil and organic carbon, there are numerous reports of atrazine in groundwater (Barbash et 

al. 2001; Kolpin et al. 1998).  This is likely related to its widespread use for many years, 

moderate persistence and decreased adsorption in alkaline soils (Clay and Koskinen 1990; 

Goetz et al. 1989; Senseman 2007).  Mesotrione is a relatively new triketone herbicide used 

PRE or early POST for select broadleaf and annual grass control in corn and turf (Senseman 

2007).  Mesotrione is a weak acid (pKa = 3.1) (Senseman 2007).  Although mesotrione is 

highly water soluble (Ks = 15,000 mg L-1) and only moderately sorbed to soil and organic 

carbon, it has been reported unlikely to leach due to its short persistence (Senseman 2007; 

Weber 2010).  MSMA is an organic arsenical herbicide widely used in cotton and turf POST 

primarily for grass control (Senseman 2007).  MSMA is an ionizable herbicide (pKa = 4.1, 

9.0) which is highly water soluble (Ks = 1,040,000 mg L-1) (Senseman 2007).  While MSMA 

is moderately to highly sorbed to soil and organic carbon, it may persist 180 d (Senseman 

2007).  While medium mobility has been reported on sandy soils, MSMA is considered 

immobile in most soils (Senseman 2007; Weber 2010).  An inherent problem with As-based 

products is As is ubiquitous and converts among various species and valence states making 

concentration determination difficult.  Pendimethalin is a nonionizable dinitroaniline 

herbicide used PRE in numerous crops as well as turfgrass and forages (Senseman 2007).  

Although pendimethalin has a moderate half-life, it is considered immobile in soil due to its 

low water solubility (0.3 mg L-1) and high affinity for soil and organic carbon (Senseman 

2007; Weber 2010).  Pendimethalin was included in this research as a reference to validate 

experimental procedures as limited mobility in soil is expected.  Sulfentrazone is an ionizable 

weak acid (pKa = 6.6) aryl triazinone herbicide with a moderate water solubility which is 
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used PRE or POST in soybean, tobacco, and turfgrass (Senseman 2007).  Due to 

sulfentrazone having a pKa in the range of typical soil pH, it is likely variations in soil pH 

will significantly affect speciation thereby affecting adsorption and mobility.  Sulfentrazone 

low binding affinity for soil and organic carbon coupled with its persistence causes a 

moderate potential to leach (Senseman 2007; Weber 2010). 

Sampling and pesticide analysis.  After approximately 120 d, lysimeters were removed, 

packaged to prevent disturbance, and transported to Raleigh, NC.  Due to the short half-life 

of mesotrione, additional lysimeters were included for removal 60 DAIT.  Lysimeters were 

cut lengthwise and divided into respective depth increments: 0-2, 2-4, 4-8, 8-15, 15-30, 30-

45, 45-60, and 60-90 cm.  Precautions were taken to avoid contamination within column 

depths and among columns.  Above ground vegetation from bermudagrass lysimeters was 

also harvested and retained for analysis.  All samples were double-bagged in polyethylene 

bags, weighed, and stored at -18°C until analysis.  A 15 g sample was collected and placed in 

a drying oven at 105°C for 24 h to determine gravimetric water content to allow residue 

adjustment to reflect concentration for dry soil. 

Prior to analysis, samples were thawed for 8 h at room temperature in an air-tight 

container.  Samples were milled (Fitzmill homoloid model J [Fitzpatrick, Elmhurst, IL]) by 

mixing with dry ice through 1 mm screen.  Samples were immediately micro-milled (Retsch 

mill ZM200 [Retsch Inc., Newtown, PA]) through a 1 mm ring sieve using liquid nitrogen to 

cool the rotor.  After milling, samples were placed in unsealed polyethylene bags and 

allowed to sublime for 24 hours.  After sublimation, samples were homogenized and stored at 

-18°C until analysis. 



25 
 

Herbicides were extracted according to published environmental chemistry methods.  

Atrazine was extracted according to U. S. EPA Method Number 87-1 with modifications as 

described below (U. S. EPA 1987) (Figure 1).  Ten grams soil was placed in a centrifuge 

bottle (175 mL polypropylene conical bottom centrifuge bottle, Nalge Nunc International 

Corp., Rochester, NY)] and 50 mL acetone:n-hexane (1:1) was added and shook on an orbital 

shaker (IKA KS 501 Digital Shaker [IKA Works, Inc., Wilmington, NC]) for 30 min at 240 

rpm.  Sample was centrifuged for 10 min at 4000 rpm (Beckman GS-6 Centrifuge [Beckman 

Coulter, Inc., Brea, CA]) and supernatant was decanted.  Another 50 mL acetone:n-hexane 

(1:1) was added and shaking, centrifugation, and decanting were repeated as previously 

described.  Supernatant was combined with previous extraction and solution was brought to 

100 mL final volume with acetone:n-hexane (1:1).  One mL aliquot supernatant was 

removed, evaporated to dryness with nitrogen evaporator (N-Evap Nitrogen Evaporator 

Model N112 [Organomation Associates, Inc., Berlin, MA]), and reconstituted in 4 mL 

methanol:water (1:1).  Solution was filtered using a 0.45 µm nylon membrane filter (Gelman 

Science, Ann Arbor, MI), vialed and analyzed by ultra performance liquid chromatography-

mass spectrometry-mass spectrometry (UPLC-MS-MS). 

Mesotrione was extracted according to U. S. EPA Method Number 445051-26 with 

modifications as described below (U. S. EPA 1997a) (Figure 2).  Ten grams soil was placed 

in a 175 mL polypropylene conical bottom centrifuge bottle and 50 mL 0.05 M ammonium 

hydroxide was added and shook on an orbital shaker for 30 min at 240 rpm.  Sample was 

centrifuged for 10 min at 4000 rpm and supernatant was decanted.  Thirty milliliters 

supernatant was transferred to a 50 mL centrifuge tube and the pH was adjusted to 3.5 – 4.0 

with formic acid.  Sample was centrifuged for 10 min. at 4000 rpm and allowed to stand for 
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15 min prior to filtering through 0.45 µm syringe filter. Sample was vialed and analyzed by 

UPLC-MS-MS. 

Attempts to extract and analyze MSMA samples with UPLC-MS-MS were 

unsuccessful.  Therefore MSMA-treated samples were analyzed for total arsenic (As) and 

background levels were subtracted to determine As levels that were presumably due to 

MSMA applications.  Background As levels were determined from nontreated lysimeters that 

were collected fall 2007.  Soils were digested according to U. S. EPA protocol number 

SW846, method 3050B (U. S. EPA 1996b) (Figure 3).  Two grams soil was placed in 

digestion tubes, then 15 mL deionized water:nitric acid (1:1) was added and allowed to stand 

for 16 h.  Capped tubes were heated to 95° C for 15 min and allowed to cool prior to adding 

5 mL 15.8 M nitric acid.  Tubes were vortexed, heated to 95° C for 30 min, and allowed to 

cool.  Five additional mL 15.8 M nitric acid was added, vortexed, heated, and cooled as 

previously described.  Uncapped tubes were heated to 95° C for two h and allowed to cool 

prior to adding 3 mL deionized water and 2 mL 30% hydrogen peroxide and heated to 95° C 

until effervescence subsided.  Four milliliters 30% hydrogen peroxide was added 

incrementally (1 mL) to allow effervescence.  Tubes were vortexed, heated to 95° C for 2 h, 

and allowed to cool.  Ten milliliters 12.1 M hydrochloric acid was added, heated to 95° C for 

15 min, and allowed to cool prior to filtering through Whatman #41 paper.  Digestate was 

brought to 50 mL final volume and diluted 1:5 with deionized water, vialed, and analyzed 

with mass spectrometry.     

Pendimethalin was extracted according to U. S. EPA Method Number 445276-01 

with modifications as described below (U. S. EPA 1996c) (Figure 4).  Ten grams soil was 
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placed in a 175 mL polypropylene conical bottom centrifuge bottle and 25 mL deionized 

water was added and swirled by hand for 15 s.  Seventy-five milliliters 2% acidic methanol 

was added and shook on an orbital shaker for 1 h at 240 rpm.  Sample was centrifuged for 10 

min at 4000 rpm and supernatant was decanted.  Sample was filtered through 0.45 µm 

syringe filter, vialed, and analyzed by UPLC-MS-MS. 

Sulfentrazone was extracted according to Ohmes and Mueller (1999) with 

modifications as described below (Figure 5).  Ten grams soil was placed in a 175 mL 

polypropylene conical bottom centrifuge bottle.  Eighty milliliters methanol was added and 

shook on an orbital shaker for 1 h at 240 rpm.  Sample was centrifuged for 10 min at 4000 

rpm and supernatant was decanted.  Solution was filtered through a 0.45 µm nylon 

membrane filter and sample was diluted 1:1 with methanol:water (1:1).  Sample was vialed 

and analyzed by UPLC-MS-MS. 

 Atrazine, mesotrione, pendimethalin and sulfentrazone samples were analyzed by 

triple quadrupole UPLC-MS-MS within 12 h of extraction (Perkin-Elmer Sciex API 3000 

[Perkin-Elmer, Waltham, MA]).  The column was a C18 (Columbus 100 mm x 2.0 mm, 5 µm 

[Phenomenex, Torrance, CA]).  The injection parameters were as follows: volume: 10 µL, 

temperature: 500°C, mobile phase A: water with 0.1% formic acid, mobile phase B: 

methanol with 0.1% formic acid, and flow rate: 450 µL minute-1.  Herbicide residues were 

quantified from concentration calculations based on peak area measurements using a 

calibration curve and Analyst 1.4.2 software (SB Sciex [Foster City, CA]).  The standard 

curve was obtained by direct injection of 10 µL of standard in the range of 0.125 to 10 ng 

mL-1.  Calibration curves were prepared by plotting peak area versus concentration using a 

linear relationship.  Standard solutions were prepared and kept refrigerated and used no 
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longer than one month to alleviate storage stability concerns.  The limit of quantitation 

(LOQ) was defined as the lowest fortification successfully evaluated and was 0.01 mg kg-1 or 

part per million (ppm) while the limit of detection (LOD) was 2.0 µg kg-1 or part per billion 

(ppb) for each analyte excluding MSMA.  The LOQ and LOD for MSMA was 0.5 and 0.05 

mg kg-1, respectively, or part per million (ppm).  The LOD and LOQ were established based 

on calibration curves and signal to noise ratios when confirming chromatographic methods.  

Instrument checks were routinely performed as well to assure peak enhancement or 

suppression were not occurring and calibration standards were included after every five 

samples.   

Extraction efficiencies were verified each time samples were analyzed by fortifying 

control soils and allowing the solvent to evaporate.  Low and high fortifications were 

included each time samples were analyzed.  Fortification samples were prepared by adding 

appropriate volume parent material standard solution by volumetric pipette onto control soil 

and extracting as previously described.  A control spike was also included in each sample set 

by spiking a control supernatant to assure analyte suppression did not occur.  Analyte 

concentration was calculated based on extraction volume per mass soil adjusted for soil 

moisture content and µg analyte kg-1 dry soil was reported.  Excluding MSMA, pesticide 

concentrations are reported as µg analyte kg-1 dry soil (ppb).  Total As concentrations (mg As 

kg-1) (ppm) are reported for MSMA treatments.  Lysimeter total and initial concentrations as 

well as total as percent of initial concentration were determined.   Surface (0 – 4 cm) and 

subsurface (> 4 cm) concentrations are also reported as concentration and as percent of 

lysimeter total. 
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Soil physical and chemical properties.  In the established bermudagrass system, the thatch 

layer was approximately 4 cm in depth.  Particle size analysis was performed using the 

hydrometer method (Bouyoucus 1962; Gee and Bauder 1986) (Table 1).  Samples were also 

analyzed for CEC, OM content, and pH.  Organic matter content was determined by 

Walkley-Black method (Sims and Wolf 1995).  Soil pH was measured using a glass electrode 

pH meter of 1:1 soil:water utilizing standards.  Cation exchange capacity (milliequivalents 

(meq)/100 g soil) was determined by summing base cations using Mehlich III extraction and 

the quantity of exchangeable acidity determined using Mehlich buffer method (Mehlich 

1984b).   

Experimental design and analysis.  Pesticide treatments were arranged in a modified split-

plot design with unique bermudagrass and bare ground plots.  The experiment was completed 

once in each of two y (2007/2008 or 2008/2009) and included applications during summer or 

winter.  The data were subjected to analysis of variance (ANOVA) using mixed model 

procedures and analyzed for effect of system, season, replication, and y (SAS Institute 2010).  

Analysis of variance was conducted to determine if significant main effects or interactions 

involving system, season, replication, and year for each herbicide and depth increment were 

present.  Samples from 0-2, 2-4, 4-8, 8-15, and 15-30 cm depths were always analyzed.  

Deeper samples including 30-45, 45-60, and 60-90 cm were analyzed iteratively from 

shallow to deep until two consecutive nondetects or concentrations below LOD were 

reported. 
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RESULTS AND DISCUSSION 

In general, herbicides remained in the surface soil (0 – 4 cm) or vegetation of 

established bermudagrass while they distributed beyond the surface soil of bare ground.  

Additionally, greater herbicide concentrations were reported after winter applications 

compared to summer, indicating that herbicides were more persistent after winter 

applications. 

Atrazine concentrations after summer applications were minimal (< 0.1% of initial), 

regardless of system (Table 3).  However, after winter atrazine applications, greater than 

twice as much atrazine was recovered in dormant turf (13% of initial) compared to bare 

ground (6 % of initial).  Furthermore, of total atrazine recovered, 90% was recovered in 

surface soil or above ground vegetation of dormant turf whereas only 49% was recovered in 

surface soil of bare ground.  Although, the greatest concentration (114 µg kg-1) was present 

in the shallowest depth (0 – 2 cm), atrazine distributed uniformly in 0 – 15 cm depths in bare 

ground.  In dormant turf, the highest concentration (337 µg kg-1) was present in the 

shallowest soil depth while atrazine concentrations were reduced in depths > 2 cm.  Atrazine 

was not reported in depths > 45 cm, regardless of system or season indicating atrazine is not 

likely to leach to groundwater under similar soil application and climatic conditions.  Brejda 

et al. (1988) reported minimal atrazine downward movement through a Kentucky bluegrass 

pasture with a shallow water table in the Nebraska sandhills.  Contrarily, Bowman (1989) 

reported little atrazine appeared in effluent of bare ground sand field lysimeters (70 cm deep) 

after 84 d when supplemental watering was provided.  Other research has reported atrazine 

leaching through lysimeters at varying times (Bowman 1989; Weber et al. 1993).  Cummings 

et al. (2009) reported that simazine, another triazine herbicide, concentration was greatest in 
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the leachate of dormant bermudagrass compared to actively growing bermudagrass and 

fallow soil.  Further, Cummings et al. (2009) suggested simazine leaching in dormant 

bermudagrass may be the result of channeling in the soil profile created by the roots allowing 

greater infiltration rates, compared to fallow or bare ground lysimeters.  These data and 

previous research indicate potential downward mobility of atrazine is variable and dependent 

on many factors.  Weber et al. (1993) concluded atrazine mobility was highly correlated with 

soil texture, OM and humic matter content as well as soil pH.  Within this research, soil 

texture and soil pH were similar among systems, while OM content varied and likely had the 

greatest influence on atrazine mobility of these soil factors.  As previously mentioned, OM 

content has the greatest impact on pesticide adsorption and downward mobility (Alexander 

2000; Farenhorst 2006; Hatzinger and Alexander 1997; Nam et al. 1998; Wauchope et al. 

2002; Weber et al. 1993).   

Mesotrione concentrations from soil depths < 30 cm were similar to concentrations at 

the 0 – 2 cm depth in both bare ground and actively growing bermudagrass, indicating 

mesotrione distributes uniformly through shallow depths within 60 d of summer applications 

(Table 4).  Mesotrione is root and shoot absorbed and readily metabolized by plants and soil 

microorganisms (Senseman 2007).  Bare ground lysimeter total captured was 3.5 times 

greater than actively growing bermudagrass system, indicating plant uptake and metabolism 

and microbial populations present in established turfgrass likely degrade significant amounts 

of mesotrione.  Of recovered mesotrione, only 29% was present in the surface soil of the bare 

ground compared to 64% in the surface soil or above ground vegetation of actively growing 

bermudagrass.  After winter applications, the greatest concentration was observed in the 0 – 2 

cm depth of the bare ground system while concentrations in depths > 4 cm were reduced.  In 
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dormant turf conditions, similar concentrations were reported in above ground vegetation and 

0 – 2 cm depth while concentrations in depths > 2 cm were reduced by > 60%.  Of recovered 

mesotrione after winter applications, 66% was recovered in surface soil of bare ground while 

90% was recovered in surface soil or above ground vegetation of dormant bermudagrass, 

indicating although bermudagrass was dormant, the system was capable of retaining 

mesotrione near the soil surface.  Mesotrione was not detected at depths > 30 cm, regardless 

of season or system.   

Although minimal (< 1% of initial) mesotrione was recovered 120 d after summer 

applications, mesotrione distributed uniformly through 30 cm of bare ground (Table 5).  

Conversely, mesotrione concentrations were reduced at depths > 2 cm in established 

bermudagrass compared to 0 – 2 cm.  Similar to summer applications, mesotrione distributed 

uniformly through 30 cm after winter applications in bare ground.  Greatest concentrations 

were present in the 0 – 2 cm depth or above ground vegetation of dormant bermudagrass, 

indicating that although bermudagrass was dormant, the system retained mesotrione near the 

soil surface and prevented it from distributing to depths > 4 cm.  After winter applications, 

only 56% of recovered mesotrione was present in surface soil of bare ground while 80% was 

present in surface soil or above ground vegetation of dormant bermudagrass.  Similar to 

lysimeters harvested 60 d after application, mesotrione was not reported in depths > 30 cm 

120 d after application, regardless of system or season.   

Hixson et al. (2008) concluded mesotrione had greater soil mobility than atrazine 

while these data indicate less mesotrione was present in the subsurface soil of bare ground 

after winter.  Contrary to these data, Rouchaud et al. (2000) reported no significant 

mesotrione residues in the 15 – 20 cm soil layer of corn fields on four soils in Belgium; 
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however, they only utilized 0.15 kg ha-1 mesotrione compared to 0.6 kg ha-1 we applied.  

Further, Rouchaud et al. (2000) concluded mesotrione remained in the 0 – 4 cm soil depth 

two months after application while it distributed through 15 cm later in the season.  Soil OM 

content and soil solution pH are the predominant variables affecting mesotrione adsorption, 

with greater adsorption at lower pH and higher OM content (Dyson et al. 2002; Shaner et al. 

2006).  In this research, soil pH was similar among systems at < 15 cm depths, suggesting 

variation in pH likely did not affect mesotrione mobility; however, soil OM content among 

systems varied greatly, particularly in the surface soil (0 – 4 cm).  Soil OM content in the 

surface soil averaged 1.4 and 3.4% for bare ground and established bermudagrass system, 

respectively, likely constituting much of the difference in mesotrione mobility among 

systems (Table 1). 

While As-containing pesticides have been used in agriculture in the U.S. for over 100 

y, there is currently much debate around the status of organoarsenical pesticides (Onken and 

Hossner 1996).  U.S. EPA has an organoarsenical phase-out planned for the turfgrass 

industry, with sales permitted through 2012 and use of existing stock through 2013 with 

imposed restrictions while use in cotton has been declared eligible for reregistration (U. S. 

EPA 2010).  Much of the debate around the status and future of organoarsenicals is based on 

conversion of organic arsenicals to species which may be more toxic.  Inorganic arsenic 

compounds include trivalent (arsenic trioxide) and pentavalent forms (arsenic acid, sodium 

arsenate, lead arsenate, and calcium arsenate).  Organoarsenical compounds include 

methanearsonic acid, MSMA, dimethylarsonic acid (DMA), and disodium methanearsonate 

(DSMA).  Bednar et al. (2002) reported biotic and abiotic degradation of organoarsenicals in 

soil and water can produce inorganic As species including arsenite and arsenate although 
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concentrations did not exceed 10 µg L-1 which was the current maximum contaminant level.  

Similarly, Whitmore et al. (2008) concluded MSMA may convert rapidly to inorganic As 

species in soil and are readily leachable. 

Analytical techniques prevented sample analysis for MSMA or monomethylarsonic 

acid (MMA); therefore, samples were analyzed for total arsenic (As) and background levels 

were deducted for respective depth increment to report As concentration assumingly due to 

MSMA applications (Table 6).  The authors feel several issues confounded the results, 

including lower than expected initial concentrations as well as higher than expected As 

concentrations in above ground vegetation of bermudagrass lysimeters.  Based on theoretical 

calculations, 6 – 9 mg As kg-1 was anticipated whereas we only reported 3.7 mg As kg-1.  

Higher As concentrations in above ground vegetation may indicate that bermudagrass 

absorbs and accumulates various forms of As.  Interestingly, the highest As concentrations 

were reported for above ground vegetation in established bermudagrass, regardless of season.  

Previous research indicates As concentration in plant leaves may be as high as the soil level 

on which plants were grown (Weaver et al. 1984).  Increased As concentrations were not 

reported deeper than 45 cm, regardless of system or season.  After summer MSMA 

applications in bare ground, similar As concentrations were reported 0 – 8 cm, while reduced 

concentrations were observed in depths > 8 cm compared to 0 – 2 cm.  In established 

bermudagrass, As concentrations deeper than 4 cm were reduced compared to 0 – 2 cm.  Of 

the As assumingly due to MSMA applications, 58% was present in surface soil of bare 

ground system compared to 84% in actively growing bermudagrass.  After winter 

applications, the highest As concentration was reported in 0 – 2 cm depth of bare ground 

while concentrations below 2 cm were reduced.  Similarly, in dormant bermudagrass, 
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reported As concentrations below 2 cm were reduced compared to 0 – 2 cm depth indicating 

although MSMA applications led to increased As concentrations through 15 cm, As did not 

distribute uniformly and highest concentrations were reported near the soil surface.  Of total 

As, 70% was present in surface soil of bare ground compared to 95% in actively growing 

bermudagrass after winter application.  Previous research suggests organoarsenical 

herbicides may contaminate groundwater under certain conditions and concluded fate and 

transport of As compounds is largely dependent on species of As (Cai et al. 2002). 

Pendimethalin was included as a standard as previous research indicates minimal soil 

mobility and risk of groundwater contamination in managed turfgrass systems (Schleicher et 

al. 1995; Stahnke et al. 1991).  Excluding bare ground during summer, reported 

pendimethalin concentrations were highest in the 0 – 2 cm depth indicating limited 

downward mobility occurred (Table 7).  Total reported concentrations under bare ground 

lysimeters were two times greater than actively growing bermudagrass indicating plant 

uptake and metabolism and microbial populations present in actively growing bermudagrass 

likely degrade significant amounts of pendimethalin.  Pendimethalin has high soil and 

organic carbon binding coefficients indicating it has low potential to leach in soil (Senseman 

2007).  Further, pendimethalin is absorbed by roots and coleoptiles and is highly lipophilic; 

therefore, it partitions into membranes and other lipid components readily (Senseman 2007).  

While basipetal and acropetal pendimethalin movement occurs, translocation from root into 

shoot is minimal (Durgesha 1994).  Of recovered pendimethalin, 87 and 84% were recovered 

in surface soil or above ground vegetation of bare ground and actively growing 

bermudagrass, respectively, indicating minimal downward mobility.  Similarly, 96 and 98% 

of recovered pendimethalin was recovered in surface soil or above ground vegetation of bare 
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ground and dormant bermudagrass, respectively after winter applications, while 

pendimethalin was not detected deeper than 30 cm, regardless of system or season. 

Within this research, sulfentrazone was the only evaluated compound which the 

highest reported concentration was not in the 0 – 2 cm depth under each system and season 

(Table 8).  After summer applications in bare ground, the highest sulfentrazone concentration 

was reported in the 8 – 15 cm depth (42 µg kg-1), greater than 5 times the concentration 

reported in 0 – 2 cm depth (8 µg kg-1).  In actively growing bermudagrass, sulfentrazone 

distributed uniformly from the surface through 30 cm.  Sulfentrazone recovered in 

bermudagrass was reduced by > 70% compared to bare ground suggesting bermudagrass and 

microbial populations absorbed and metabolized or mineralized significant amount of 

sulfentrazone.  Of recovered sulfentrazone, only 19% was present in the surface soil of bare 

ground compared to 45% in the surface soil or above ground vegetation of actively growing 

bermudagrass.  After winter applications, 42% of recovered sulfentrazone was present in the 

surface soil of bare ground compared to 89% in the surface soil or above ground vegetation 

of dormant bermudagrass.  These data indicate although sulfentrazone is moderately mobile 

under evaluated conditions, an established turfgrass system effectively reduces leaching 

beyond the surface soil regardless of season.     

Sulfentrazone has a low organic carbon and soil binding coefficient and moderate 

aqueous solubility resulting in moderate leaching potential (Senseman 2007; Weber 2010).  

Sulfentrazone has been reported to injure crops in unpredictable patterns assumingly due to 

carryover (Ferrell et al. 2003; U.S. EPA 1997b).  Higher sulfentrazone sorption and lower 

desorption has been reported for soils with increased OM (Reddy and Locke 1998) while 

Grey et al. (1997) indicated pH had the greatest effect on adsorption and mobility.  
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Additionally, previous research suggests sulfentrazone may be more persistent in areas that 

have not been previously exposed to sulfentrazone as native microbial populations have 

demonstrated poor adaptability to sulfentrazone (Reddy and Locke 1998).  Previous research 

has reported sulfentrazone leaching is unlikely under normal conditions (Ohmes and Mueller 

2007).  Further, Ohmes and Mueller (2007) concluded no clear relationship existed among 

sulfentrazone adsorption and mobility in evaluated soils. 

Excluding MSMA, greater herbicide concentrations were reported after winter 

applications compared to summer (Table 9).  Differences ranged from 2.7 (mesotrione – 60 

DAIT) to 84 (atrazine) times greater concentrations after winter applications.  Previous 

research has reported greater pesticide concentrations after winter compared to summer 

applications (Cummings 2004).  Similarly, Brejda et al. (1988) concluded late season 

atrazine applications may have greater potential to contaminate groundwater compared to 

spring applications.  This is likely due at least in part to increased microbial activity, 

increased chemical degradation, and increased absorption and detoxification in established 

bermudagrass during summer.  Previous research has reported hydrolysis rates of select 

pesticides are pH and temperature-dependent (Zheng et al. 2008).  Similarly, microbial 

degradation of pesticides is greater at higher temperatures typical of summer applications. 

The above data provide useful information about potential downward mobility of five 

commonly used turfgrass herbicides in soil.  Our results, in addition to previous research, 

indicates downward herbicide mobility is variable and depends on many factors.  In general, 

evaluated herbicides distributed beyond surface soil of bare ground while the majority of 

recovered analytes remained in the surface soil or above ground vegetation of established 

bermudagrass.  Even with sulfentrazone, which displayed significant downward mobility, 



38 
 

established bermudagrass reduced the fraction that distributed below surface soil.  These data 

confirm the fate of pesticides should not be assumed to behave similarly across various 

systems, notably row crop agriculture and turfgrasses.  Pesticide fate is of utmost importance 

and may be used to predict potential off-target movement, specifically downward mobility 

towards groundwater.  These data also provide more information to further develop our 

understanding and ability to characterize downward mobility based on physicochemical and 

biological properties.  One may also use these data to devise comprehensive integrated pest 

management strategies to minimize off-target movement by altering application time during 

periods of active growth and increased microbial activity. 
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Table 1.  Soil physical and chemical properties of treated bare ground or established turf field lysimeters in a Candor                       

sand (sandy, siliceous, thermic grossarenic kandiudult) by depth.†  

Soil depth Organic matter ‡ CEC ‡ Sand ‡ Silt ‡ Clay ‡

(cm) (%) (meq/100 g soil) pH ‡ (%) (%) (%)
Bareground
 0-2 1.3 3.3 6.5 89 10 1
 2-4 1.4 3.5 6.7 87 8 5
 4-8 1.7 3.2 6.5 93 6 1
 8-15 1.4 3.4 6.2 91 8 1
 15-30 1.4 2.2 5.8 87 8 5
 30-45 0.6 1.6 5.7 89 6 5
 45-60 0.4 1.8 5.7 83 6 11
 60-91 0.3 1.6 5.7 89 4 7

Established turf
 0-2 4.3 5.6 6.5 87 8 5
 2-4 2.5 3.6 6.4 93 6 1
 4-8 2.1 3.3 6.5 87 10 3
 8-15 1.9 3 6.2 85 10 5
 15-30 1.1 2.6 6.1 91 2 7
 30-45 0.5 1.8 6.2 85 10 5
 45-60 0.3 2.3 5.6 83 6 11
 60-91 0.2 1.8 5.7 89 6 5  
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Table 1. (continued) 

† Montgomery County Geological Soil Survey. 

‡ A&L Eastern Laboratories, Inc., Richmond, VA, 23237.  
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Table 2.  Herbicide physicochemical properties and biological properties.

Property Atrazine Mesotrione MSMA Pendimethalin Sulfentrazone

Chemical family † chlorotriazine triketone organic arsenical dinitroanaline aryl triazinone

Application rate 
(kg ai ha-1)

Molecular weight
 (g mol -1) †

Vapor pressure
 (Pa) †

Water solubility 
(mg L-1) †

Kd 

(mL g-1) †

Koc 

(mL g-1) †

Field half-life
 (days) †

Ionizability 
(pKa) 

†

Pesticide leaching 
potential index ‡

56 (medium) 39 (low) 35 (low) 20 (very low) 54 (medium)

3.9 × 10-5 (25°C) 5.7 × 10-6 1.3 × 10-3 (20°C) 1.3 × 10-3 (25°C) 1.1 × 10-7 (25°C)

215.7 339.3 162 281.3 387.2

1.7 3.1 4.1, 9.0 nonionizable 6.6

60 5 to 15 180 44 121 to 302 

100 14 - 390 1,615 17,200 43

1 0.1 - 5 17.5 49 - 1,800 < 1

33 (pH 7) 15,000 (pH 6.9) 1,040,000 0.3 780 (pH 7)

Herbicide

2.2 0.6 4.5 3.4 0.4
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Table 2. (continued) 

† Senseman, 2007. 

‡ Pesticide leaching potential index.  North Carolina Agricultural Chemicals Manual, 2010. 
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Table 3.  Effect of application season and system on atrazine concentration from field-treated lysimeters 120 days after treatment 

in a Candor sand (sandy, siliceous, thermic grossarenic kandiudult). † 

Atrazine
Depth (cm) or vegetation

Above ground vegetation
 0 - 2
 2 - 4
 4 - 8
 8 - 15
 15 - 30
 30 - 45
 45 - 60
 60 - 90
LSD (P = 0.05) ¶	  

#

Lysimeter total (µg kg-1)
Initial (day 0) (µg kg-1)
Percent of initial

Surface soil (0 - 4 cm) (µg kg-1)
Percent of total in surface soil

Surface soil (0 - 4 cm) or vegetation (µg kg-1)
Percent of total in surface soil or vegetation

Subsurface soil (4 - 90 cm) (µg kg-1)
Percent of total in subsurface soil

0.0

229.7
336.6
192.6
44.5
30.5

2.3
10.5

0.0
0.0

87.5
80.9
89.6
33.5
8.1
0.0

1.4
1.2
1.1
1.0
0.0
0.0

1.6
1.1
0.2
0.0
0.0
0.0

 -
3.1

1.0
1.9

-
113.5

2.1
6.0

56.5
413.2

  NA § NA

_____________________________________________________  (µg kg-1) ‡  _____________________________________________________
Bareground Active turf Bareground Dormant turf

WinterSummer

42.9

6749.0
0.1

4.7
78.0

-

10.4

6749.0
6.1

22.0

1.4
7.6

6749.0
0.1

3.3

3.3
51.4

112.0
846.8

6749.0
12.5

529.3
62.5

759.0
89.6

87.8

201.0
48.6

-
-

1.3

-

212.2

43.7

4.4
57.1

 
† Montgomery County Geological Soil Survey. 

‡ Atrazine concentration reported based on mean of two replications. 
§ NA = Not analyzed.   
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Table 3. (continued) 

¶ LSD = Least significant difference. 
#   Based on Fisher’s Protected LSD. 
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Table 4.  Effect of application season and system on mesotrione concentration from field-treated lysimeters 60 days after initial 

treatment in a Candor sand (sandy, siliceous, thermic grossarenic kandiudult). † 

Mesotrione
Depth (cm) or vegetation

Above ground vegetation
 0 - 2
 2 - 4
 4 - 8
 8 - 15
 15 - 30
 30 - 45
 45 - 60
 60 - 90
LSD (P = 0.05)  ¶ #

Lysimeter total (µg kg-1)
Initial (day 0) (µg kg-1)
Percent of initial

Surface soil (0 - 4 cm) (µg kg-1)
Percent of total in surface soil

Surface soil (0 - 4 cm) or vegetation (µg kg-1)
Percent of total in surface soil or vegetation

Subsurface soil (4 - 90 cm) (µg kg-1)
Percent of total in subsurface soil

Summer Winter
Bareground Active turf Bareground Dormant turf

45.5 12.9 67.2 90.9

_____________________________________________________  (µg kg-1) ‡  _____________________________________________________

9.6 2.4 14.4 18.1

 -
6.3
6.7

14.9
13.6
3.9
0.0
0.0

  NA §

1.8
3.6

0.0
NA

-
26.9

13.1 6.4 44.4 46.9
28.7 49.7 66.0 51.6

1567.0 1567.0 1567.0 1567.0
2.9 0.8 4.3 5.8

32.4 4.6 22.8 9.3
71.3 35.9 34.0 10.3

- 8.2 - 81.6
- 64.1 - 89.7

17.4
9.2

10.0
3.7
0.0
0.0
NA

2.8
1.2
2.2
1.2
0.0

1.5
0.0
0.0
NA

34.7
34.2
12.7
4.3
3.5

 
† Montgomery County Geological Soil Survey. 

‡ Mesotrione concentration reported based on mean of two replications. 
§ NA = Not analyzed.  
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Table 4. (continued) 

¶ LSD = Least significant difference.  
#   Based on Fisher’s Protected LSD. 
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Table 5.  Effect of application season and system on mesotrione concentration from field-treated lysimeters 120 days after initial 
treatment in a Candor sand (sandy, siliceous, thermic grossarenic kandiudult). † 

Mesotrione
Depth (cm) or vegetation

Above ground vegetation
 0 - 2
 2 - 4
 4 - 8
 8 - 15
 15 - 30
 30 - 45
 45 - 60
 60 - 90
LSD (P = 0.05)	  ¶	  #

Lysimeter total (µg kg-1)
Initial (day 0) (µg kg-1)
Percent of initial

Surface soil (0 - 4 cm) (µg kg-1)
Percent of total in surface soil

Surface soil (0 - 4 cm) or vegetation (µg kg-1)
Percent of total in surface soil or vegetation

Subsurface soil (4 - 90 cm) (µg kg-1)
Percent of total in subsurface soil

Summer Winter
Bareground Active turf Bareground Dormant turf

11.9 8.7 44.3 68.3

_____________________________________________________  (µg kg-1) ‡  _____________________________________________________

1.6 1.9 10.0 17.1

 -
1.7
2.5
3.1
3.1
1.6
0.0
0.0

  NA §

1.1
4.0

0.0
NA

-
10.6

4.2 5.1 24.9 39.1
35.2 58.6 56.1 57.2

1567.0 1567.0 1567.0 1567.0
0.8 0.6 2.8 4.4

7.7 2.5 19.5 14.0
64.8 28.5 43.9 20.5

- 6.2 - 54.3
- 71.5 - 79.5

14.3
10.8
6.4
2.3
0.0
0.0
NA

1.1
1.1
0.8
0.6
0.0

3.1
0.0
0.0
NA

15.2
27.8
11.2
5.2
5.7

 
† Montgomery County Geological Soil Survey. 

‡ Mesotrione concentration reported based on mean of two replications. 
§ NA = Not analyzed.  
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Table 5. (continued) 

¶ LSD = Least significant difference.  
#   Based on Fisher’s Protected LSD. 
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Table 6.  Effect of monosodium methylarsonate (MSMA), application season and system on total arsenic (As) concentration from 
field-treated lysimeters 120 days after initial treatment in a Candor sand (sandy, siliceous, thermic grossarenic kandiudult). † 

MSMA
Depth (cm) or vegetation

Above ground vegetation
 0 - 2
 2 - 4
 4 - 8
 8 - 15
 15 - 30
 30 - 45
 45 - 60
 60 - 90
LSD (P = 0.05) ¶	  #

Lysimeter total (mg kg-1)
Initial (day 0) (mg kg-1)
Percent of initial

Surface soil (0 - 4 cm) (mg kg-1)
Percent of total in surface soil

Surface soil (0 - 4 cm) or vegetation (mg kg-1)
Percent of total in surface soil or vegetation

Subsurface soil (4 - 90 cm) (mg kg-1)
Percent of total in subsurface soil

0.754
0.759
0.768

-

0.758
0.756
0.760

-

69.8

5.2
-
-

1.2
22.4

-
-

4.0
77.6

6.4
-
-

1.3
19.8

1.9
30.2

4.5

Bareground Turf
Background As

-
0.609
0.559
0.635
0.536
0.595

0.667
0.690
0.585
0.838
0.584
0.782

_____________________________________________________  (mg As kg-1) ‡  _____________________________________________________

- 83.7 - 94.7

1.0 1.1 1.0 0.4
41.8 16.3 30.4 5.3

1.4 2.5 2.2 3.3
58.2 36.1 69.6 46.5

- 5.7 - 6.8

2.4 6.9 3.1 7.2
3.7 3.7 3.7 3.7

63.8 186.3 85.0 194.2

0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000
0.230 0.982 0.494 0.624

0.415 0.560 0.303 0.268
0.000 0.003 0.170 0.000
0.000 0.000 0.030 0.000

0.698 1.583 1.398 2.515
0.670 0.895 0.783 0.810
0.568 0.558 0.448 0.115

Summer Winter
Bareground Active turf Bareground Dormant turf

_____________________________________________________  Elevated As (mg As kg-1) §  _____________________________________________________

 - 3.260 - 3.443

 
† Montgomery County Geological Soil Survey. 

‡ Background As levels determined from samples collected June 2007. 
§ Arsenic concentration reported based on mean of two replications after MSMA application less background As.  
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Table 6. (continued) 

¶ LSD = Least significant difference. 
# Based on Fisher’s Protected LSD. 
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Table 7.  Effect of application season and system on pendimethalin concentration from field-treated lysimeters 120 days after 
treatment in a Candor sand (sandy, siliceous, thermic grossarenic kandiudult). † 

Pendimethalin
Depth (cm) or vegetation

Above ground vegetation
 0 - 2
 2 - 4
 4 - 8
 8 - 15
 15 - 30
 30 - 45
 45 - 60
 60 - 90
LSD (P = 0.05) ¶	  #

Lysimeter total (µg kg-1)
Initial (day 0) (µg kg-1)
Percent of initial 

Surface soil (0 - 4 cm) (µg kg-1)
Percent of total in surface soil

Surface soil (0 - 4 cm) or vegetation (µg kg-1)
Percent of total in surface soil or vegetation

Subsurface soil (4 - 90 cm) (µg kg-1)
Percent of total in subsurface soil

Summer Winter
Bareground Active turf Bareground Dormant turf

1591.7 781.1 4790.1 4466.9

_____________________________________________________  (µg kg-1) ‡  _____________________________________________________

437.8 175.7 781.6 689.2

 -
873.1
505.0
175.3
34.6
3.7
0.0
0.0

  NA §

172.9
362.3

0.0
NA

-
4014.6

1378.1 485.6 4596.3 2208.7
86.6 62.2 96.0 49.4

10385.0 10385.0 10385.0 10385.0
15.3 7.5 46.1 43.0

213.6 122.6 193.8 105.7
13.4 15.7 4.0 2.4

- 658.5 - 4361.2
- 84.3 - 97.6

581.7
120.8
57.4
15.6
0.0
0.0
NA

123.3
62.4
57.1
3.2
0.0

3.9
0.0
0.0
NA

2152.5
2032.4
176.3
73.9
27.9

 
† Montgomery County Geological Soil Survey. 

‡ Mesotrione concentration reported based on mean of two replications.  
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Table 7. (continued) 

§ NA = Not analyzed. 
¶ LSD = Least significant difference.  
#   Based on Fisher’s Protected LSD. 

  



62 
 

Table 8.  Effect of application season and system on sulfentrazone concentration from field-treated lysimeters 120 days after 
treatment in a Candor sand (sandy, siliceous, thermic grossarenic kandiudult). † 

Sulfentrazone
Depth (cm) or vegetation

Above ground vegetation
 0 - 2
 2 - 4
 4 - 8
 8 - 15
 15 - 30
 30 - 45
 45 - 60
 60 - 90
LSD (P = 0.05) § ¶

Lysimeter total (µg kg-1)
Initial (day 0) (µg kg-1)
Percent of initial 

Surface soil (0 - 4 cm) (µg kg-1)
Percent of total in surface soil

Surface soil (0 - 4 cm) or vegetation (µg kg-1)
Percent of total in surface soil or vegetation

Subsurface soil (4 - 90 cm) (µg kg-1)
Percent of total in subsurface soil

Summer Winter
Bareground Active turf Bareground Dormant turf

107.3 28.0 175.9 307.2

_____________________________________________________  (µg kg-1) ‡  _____________________________________________________

11.0 3.0 32.3 22.7

 -
7.8

12.7
21.5
42.4
20.0
1.6
1.3
0.0

2.4
5.6

0.0
0.0

-
31.4

20.5 10.1 74.3 187.6
19.1 36.0 42.2 61.1

1436.0 1436.0 1436.0 1436.0
7.5 2.0 12.3 21.4

86.8 15.5 101.6 34.8
80.9 55.3 57.8 11.3

- 12.5 - 272.3
- 44.7 - 88.7

42.9
39.8
42.0
16.2
2.6
1.0
0.0

4.5
3.6
6.5
5.0
0.3

4.0
0.3
0.0
0.0

84.7
118.6
69.1
18.7
11.9

 
† Montgomery County Geological Soil Survey. 

‡ Mesotrione concentration reported based on mean of two replications. 
§ LSD = Least significant difference.  
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Table 8. (continued) 

¶  Based on Fisher’s Protected LSD. 
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Table 9.  Effect of application season on herbicide concentration from field-treated lysimeters after treatment in a Candor sand 

(sandy, siliceous, thermic grossarenic kandiudult). † 

Season

Summer 
Winter

LSD (P = 0.05) ¶ # 23.7 3.8

617.1

3.0

Mesotrione (60d)

236.8

MSMAAtrazine

9.0
32.6

Mesotrione (120d) Pendimethalin Sulfentrazone

76.4 10.5 7.5
0.5
0.6

__________________________________________________________	  	  (μg	  analyte	  kg	  -‐1)	  ‡	  	  ________________________________________________________________________  (mg As § kg -1) ‡ ______________

9.1 NS

0.9 3.9 1.4 157.9

 
† Montgomery County Geological Soil Survey. 

‡ Herbicide or element concentration reported based on mean of two replications. 
§ As = arsenic  
¶ LSD = Least significant difference. 
# Based on Fisher’s Protected LSD. 
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1.  Weigh 10 g soil, place in 175 mL conical 
centrifuge bottle

2.  Add 50 mL acetone:n-hexane (1:1)

3.  Shake 30 min on orbital shaker (240 rpm)

4.  Centrifuge 10 min (4000 rpm), decant

5.  Repeat steps 2-4, combine supernatant

6.  Bring up to 100 mL final volume with 
acetone:n-hexane (1:1)

7.  Take 1 mL aliquot supernatant

8.  Evaporate to dryness with nitrogen evaporator

9.  Redissolve in 4 mL methanol:water (1:1)

10.  Filter through 0.45 µm syringe filter  

11.  Vial sample, analyze by LC/MS-MS  
 

Figure 1.  Atrazine extraction schematic.
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1.  Weigh 10 g soil, place in 175 mL conical 
centrifuge bottle

2.  Add 50 mL 0.05 M ammonium hydroxide

3.  Shake 30 min on orbital shaker (240 rpm)

4.  Centrifuge 10 min (4000 rpm), decant

5.  Transfer 30 mL supernatant to 50 mL 
centrifuge tube

6.  Adjust aliquot pH to 3.5 – 4.0 with formic acid

7.  Centrifuge 10 min (4000 rpm)

8.  Allow to stand for 15 min

9.  Filter through 0.45 µm syringe filter

10.  Vial sample, analyze by LC/MS-MS
 

Figure 2.  Mesotrione extraction schematic. 
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Figure 3.  Total arsenic determination schematic. 
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1.  Weigh 2 g soil, place in digestion tube

2.  Add 15 mL deionized water:nitric acid (1:1), 
allow to stand for 16 h

3.  Heat capped tubes to 95° C for 15 min, allow 
tubes to cool

4.  Add 5 mL 15.8M nitric acid, vortex, heat to 
95° C for 30 min, allow to cool

5.  Repeat step 4

6.  Heat uncapped tubes to 95° C for 2 hours, 
allow to cool

7.  Add 3 mL deionized water and 2 mL 30% 
hydrogen peroxide, heat to 95° C until 

effervescence subsides

8.  Add 4 mL 30% hydrogen peroxide (1 mL 
incrementally to allow effervescence)

9.  Vortex, heat to 95° C for 2 h, allow to cool
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10.  Add 10 mL 12.1 M hydrochloric acid, heat to 
95° C for 15 min, allow to cool

11.  Filter through Whatman #41 filter paper, 
bring to 50 mL final volume with deionized water

12.  Dilute digestate 1:5, vial, analyze with MS
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1.  Weigh 10 g soil, place in 175 mL conical 
centrifuge bottle

2.  Add 25 mL deionized water, swirl for 15 s

3.  Add 75 mL acidic methanol (2%)

4.  Shake 1 h on orbital shaker (240 rpm) 

5.  Centrifuge 10 min (4000 rpm), decant

6.   Filter through 0.45 µm syringe filter

7.  Vial sample, analyze by LC/MS-MS
 

Figure 4.  Pendimethalin extraction schematic. 
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1.  Weigh 10 g soil, place in 175 mL conical 
centrifuge bottle

2.  Add 80 mL methanol

3.  Shake 1 h on orbital shaker (240 rpm)

4.  Centrifuge 10 min (4000 rpm), decant

5.  Filter through 0.45 µm syringe filter  

6.  Dilute 1:1 with methanol:water (1:1)

7.  Vial sample, analyze by LC/MS-MS  
 

Figure 5.  Sulfentrazone extraction schematic. 
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Table A1.  Daily rainfall, Jackson Springs, NC, summer 2007. † 

Day May June July August September

1 - 0.05 - -
2 - - - -
3 3.10 - - -
4 0.25 - - -
5 - - - -
6 - - - -
7 - - - -
8 - 0.05 - -
9 - - - -
10 - 0.18 - -
11 - - - -
12 0.15 2.87 - -
13 - - - -
14 0.48 - - -
15 0.84 - - 3.61
16 0.13 1.45 - -
17 1.32 - - -
18 - 0.64 - -
19 - - - -
20 0.05 - - -
21 - 0.08 - - 0.64
22 - - - 0.08 -
23 0.13 - - 0.53
24 - - - -
25 - 0.48 - -
26 - - - -
27 - 0.46 0.81 0.25
28 - - - -
29 - - - -
30 - 1.19 - 0.05
31 - N/A 0.33 0.13

Sum 0.13 8.53 6.38 1.04 4.24

Month

___________________________________  cm ___________________________________

 
† Rainfall recorded onsite by North Carolina Agriculture Research Service. 
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Table A2.  Daily rainfall, Jackson Springs, NC, Winter 2007/2008. † 

Day November December January February March

1 - - 1.02 -
2 - - 0.74 -
3 0.13 - - -
4 - - - -
5 - - - 2.08
6 - - 0.05 -
7 - - - -
8 - - - 2.34
9 - - - -
10 - - - -
11 - 0.10 - -
12 - - 0.05 - -
13 - - - 1.12
14 - - - 0.36
15 0.13 - - -
16 0.36 3.10 - -
17 - 0.05 0.20 -
18 - - 2.03 2.24
19 - - 0.48 -
20 - - - -
21 - 0.53 - -
22 - 0.05 - 1.32
23 - - 1.32 0.28
24 - 0.51 - -
25 - - - 0.03
26 0.48 3.30 - -
27 0.41 1.68 - 1.14
28 - - - -
29 - 0.38 - -
30 - 1.50 0.33 N/A
31 N/A 3.20 - N/A

Sum 1.37 14.43 4.52 8.28 4.42

___________________________________  cm ___________________________________

Month

 
† Rainfall recorded onsite by North Carolina Agriculture Research Service. 
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Table A3.  Daily rainfall, Jackson Springs, NC, summer 2008. † 

Day June July August September October

1 - 0.43 - 0.13
2 0.58 - - - -
3 - - 1.93 - -
4 - - - -
5 - 0.03 - -
6 - 0.36 - 7.34
7 - 2.59 - 0.08
8 - - 0.30 -
9 - 4.50 - -
10 - 1.70 - 0.33
11 - 0.25 2.16 1.91
12 0.18 - - -
13 - - 0.41 -
14 - - 4.50 -
15 2.24 0.15 - -
16 - - 0.56 -
17 - - 0.13 1.78
18 - - 1.19 -
19 - 0.56 - -
20 - - - -
21 - - - -
22 1.04 - - -
23 - - - -
24 - 3.10 - -
25 - - - -
26 - - 2.34 2.16
27 - - 6.73 1.40
28 - - 0.03 -
29 0.05 - - -
30 - - 1.52 -
31 N/A - 0.05 N/A

Sum 4.09 13.23 22.28 14.99 0.13

___________________________________  cm ___________________________________

Month
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† Rainfall recorded onsite by North Carolina Agriculture Research Service. 
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Table A4.  Daily rainfall, Jackson Springs, NC, Winter 2008/2009. † 

Day November December January February March

1 1.50 - - 3.40
2 - - - 3.35
3 - - 0.74 -
4 - 1.14 0.15 -
5 0.89 - - - -
6 - - 1.07 - -
7 - - 0.43 -
8 - - 0.56 -
9 - - - -
10 - 0.23 - -
11 - 3.05 0.56 -
12 - 2.03 - 0.48
13 - - - -
14 0.69 - - -
15 5.72 - - 0.13
16 - - - 0.13
17 - 0.05 - -
18 - - - 0.25
19 - 0.08 0.25 2.41
20 - - 0.46 -
21 - 1.52 0.15 -
22 - - - -
23 - - - -
24 - - - -
25 0.74 - - -
26 - - - -
27 - 0.30 - -
28 - - - 0.69
29 - 0.13 0.56 N/A
30 2.01 - - N/A
31 N/A - - N/A

Sum 10.03 8.89 5.18 4.98 6.76

Month

___________________________________  cm ___________________________________

 
† Rainfall recorded onsite by North Carolina Agriculture Research Service. 
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PURPLE NUTSEDGE (CYPERUS ROTUNDUS) AND FALSE-GREEN KYLLINGA 

(KYLLINGA GRACILLIMA) CONTROL IN BERMUDAGRASS TURF. 

 

Formatted for Weed Technology 

 

Travis W. Gannon, Fred H. Yelverton and Lane P. Tredway* 

 

Experiments were conducted during 2007 and 2008 to evaluate various herbicide 

treatment regimes for postemergent purple nutsedge and false-green kyllinga control.  

Evaluated treatments did not cause objectionable bermudagrass injury at any time.  Results 

were variable across years, likely due to reduced rainfall in 2007 causing reduced purple 

nutsedge and false-green kyllinga growth.  In 2007, averaged across herbicide rate and 

number of applications, sulfosulfuron provided greater purple nutsedge control than 

trifloxysulfuron.  Sulfosulfuron and trifloxysulfuron provided similar levels of control in 

2008, although both were less effective than in 2007.  In 2007, sulfosulfuron and 

trifloxysulfuron provided excellent false-green kyllinga control, while trifloxysulfuron 

provided greater control compared to sulfosulfuron in 2008.  Sulfentrazone provided < 30 
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and 60% purple nutsedge and false-green kyllinga control, respectively.  The results also 

indicate that a sequential application applied 6 WAIT provides the highest level of purple 

nutsedge and false-green kyllinga control with evaluated herbicides.  Tank-mix partners to 

enhance purple nutsedge control with sulfentrazone provided inconsistent results.  These data 

confirm that sulfosulfuron or trifloxysulfuron offer acceptable postemergent perennial sedge 

control in tolerant warm-season turfgrasses. 

Nomenclature: halosulfuron; sulfentrazone; sulfosulfuron; trifloxysulfuron; false-green 

kyllinga, Kyllinga gracillima L.; purple nutsedge, Cyperus rotundus L.; bermudagrass, 

Cynodon spp. 

Key words: Herbicide efficacy, sequential applications, sequential application timing, tank-

mix partner.   
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Purple nutsedge (Cyperus rotundus L.) and false-green kyllinga (Kyllinga gracillima 

Miq.) are common perennial sedge species (Cyperaceae) in turfgrass systems.  Purple 

nutsedge and most kyllinga spp. are C4 plants (Bryson and Carter 2008; Lin et al. 1993) 

which possess specialized leaf anatomy allowing increased growth and efficiency under high 

light and temperature regimes (Hattersley 1983; Lin et al. 1993; Teeri and Stowe 1976).  

Purple nutsedge and false-green kyllinga thrive in moist soil conditions (Bendixen and 

Nandihalli 1987; McElroy et al. 2005b) and tolerate routine mowing.  Summerlin et al. 

(2000) concluded that routine mowing at golf course fairway mowing height (1.3 cm) 

suppresses purple nutsedge growth, although additional control methods are required to 

provide acceptable levels of control.  In contrast, false-green kyllinga is able to withstand 

frequent mowing at heights as low as 1.3 cm (Bryson et al. 1997; Summerlin et al. 2000).  

Observations of green kyllinga (Kyllinga brevifolia Rottb.) and false-green kyllinga under 

golf course putting green mowing height and frequency indicate these species may tolerate 

any mowing regime in a managed turfgrass system (F. H. Yelverton, personal observation). 

Native to India, purple nutsedge is a rapidly spreading perennial with three-ranked 

basal leaves usually shorter than the flowering stem (Chase and Appleby 1979; McCarty et 

al. 2008).  Although not as widely distributed as other Cyperus species, purple nutsedge was 

described as the world’s worst weed because it is a serious competitor with more crops in 

more countries than any other weed (Holm et al. 1977).  The geographical distribution of 

purple nutsedge appears to have increased over the last 40 years.  According to ‘Weed 

Identification Guide’ published in 1970, purple nutsedge was distributed mostly in the 

southeastern United States north to Virginia, south to Florida, and west to Texas and 

Arkansas and also in California and Arizona (Elmore 1990); however, in 1992, that 
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distribution was reported to also include West Virginia and Kentucky (Murphy et al. 1992).  

Further, by 2009, purple nutsedge distribution had expanded north to include Pennsylvania 

and New Jersey (Bryson and Carter 2008).  The geographic distribution of purple nutsedge is 

restricted by temperature and moisture (Bendixen and Nandihalli 1987).  Yellow nutsedge 

(Cyperus esculentus L.) has a greater geographic distribution and is able to survive in cooler 

climates (McCarty et al. 2008).  This is likely due to its ability to increase tuber starch, sugar 

and lipid contents in response to temperature, unlike purple nutsedge (Bendixen and 

Nandihalli 1987). 

Purple nutsedge spreads by basal bulbs, viable seed and tuber chains which are 

connected by slender rhizomes (Murphy et al. 1992); however, Stoller and Sweet (1987) 

concluded seed are not important in purple nutsedge propagation.  Purple nutsedge may be 

differentiated from yellow nutsedge by inflorescence color, absence of tuber chains and leaf 

tip shape (Bryson and DeFelice 2009).  Although yellow nutsedge has been cultivated for its 

edible tubers in southern Europe and Africa, purple nutsedge tubers are not used for food and 

have an undesirable bitter taste (Bryson and DeFelice 2009; Wills 1987). 

False-green kyllinga is an aromatic rhizomatous mat-forming perennial native to Asia 

(Bryson et al. 1997).  The reported geographic distribution of false-green kyllinga varies, but 

it is unclear if this is due to spread over time or misidentification.  Bryson et al. (1997) 

reported the species had spread to include nine additional states in the previous two decades.  

McCarty et al. (2008) reported false-green kyllinga distribution in the southeastern United 

States from Pennsylvania south to Florida, west to Texas and also in California; however, 

Bryson et al. (1997) and USDA (2010b) did not report false-green kyllinga in Florida, 
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Louisiana, Texas or California.  Bryson et al. (1997) and USDA (2010b) also reported false-

green kyllinga as far north as Connecticut. 

False-green kyllinga is very similar vegetatively to green kyllinga and can only be 

differentiated by seed morphology or flower timing (Bryson et al. 1997).  Scale keels of 

green and false-green kyllinga seed are toothed (denticulate) and smooth, respectively 

(Bryson et al. 1997).  False-green kyllinga fruit development is photoperiod dependent, 

occurring in late summer (August) until frost, whereas green kyllinga fruits during most 

summer months (Bryson et al. 1997; McCarty et al. 2008).  False-green kyllinga may be 

propagated by seed or rhizomes (McCarty et al. 2008) and has been reported to spread as 

contaminants of turfgrass sod and sprigs (Bryson et al. 1997). 

Changes in herbicide programs have contributed to an increase in Kyllinga and 

Cyperus incidence in turfgrass environments (Yelverton 1996).   Traditionally, postemergent 

monosodium salt of methylarsonic acid (MSMA) applications were used to control summer 

annual grasses, including crabgrass (Digitaria spp.) and goosegrass (Eleusine indica), and 

also controlled nutsedge and kyllinga species. Today, turfgrass managers rely less on 

postemergent herbicides in favor of preemergent herbicides that do not control Kyllinga and 

Cyperus species from perennial structures. 

Previous research has evaluated various herbicides and combinations for purple 

nutsedge and false-green kyllinga control.  Selective herbicide options are available in most 

turfgrasses, although each species is difficult to control long-term as they possess vegetative 

structures capable of overwintering in select climates.  Blum et al. (2000) reported minimal 

purple nutsedge control (< 25%) with single sulfentrazone applications (0.42 kg/ha) in 

established turfgrass; however, Grichar et al. (2003) reported greater than 75% control in 
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field crops.  Sulfentrazone provides > 75% false-green kyllinga control, whereas repeat 

trifloxysulfuron applications provide > 85% false-green kyllinga control in turfgrass systems 

(McElroy et al. 2005a).  Sulfosulfuron (Baumann et al. 2004; Brecke et al. 2007; Eizenberg 

et al. 2003; Harrell et al. 2009; Hubbard et al. 2007) and trifloxysulfuron (Brecke et al. 2004; 

Burke et al. 2008; Hubbard et al. 2007) have been reported to provide acceptable purple 

nutsedge control.  However, research comparing sulfentrazone, sulfosulfuron, and 

trifloxysulfuron for perennial sedge control in turfgrass environments is not currently 

available. 

The objectives of this research were to evaluate: 1) single versus sequential 

sulfentrazone, sulfosulfuron and trifloxysulfuron applications for purple nutsedge and false-

green kyllinga control, 2) timing of sequential sulfentrazone, sulfosulfuron and 

trifloxysulfuron application for purple nutsedge and false-green kyllinga control, and 3) 

sulfentrazone tank-mix partners to enhance purple nutsedge control. 

 

Materials and Methods 

Herbicide, Application Rate and Sequential Application.  Experiments were initiated to 

investigate the effect of herbicide, application rate and one versus two applications for purple 

nutsedge and false-green kyllinga control.  Purple nutsedge control experiments were 

conducted at Plymouth Country Club in Plymouth, NC in 2007 and New Bern Country Club 

in Trent Woods, NC in 2008.  Soil type at Plymouth Country Club was a Wahee fine sandy 

loam (fine, mixed, semiactive thermic Aeric Endoaquults) with 1.3% humic matter (HM) and 

pH 5.5 (USDA 2010b).  Soil type at New Bern Country Club was Tarboro sand (mixed, 

thermic Typic Udipsamments) with 1.6% HM and pH 5.9 (USDA 2010b).  False-green 
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kyllinga control experiments were conducted at Hidden Valley Golf Club near Fuquay-

Varina, NC in 2007 and The Emerald Golf Club in New Bern, NC in 2008.  Soil type at 

Hidden Valley Golf Club was Wagram loamy sand (loamy, kaolinitic, thermic Arenic 

Kandiudults) with 1.7% HM and pH 4.9 (USDA 2010b).  Soil type at The Emerald Golf 

Club was Tarboro sand with 1.4% HM and pH 5.9 (USDA 2010b).  HM was determined by 

the NaOH/DTPA-alcohol extraction method at the North Carolina State Department of 

Agriculture Plant and Soil Laboratory in Raleigh, NC (Mehlich 1984).   Experiments were 

initiated in natural infestations of purple nutsedge or false-green kyllinga.  Experimental 

areas were comprised of common bermudagrass (Cynodon dactylon L. Pers.) and received 

supplemental irrigation and fertilization.  Purple nutsedge control experiments were 

conducted in a golf course fairway mown at 1.9 cm three to four times per week.  False-green 

kyllinga experiments were conducted in a golf course rough mown at 3.8 cm two to three 

times per week.  Experiments utilized a randomized complete block design with a factorial 

arrangement of treatments and each experiment included four replications with plot size 

ranging from 1.9 to 2.2 m2. 

Three herbicides (sulfentrazone1, sulfosulfuron2 or trifloxysulfuron3), three 

application rates (low, medium or high) and one versus two applications were evaluated.  A 

nontreated was included in each experiment.  Single treatments were applied at experiment 

initiation only, whereas treatments evaluating two applications were applied at experiment 

initiation and six weeks after initial treatment (WAIT).  Herbicide rates were 0.14, 0.28, or 

0.42 kg ai/ha sulfentrazone, 0.033, 0.049, or 0.066 kg/ha sulfosulfuron or 0.015, 0.022, or 

0.029 kg/ha trifloxysulfuron.  Evaluated rate structure was based on current label 

recommendations and restrictions.  A nonionic surfactant4 was included with trifloxysulfuron 
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and sulfosulfuron (0.25% vol/vol).  Herbicide applications were made with a hand-held CO2-

propelled research plot sprayer calibrated to deliver 304 L/ha with four 8002XR flat fan 

nozzles5 on 25 cm spacing at 193 kPa.  Experiments were initiated mid- to late-June. 

Data collected included purple nutsedge or false-green kyllinga shoot density and 

visual estimates of control.  Control was visually estimated 4, 8 and 12 WAIT utilizing a 0 

(no visible injury) to 100 % (complete plant death) scale.  Shoot density was recorded 12 

WAIT as the number of emerged shoots in two randomly selected areas (0.07 and 0.01 m2, 

respectively, for purple nutsedge and false-green kyllinga) in each plot.  Percent shoot 

number reduction, relative to the nontreated, was calculated by: 

  (((Nontreated – treated)/nontreated) × 100) [1] 

Purple nutsedge tubers and false-green kyllinga rhizomes were also collected 12 WAIT to 

determine viability.  False-green kyllinga rhizomes were harvested by removing soil cores 

using a standard golf cup cutter (10.8 cm diameter by 7.6 cm deep) and rhizomes were 

removed from the soil.  Purple nutsedge tubers were harvested similarly except cores were 

20.3 cm deep.  Stoller and Sweet (1987) reported most purple nutsedge tubers were located 

within 15 cm of the soil surface.  Five purple nutsedge tubers or false-green kyllinga 

rhizomes were immediately planted 0.6 to 1.3 cm deep in growing medium6.  Flats were 

placed in a greenhouse with day/night temperatures of 31/20C and were irrigated from 

overhead three times per day.  Lighting was supplemented (350 µmol/m2/s) with metal halide 

lamps (1000 watts) to simulate 16 h day length.  Tubers and rhizomes were grown for one 

month and were visually inspected for emergence.  Emerged vegetative structures were 

deemed viable while nonemerged were considered to be nonviable and percent tuber or 

rhizome viability was calculated. 
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Significant main effects and interactions were detected among species; therefore, 

purple nutsedge and false-green kyllinga data were analyzed separately.  Data were arcsine 

square root transformed to increase homogeneity of variance (Zar 1999), subjected to 

ANOVA (P = 0.05), and means were separated according to Fisher’s Protected LSD using 

SAS7.  Nontransformed means are presented for clarity with statistical interpretation based 

on transformed data. 

Herbicide, Sequential Application Timing and Herbicide Rate.  Experiments were 

initiated to investigate the effect of herbicide, sequential application timing and herbicide rate 

for purple nutsedge and false-green kyllinga control.  Experiment location, design, 

application and data collection were identical to those described above. 

Two herbicides (sulfentrazone or trifloxysulfuron), three sequential application 

timings (4, 6 or 8 WAIT) and three herbicide application rates (low, medium or high) were 

evaluated.  Herbicide rates were 0.14, 0.21, or 0.28 kg/ha sulfentrazone or 0.015, 0.022, or 

0.029 kg/ha trifloxysulfuron.  A nonionic surfactant was included with trifloxysulfuron 

(0.25% vol/vol).  Single applications and a nontreated were included in each experiment for 

comparison.   

Herbicide Tank-mix Partners with Sulfentrazone for Purple Nutsedge Control.  

Experiments were initiated to investigate the effect of herbicide tank-mix partners with 

sulfentrazone and application rates for purple nutsedge control.  Experiment location, design, 

application and data collection were identical to those described above. 

Herbicides included sulfentrazone alone or tank-mixed with halosulfuron8, 

sulfosulfuron or trifloxysulfuron.  Two rates of each herbicide were evaluated: 0.28 or 0.42 

kg/ha sulfentrazone, 0.035 or 0.07 kg/ha halosulfuron, 0.033 or 0.066 kg/ha sulfosulfuron, or 
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0.015 or 0.029 kg/ha trifloxysulfuron.  A nonionic surfactant (0.25% vol/vol) was included 

with all treatments except sulfentrazone alone.  A nontreated was included in each 

experiment.   

 

Results and Discussion 

In evaluating main effects and interactions, significant (P < 0.05) year effects were 

observed for control, shoot number reduction and tuber viability; therefore, data were not 

pooled over years.  Bermudagrass injury was never objectionable (< 20%) throughout 

experiments (data not shown). 

Herbicide, Application Rate and Sequential Application.  Reduced rainfall in 2007 likely 

reduced purple nutsedge and false-green kyllinga growth and resulted in overall improved 

control in 2007 compared to 2008.  Cumulative rainfall during trial periods in 2007 was 18.0 

cm (Plymouth, NC, purple nutsedge, Table A1) and 15.8 cm (Fuquay Varina, NC, false-

green kyllinga, Table A2) while 29.1 cm was recorded during 2008 (New Bern, NC, false-

green kyllinga and purple nutsedge, Table A3).  At 12 WAIT in 2007, averaged across 

herbicide rate and number of applications, sulfosulfuron provided greater purple nutsedge 

control (92%) than trifloxysulfuron (77%) (Table 1).  In 2008, sulfosulfuron and 

trifloxysulfuron only provided 50 and 58% control, respectively, likely due to increased 

rainfall in 2008 being more conducive to purple nutsedge growth.  Purple nutsedge shoot 

number reduction followed similar trends as visual estimates of control.  Previous research 

indicates one or two applications of sulfosulfuron (Baumann et al. 2004; Brecke et al. 2004; 

Brecke et al. 2007; Harrell et al. 2009; Hubbard et al. 2007; Marvin et al. 2009) or 

trifloxysulfuron (Brecke et al. 2004; Henry and Sladek 2008; Hubbard et al. 2007) provide 
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acceptable purple nutsedge control.  Purple nutsedge control with sulfosulfuron and 

trifloxysulfuron in these studies may have been lower due to inclusion of low application 

rates and single applications.  Purple nutsedge is a difficult-to-control perennial species, and 

previous research shows that repeat applications are required for acceptable control in 

turfgrass environments (Brecke et al. 2007; Hubbard et al. 2007).   

Regardless of year, sulfentrazone provided < 30% postemergent purple nutsedge 

control or shoot number reduction 12 WAIT, therefore sulfentrazone did not provide 

adequate control in our experiments (Table 1).  Previous research has shown that 

sulfentrazone provides inconsistent purple nutsedge control.  Single sulfentrazone 

applications (0.42 kg/ha) provided unacceptable (< 50%) purple nutsedge control (Blum et al. 

2000; Kopec and Gilbert 2001; Marvin et al. 2009), however, repeat applications have been 

reported to provide acceptable control.  Marvin et al. (2009) reported a sequential 

sulfentrazone application (0.28 kg/ha each) applied 28, 35, or 42 DAIT provided 70, 85, or 

90% purple nutsedge control, respectively; however, evaluations were conducted in mid-

August and may not have accounted for regrowth after sequential application.  Similarly, 

Kopec and Gilbert (2001) reported 77% control with sulfentrazone (0.42 followed by (fb) 

0.14 kg/ha) five WAIT, whereas Blum et al. (2000) reported < 50% control with 0.42 fb 0.42 

kg/ha.  Brecke et al. (2005) reported 86% control with 0.42 kg/ha applied preemergent fb 

0.14 kg/ha applied early postemergent, indicating that purple nutsedge may be more 

susceptible during emergence or early postemergence; however, this research was completed 

in a disked field which may have influenced the results.  Although organic matter content in 

Brecke et al. (2005) was similar to our research sites (~ 2%), since the area was disked prior 

to initiation, the area likely did not have an organic matter layer near the soil surface, 
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possibly allowing sulfentrazone to distribute in the root zone and increasing root absorption.  

The thatch layer near the soil surface of an established turfgrass may readily adsorb 

sulfentrazone and reduce root absorption.    

In our studies, no surfactant or adjuvant was included with sulfentrazone per label 

recommendations (Anonymous 2010b).  Inclusion of a surfactant in previous research may 

explain greater purple nutsedge control, as Dayan et al. (1996) reported enhanced foliar 

absorption and yellow nutsedge control when a nonionic surfactant was included compared 

to sulfentrazone alone.  Dayan et al. (1996) also concluded that a nonionic surfactant 

enhanced soybean (Glycine max (L.)) injury compared to sulfentrazone alone, likely due to 

increased uptake. 

Purple nutsedge tubers harvested from nontreated plots were 100% viable (Table 1).  

Sulfosulfuron reduced purple nutsedge tuber viability the greatest (67 and 49%, respectively, 

in 2007 and 2008).  Trifloxysulfuron also reduced tuber viability compared to the nontreated 

while tubers harvested from sulfentrazone-treated plots were > 88% viable.  Effectively 

reducing tuber population and viability are important for long-term purple nutsedge control 

(Johnson and Mullinix 1997; Molin et al. 1999).  Previous research has demonstrated that 

sulfonylurea herbicides affect purple nutsedge tuber viability.  Molin et al. (1999) concluded 

halosulfuron did not affect purple nutsedge tuber number or weight, although two 

applications reduced viability in field experiments.  Brecke et al. (2005) reported a 55% 

reduction in purple nutsedge tuber number and 38% reduction in viability with two 

halosulfuron applications, and Nelson and Renner (2002) reported > 75% yellow nutsedge 

tuber number and weight reduction in greenhouse experiments with halosulfuron.  Purple 

nutsedge control with herbicides may be suboptimal due to inconsistent or minimal 
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translocation into tubers (Nesser et al. 1997).  Previous research has reported minimal (< 4%) 

translocation into roots and tubers from foliar applications of sulfentrazone (Wehtje et al. 

1997) or trifloxysulfuron (Troxler et al. 2003), indicating inadequate basipetal translocation 

may be a limiting factor in long-term purple nutsedge control. 

Similar to purple nutsedge, false-green kyllinga control was numerically less in 2008, 

likely due to increased rainfall (Table 1).  In 2007, trifloxysulfuron provided complete false-

green kyllinga control and sulfosulfuron provided 91% control 12 WAIT.  In 2008, 

trifloxysulfuron and sulfosulfuron provided 80% and 61% control, respectively.  Shoot 

number reduction followed similar trends as visual estimates of control.  These results concur 

with previous research that reported acceptable false-green kyllinga control with 

trifloxysulfuron (Breeden and McElroy 2005; McElroy et al. 2005a) or sulfosulfuron 

(Brosnan and Deputy 2008; Unruh and Brecke 2006). 

Sulfentrazone did not provide acceptable false-green kyllinga control or shoot number 

reduction (< 58%).  Similarly, McElroy et al. (2005a) reported 59 and 65% false-green 

kyllinga control with 0.42 and 0.56 kg/ha sulfentrazone, respectively, one year after 

treatment.  These data indicate that adequate false-green kyllinga control may not be obtained 

each year in turfgrass environments and as previously mentioned may be affected by 

application rate, inclusion of a surfactant and rainfall, among other factors.  

Similar to purple nutsedge, perennial structure viability must be reduced in order to 

achieve long-term false-green kyllinga control.  False-green kyllinga rhizomes harvested 

from nontreated areas were 100% viable and evaluated herbicides reduced viability (Table 

1).  Sulfosulfuron and trifloxysulfuron reduced false-green kyllinga rhizome viability by 87 

and 100%, respectively, in 2007 and 2008.  Sulfentrazone reduced rhizome viability (40 and 
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21%, respectively in 2007 and 2008) compared to the nontreated.  The reduction in false-

green kyllinga rhizome viability with foliar-applied sulfosulfuron or trifloxysulfuron is likely 

due to significant translocation to this region.  Although foliar-applied trifloxysulfuron is 

distributed mainly in the treated leaf and primary shoot of false-green kyllinga, appreciable 

trifloxysulfuron translocates to rhizomes and roots (McElroy et al. 2004).   

Excluding purple nutsedge in 2007, medium and high herbicide rates provided greater 

purple nutsedge or false-green kyllinga control and shoot number reduction compared to low 

rates (Table 2).  Although numerically greater, in most cases the highest evaluated rate did 

not increase false-green kyllinga or purple nutsedge control or shoot number reduction 

compared to the medium rate.  In 2007, medium and high rates of evaluated herbicides 

provided 63 and 71% purple nutsedge control, respectively, while control was 14 – 19% less 

in 2008.   

Similar trends were observed with false-green kyllinga, although control was greater 

in general (Table 2).  False-green kyllinga control was 11 – 15% greater in 2007, with 

medium and high herbicide rates providing > 80% control.  McElroy et al. (2005a) reported 

similar false-green kyllinga control with 0.42 or 0.56 kg/ha sulfentrazone providing 77 and 

87% control, respectively.   Increased herbicide rates tend to increase weed control, 

particularly with difficult-to-control species such as perennial sedges.  It should be noted that 

the lowest evaluated rate in our study was lower than recommended for sedge species 

(Anonymous 2010a, b, c).  In most cases, medium and high evaluated herbicide rates 

provided similar false-green kyllinga or purple nutsedge control, indicating that maximum 

use rates may not always be beneficial.  Additionally, seasonal rainfall amounts may affect 

herbicide efficacy. 
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 Excluding purple nutsedge in 2007, purple nutsedge and false-green kyllinga control 

and shoot number reduction were enhanced with two applications compared to a single 

application (Table 3).  In 2008, two applications enhanced purple nutsedge and false-green 

kyllinga control by 26 and 22%, respectively.  Similarly, two applications enhanced purple 

nutsedge and false-green kyllinga shoot number reduction by 29% in 2008 compared to a 

single application.  Much research has been completed and concluded sequential applications 

are required for acceptable perennial Cyperaceae control.  For example, Hubbard et al. 

(2007) reported 45% purple nutsedge control with a single trifloxysulfuron application while 

control was enhanced to 90% when a sequential was applied.  Similarly, Brecke et al. (2007) 

reported two sulfosulfuron applications were required for acceptable purple nutsedge control.   

Herbicide, Sequential Application Timing and Herbicide Rate.  Little published research 

exists about optimum sequential application timing for sedge control with sulfonylurea 

herbicides.  The trifloxysulfuron label suggests repeat applications four to six weeks after 

initial application for tough to control perennial weeds including Kyllinga and Cyperus spp. 

(Anonymous 2010a), whereas other sulfonylurea herbicide labels (halosulfuron) suggest 

repeat applications six to ten weeks after initial application (Anonymous 2010b).  The 

sulfentrazone product label recommends applying a sequential “when evidence of actively 

growing purple nutsedge is visible” or “35 DAIT” (Anonymous 2010c).  Hence trials were 

designed to compare application rates and sequential application timings of trifloxysulfuron 

and sulfentrazone for false-green kyllinga and purple nutsedge control. 

Regardless of year, trifloxysulfuron provided greater purple nutsedge and false-green 

kyllinga control and shoot number reduction compared to sulfentrazone (Table 4).  

Trifloxysulfuron provided 70 and 69% purple nutsedge control in 2007 and 2008, 
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respectively, while providing 100 and 83% false-green kyllinga control in 2007 and 2008, 

respectively.  Regardless of year, sulfentrazone provided < 43% purple nutsedge or false-

green kyllinga control.  Similar trends were observed with purple nutsedge and false-green 

kyllinga shoot number reduction.  Trifloxysulfuron reduced purple nutsedge shoot number by 

73 and 90%, respectively, in 2007 and 2008 and provided > 92% false-green kyllinga shoot 

number reduction in both years. 

The ability of plants to emerge from numerous tubers makes control of tuberous 

perennial sedge species difficult.  Trifloxysulfuron reduced purple nutsedge tuber and false-

green kyllinga rhizome viability to a greater extent than sulfentrazone (Table 4).  In 2007 and 

2008, trifloxysulfuron reduced purple nutsedge tuber viability by 23% and 58%, respectively.   

Although significantly reduced compared to the nontreated, sulfentrazone treatments only 

reduced purple nutsedge tuber viability < 12%.  As stated above, previous research reported 

minimal trifloxysulfuron translocation into purple nutsedge roots and tubers indicating this 

may be a limiting factor in effective tuber viability reduction (Troxler et al. 2003).  Similarly, 

Nesser et al. (1997) concluded herbicidal purple nutsedge control is often suboptimal due to 

inconsistent herbicide translocation into tubers.  Wehtje et al. (1997) reported minimal 

sulfentrazone translocation into purple nutsedge roots and tubers, indicating sulfentrazone 

may not reduce purple nutsedge tuber viability. 

Herbicides must translocate shorter distances to rhizomes compared to tubers, which 

may have attributed to greater viability reductions in false-green kyllinga rhizomes compared 

to purple nutsedge tubers.  Regardless of year, trifloxysulfuron reduced false-green kyllinga 

rhizome viability by > 90%, while sulfentrazone reduced viability by 40 and 70% in 2007 

and 2008, respectively.  Reducing false-green kyllinga rhizome viability by > 90% would 
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likely result in control in subsequent years.  Single year herbicide programs would likely not 

eradicate perennial sedge species; however, if practitioners are able to reduce rhizome 

viability, it may lend itself to reduced herbicide inputs in subsequent years. 

Previous research suggests foliar-applied trifloxysulfuron distributes primarily in the 

treated leaf and primary shoot of false-green kyllinga; however, appreciable trifloxysulfuron 

is translocated to rhizomes and roots (McElroy et al. 2004).  Once a compound inhibits 

acetolactate synthase (ALS), absorption and translocation within the plant determines whole 

plant activity (Shaner and Singh 1997).  Since branched chain amino acid pathways are most 

active in meristematic regions (Shaner and Singh 1997), ALS herbicide translocation to 

rhizomes is imperative for acceptable control or viability reduction. 

 Excluding false-green kyllinga in 2008, sequential sulfentrazone or trifloxysulfuron 

applied 6 WAIT enhanced purple nutsedge and false-green kyllinga control compared to a 

single application or a sequential applied 4 or 8 WAIT in 2007 and 2008 (Table 5).  In 2007, 

a sequential application applied 6 WAIT provided 63% purple nutsedge control while 

sequential applications applied 4 or 8 WAIT provided approximately 9-12% less control.  

Similarly, in 2008, a sequential application applied 6 WAIT provided 62% purple nutsedge 

control, but when sequential treatments were applied 8 WAIT, control was reduced to 29%.  

Regardless of year, single applications provided < 40% purple nutsedge control. 

In 2007, sulfentrazone or trifloxysulfuron applied sequentially 6 WAIT provided the 

greatest false-green kyllinga control (84%) while sequential treatments applied 4 or 8 WAIT 

provided approximately 14% less control (Table 5).  Contrarily, in 2008, timing of sequential 

application did not affect false-green kyllinga control although treatments containing a 

sequential application provided greater false-green kyllinga control compared to a single 
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application. 

 Shoot number reduction followed similar trends as visual estimates of control (Table 

5).  Regardless of species or year, a sequential treatment applied 6 WAIT enhanced purple 

nutsedge and false-green kyllinga shoot number reduction compared to a single application.  

In 2007, a sequential applied 6 WAIT provided 75% purple nutsedge shoot number 

reduction, similar to results attained with sequential applications applied 8 WAIT.  In 2008, 

sequentials applied 4 or 8 WAIT provided comparable purple nutsedge shoot number 

reductions although a sequential applied 8 WAIT was not as effective compared to a 

sequential applied 6 WAIT.  Sequential application timing did not affect false-green kyllinga 

shoot number reduction in 2007 or 2008.  Little published data exists pertaining to the effect 

of sequential application timing for perennial Cyperaceae control with sulfentrazone or 

trifloxysulfuron although much research has concluded a sequential trifloxysulfuron 

application is required for acceptable control (Brecke et al. 2007; McElroy et al. 2005a).   

These data demonstrate a sequential application is required to obtain acceptable 

purple nutsedge or false-green kyllinga control.  These data also indicate sequential 

application timing may affect purple nutsedge and false-green kyllinga control with optimum 

control obtained with a sequential application applied 6 WAIT.   

Excluding false-green kyllinga in 2007, medium and high sulfentrazone or 

trifloxysulfuron rates enhanced false-green kyllinga and purple nutsedge control compared to 

low evaluated rates (Table 6).  In 2007, purple nutsedge control was enhanced with high 

herbicide rate while in 2008, medium- and high-rates provided similar purple nutsedge 

control.  In 2007, purple nutsedge control was increased approximately 10% with low, 

medium, and high evaluated rates providing 42, 51, and 61% control, respectively.  However, 
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in 2008, medium and high evaluated rate provided similar control.  Similarly, Singh and 

Singh (2004) reported 42 or 63 g/ha trifloxysulfuron provided comparable yellow nutsedge 

control with rates greater than 21 g/ha.  These data indicate that while low evaluated rates 

may not provide acceptable control, applying maximum application rates may not always 

provide greater control compared to medium rates. 

Evaluated treatments provided greater false-green kyllinga control compared to 

purple nutsedge (Table 6).  In 2007, evaluated rates provided similar false-green kyllinga 

control (70 – 73%).  Reduced rainfall in 2007 likely reduced false-green kyllinga growth 

and/or vigor resulting in similar response to increasing application rate.  However, in 2008, 

low, medium and high rate provided 46, 64, and 69% control, respectively.  Hutto et al. 

(2007) reported greater false-green kyllinga control with 0.42 compared to 0.28 kg/ha 

sulfentrazone while McElroy et al. (2005a) reported similar control with 0.42 and 0.56 kg/ha. 

In 2007, herbicide application rate did not significantly affect purple nutsedge or 

false-green kyllinga shoot number reduction.  In 2008, medium and high herbicide rates 

provided similar shoot number reduction which was greater than the low evaluated rate.  It 

should be noted that the low evaluated rates were lower than the recommended application 

rate for Cyperaceae spp. (Anonymous 2010a, b, c). 

Herbicide Tank-mix Partners with Sulfentrazone for Purple Nutsedge Control.  Past 

research indicates purple nutsedge control with sulfentrazone may be inconsistent.  

Therefore, trials were designed to evaluate single applications of sulfentrazone and various 

tank-mix partners to determine if purple nutsedge control may be enhanced.   

In 2007 and 2008, single applications of sulfentrazone tank-mixed with halosulfuron 

or trifloxysulfuron provided unacceptable (< 50%) purple nutsedge control, while 
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sulfentrazone tank-mixed with sulfosulfuron provided greater control (79%) in 2007 (Table 

7).  While greater than sulfentrazone alone, tank-mixes with halosulfuron, sulfosulfuron or 

trifloxysulfuron provided < 40% control in 2008.  While some numerical differences were 

present with shoot number reduction, no significant differences were observed among tank-

mix partners.  Furthermore, in 2007, all tank-mixes reduced shoot number reduction 

compared to sulfentrazone alone.   

In 2007, sulfentrazone alone or tank-mixed with sulfosulfuron or trifloxysulfuron 

reduced purple nutsedge tuber viability similarly, 16-21% compared to nontreated (Table 7).  

In 2008, trifloxysulfuron tank-mixed with sulfentrazone reduced purple nutsedge tuber 

viability greatest (26%) compared to other tank-mixes and sulfentrazone applied alone.  

While subtle differences were observed, tank-mix partner application rate did not affect 

purple nutsedge control or shoot number reduction (Table 8).  These data indicate 

sulfentrazone may not provide acceptable postemergent purple nutsedge control in 

bermudagrass areas and attempts to increase control with tank-mix partners were not 

consistent. 

This research indicates sulfosulfuron or trifloxysulfuron can provide acceptable false-

green kyllinga and purple nutsedge control in turf environments including bermudagrass and 

other tolerant species, although repeat applications will likely be required.  This research also 

indicates weather conditions, particularly rainfall, may affect perennial sedge control with 

evaluated herbicides.  Sedge control varied up to 40% between 2007 and 2008 which the 

authors feel was due in large part to rainfall differences.  Further, our results indicate that 

repeat applications applied six WAIT provided the highest level of control while highest 

evaluated rates did not always enhance false-green kyllinga or purple nutsedge control 
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compared to medium or low rates.  Efforts to enhance purple nutsedge control with 

sulfentrazone timings, rates, and tank-mix partners were inconsistent.  These data confirm 

sulfosulfuron or trifloxysulfuron offer acceptable perennial sedge control and may be 

incorporated into a comprehensive integrated pest management plan. 

 

Sources of Materials 

1  Sulfentrazone, Dismiss®, FMC Professional Solutions, Philadelphia, PA 19103. 

2  Sulfosulfuron, Certainty®, Monsanto Company, St. Louis, MO 63167. 

3  Trifloxysulfuron, Monument®, Syngenta Crop Protection Inc., Greensboro, NC 27409. 

4  Nonionic surfactant, X-77 Spreader®, Loveland Industries Inc., Greeley, CO 80632. 

5  TeeJet® Extended Range flat-fan spray nozzles, Spraying Systems Co., Wheaton, IL 

60189. 

6  Metro-mix 350®, Sun-Gro Horticultural Distribution Inc., Bellevue, WA 98008. 

7  Statistical Analysis Software®, version 9.2, SAS Institute Inc., Cary, NC 27513. 

8  Halosulfuron, Sedgehammer®, Gowan Company, Yuma, AZ 85364. 
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Table 1.  Influence of herbicide on purple nutsedge or false-green kyllinga control, shoot number reduction and tuber or rhizome 

viability 12 WAIT.a 

CYPRO KYLGR

Controlb Controlb

Herbicide 2007 2008 2007 2008 2007 2008 2007 2008 2007 2008 2007 2008

Sulfentrazone 21 29 19 32 88 89 44 51 58 53 40 21

Sulfosulfuron 92 50 98 65 33 51 91 61 87 79 13 0

Trifloxysulfuron 77 58 88 69 69 71 100 80 98 83 13 0

Nontreated 0 0 - - 100 100 0 0 - - 100 100

LSD0.05 5 5 23 16 14 8 6 6 9 15 14 7

Shoot number 
reductionc Tuber viabilityd

Shoot number 
reductionc

Rhizome 
viabilityd

__________________________________________________________________ % __________________________________________________________________

a WAIT, weeks after initial treatment; CYPRO, purple nutsedge; KYLGR, false-green kyllinga; LSD, least significant difference. 

b Percent control based on visual estimates (0 = no visual symptoms; 100 = complete plant death). 

c Percent shoot number reduction relative to nontreated. 

d Percent viability calculated from shoot emergence from harvested CYPRO tubers or KYLGR rhizomes.  
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Table 2.  Influence of herbicide application rate on purple nutsedge or false-green kyllinga control 

and shoot number reduction 12 WAIT.a 

CYPRO KYLGR

Controlb Controlb

Herbicide rate 2007 2008 2007 2008 2007 2008 2007 2008

Low 55 37 64 43 66 48 69 57

Medium 63 49 62 60 82 67 87 76

High 71 52 79 63 87 76 88 81

LSD0.05 5 5 NS 16 6 6 9 15

Shoot number 
reductionc

Shoot number 
reductionc

___________________________________________________ % ___________________________________________________

 
a WAIT, weeks after initial treatment; CYPRO, purple nutsedge; KYLGR, false-green kyllinga; LSD, 

least significant difference; NS, nonsignificant. 

b Percent control based on visual estimates (0 = no visual symptoms; 100 = complete plant death). 

c Percent shoot number reduction relative to nontreated. 
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Table 3.  Influence of sequential herbicide application on purple nutsedge or false-green kyllinga 

control and shoot number reduction 12 WAIT.a 

CYPRO KYLGR

Controlb Controlb

No. applications 2007 2008 2007 2008 2007 2008 2007 2008

_________________________________________ % _________________________________________

1 61 33 64 41 68 53 69 57

2 65 59 72 70 89 75 94 86

LSD0.05 NS 4 NS 13 5 6 7 13

Shoot count 
reductionc

Shoot count 
reductionc

 
a WAIT, weeks after initial treatment; CYPRO, purple nutsedge; KYLGR, false-green kyllinga; LSD, 

least significant difference; NS, nonsignificant. 

b Percent control based on visual estimates (0 = no visual symptoms; 100 = complete plant death). 

c Percent shoot number reduction relative to nontreated. 
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Table 4.  Influence of herbicide on purple nutsedge or false-green kyllinga control, shoot number reduction and tuber or rhizome 

viability 12 WAIT.a 

CYPRO KYLGR

Controlb Controlb

Herbicide 2007 2008 2007 2008 2007 2008 2007 2008 2007 2008 2007 2008

Sulfentrazone 32 20 51 61 90 88 43 37 37 58 60 30

Trifloxysulfuron 70 69 73 90 77 42 100 83 100 92 8 5

Nontreated 0 0 - - 100 100 0 0 - - 100 100

LSD0.05 4 3 16 7 8 6 3 3 10 5 10 11

Shoot number 
reductionc Tuber viabilityd

Shoot number 
reductionc

Rhizome 
viabilityd

_________________________________________________________________________ % _________________________________________________________________________

a WAIT, weeks after initial treatment; CYPRO, purple nutsedge; KYLGR, false-green kyllinga; LSD, least significant difference. 

b Percent control based on visual estimates (0 = no visual symptoms; 100 = complete plant death). 

c Percent shoot number reduction relative to nontreated. 

d Percent viability based on shoot emergence from harvested tubers or rhizomes which were planted in greenhouse.   
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Table 5.  Influence of sequential application timing on purple nutsedge or false-green kyllinga control 

and shoot number reduction 12 WAIT.a 

CYPRO KYLGR

Sequential timing 2007 2008 2007 2008 2007 2008 2007 2008

No sequential 38 35 52 65 62 54 60 60

4 WAIT 51 54 51 78 69 64 71 77

6 WAIT 63 62 75 86 84 62 78 83

8 WAIT 54 29 71 74 70 60 66 80

LSD0.05 6 4 22 10 4 5 15 7

Controlb
Shoot number 

reductionc Controlb
Shoot number 

reductionc

____________________________________________________________ % ____________________________________________________________

 
a WAIT, weeks after initial treatment; CYPRO, purple nutsedge; KYLGR, false-green kyllinga; LSD, 

least significant difference. 

b Percent control based on visual estimates (0 = no visual symptoms; 100 = complete plant death). 

c Percent shoot number reduction relative to nontreated.  
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Table 6.  Influence of herbicide application rate on purple nutsedge or false-green kyllinga control and                                            
shoot number reduction 12 WAIT.a 

CYPRO KYLGR

Herbicide rate 2007 2008 2007 2008 2007 2008 2007 2008

Low 42 36 59 68 70 46 68 71

Medium 51 48 61 80 73 64 64 77

High 61 50 67 79 71 69 74 77

LSD0.05 5 4 19 9 4 4 13 6

Controlb
Shoot number 

reductionc Controlb
Shoot number 

reductionc

_________________________________________________________ % _________________________________________________________

 
a WAIT, weeks after initial treatment; CYPRO, purple nutsedge; KYLGR, false-green kyllinga; 

LSD, least significant difference. 

b Percent control based on visual estimates (0 = no visual symptoms; 100 = complete plant death). 

c Percent shoot number reduction relative to nontreated. 
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Table 7.  Influence of sulfentrazone tank-mix partner on purple nutsedge control, shoot number reduction and                                 
tuber viability 12 WAIT.a    

Controlb Shoot number reductionc Tuber viabilityd

Tank-mix partner 2007 2008 2007 2008 2007 2008

Halosulfuron 49 31 22 24 93 90

Sulfosulfuron 79 40 52 49 79 85

Trifloxysulfuron 42 38 43 44 84 74

Sulfentrazone alone 34 18 -20 19 83 88

Nontreated 0 0 - - 100 100

LSD0.05 10 6 57 30 13 9

_______________________________________________________________ % _______________________________________________________________

 
a WAIT, weeks after initial treatment; CYPRO, purple nutsedge; LSD, least significant difference. 

b Percent control based on visual estimates (0 = no visual symptoms; 100 = complete plant death). 

c Percent shoot number reduction relative to nontreated. 

d Percent viability based on shoot emergence from harvested tubers which were planted in greenhouse. 
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Table 8.  Influence of sulfentrazone tank-mix rate on purple nutsedge                                                                                              
control and shoot number reduction 12 WAIT.a 

Controlb Shoot number reductionc

Tank-mix rate 2007 2008 2007 2008

0.5X 58 31 7 34

1X 55 42 29 44

LSD0.05 NS 5 NS NS

___________________________________________ % ___________________________________________

 
a WAIT, weeks after initial treatment; CYPRO, purple nutsedge; LSD,                      

least significant difference; NS, not significant. 

b Percent control based on visual estimates (0 = no visual symptoms; 100 = complete plant death). 

c Percent shoot number reduction relative to nontreated.  
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Table A1.  Daily rainfall (cm), Plymouth, NC, 2007.a  

Day June July August September
1 - 0.79 - -
2 - - - -
3 2.41 - - -
4 1.78 - - -
5 - - - -
6 - - 0.08 -
7 - 1.52 - -
8 - - - -
9 - - 0.76 0.13

10 - 0.46 2.41 -
11 - 0.48 0.46 -
12 0.23 1.12 - -
13 - 0.03 - -
14 0.36 - - -
15 - - - 1.93
16 0.25 - - -
17 0.86 0.03 0.08 -
18 - 1.52 - -
19 0.08 - - 0.08
20 0.05 0.05 - 0.69
21 - - - 0.91
22 - - 3.89 0.25
23 - - - -
24 - - - -
25 - - - -
26 2.18 - - -
27 - 0.51 0.08 0.15
28 - - 0.03 0.05
29 0.13 - - -
30 0.03 1.12 - -
31 N/A - - N/A

Sum 8.36 7.62 7.77 4.19  

a Rainfall recorded by State Climate Office of North Carolina, 7.8 km from                     
Plymouth Country Club.  
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Table A2.  Daily rainfall (cm), Fuquay Varina, NC, 2007.a  

Day June July August September
1 - - - -
2 - - - -
3 7.95 - - -
4 0.08 - - -
5 - - - -
6 0.13 - - -
7 - - - -
8 - - - -
9 - - - -

10 0.48 0.25 - -
11 - 0.30 - -
12 0.03 0.43 - -
13 4.45 - - -
14 - - - -
15 0.05 - - 4.39
16 - - - -
17 - - - -
18 - 9.55 - -
19 - - - 0.03
20 0.33 - - 0.10
21 - - - 0.15
22 - - 0.86 -
23 - - 1.19 -
24 - - - -
25 0.46 - - -
26 - - - -
27 - - 0.97 -
28 - 0.89 - -
29 - - - -
30 0.18 - - -
31 N/A 0.33 - N/A

Sum 14.12 11.76 3.02 4.67  
a Rainfall recorded by State Climate Office of North Carolina, 14.1 km                                    
from Hidden Valley Golf Club.  
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Table A3.  Daily rainfall (cm), New Bern, NC, 2008.a  

Day June July August September
1 - - - -
2 - - 0.05 -
3 - - - -
4 - - - -
5 - 0.71 - -
6 - 4.62 - 0.81
7 - 0.03 0.33 -
8 - 0.69 - 0.81
9 - 0.36 - 2.01

10 - - 0.13 0.18
11 - 0.03 0.46 -
12 - - - -
13 - - 2.49 -
14 0.03 - - -
15 - - - 2.31
16 - - - -
17 - - - 0.03
18 - 0.08 - -
19 - 0.61 2.36 -
20 - 1.47 - -
21 0.23 - - -
22 0.91 - - -
23 - - - -
24 - 1.52 - -
25 - - - 6.38
26 - - 0.03 1.35
27 - 0.20 1.88 -
28 0.89 0.25 2.77 -
29 - - - -
30 0.03 - - 2.51
31 N/A 2.11 0.05 N/A

Sum 2.08 12.67 10.54 18.69  
a Rainfall recorded by State Climate Office of North Carolina, 5.0 km from                             
New Bern Country Club; 5.6 km from The Emerald Golf Club. 
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  SELECTIVE EXPOSURE OF YELLOW NUTSEDGE (CYPERUS ESCULENTUS), 

PURPLE NUTSEDGE (CYPERUS ROTUNDUS) AND FALSE-GREEN KYLLINGA 

(KYLLINGA GRACILLIMA) TO POSTEMERGENCE HERBICIDES. 

 

Formatted for Weed Technology 

 

Travis W. Gannon, Fred H. Yelverton and Lane P. Tredway* 

 

Greenhouse experiments were conducted to evaluate the effect of selective herbicide 

placement on sedge shoot number, shoot weight and root weight.  Sulfentrazone, 

sulfosulfuron and trifloxysulfuron were applied to the soil only, foliage only, or soil + 

foliage.  Yellow nutsedge and false-green kyllinga were more sensitive than purple nutsedge 

to sulfentrazone.  Purple nutsedge and false-green kyllinga are more susceptible than yellow 

nutsedge to sulfosulfuron, while evaluated species responded similarly to trifloxysulfuron.  

Soil- and soil + foliar-applied herbicides provided the highest level of growth suppression, 

indicating herbicide-soil contact is required for optimum sedge control.  Future research 

should evaluate techniques that optimize herbicide-soil contact to improve herbicide efficacy. 

                                                             
Received for publication __________ and in approved form __________.   

* First and second authors: Research Associate and Professor, Department of Crop 

Science, North Carolina State University, Raleigh, NC 27695; Third author: Associate 

Professor, Department of Plant Pathology, North Carolina State University, Campus Box 

7616, Raleigh, NC 27695.  Corresponding author’s E-mail: travis_gannon@ncsu.edu.  
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Nomenclature: sulfentrazone; sulfosulfuron; trifloxysulfuron; false-green kyllinga, Kyllinga 

gracillima L.; purple nutsedge, Cyperus rotundus L.; yellow nutsedge, Cyperus esculentus L. 

Key words: Foliar absorption, herbicide efficacy, root absorption, sedge control.  
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Purple nutsedge (Cyperus rotundus L.), yellow nutsedge (Cyperus esculentus L.) and 

false-green kyllinga (Kyllinga gracillima Miq.) are common perennial sedges in turfgrass 

systems that prefer above normal soil moisture (Bendixen and Nandihalli 1987; Bryson et al. 

1997; McCarty et al. 2008; McElroy et al. 2005b).  Although each may survive routine 

mowing, purple nutsedge growth may be suppressed with typical golf course fairway 

mowing height while false-green kyllinga is able to withstand frequent mowing at 1.3 cm 

(Bryson et al. 1997; Summerlin et al. 2000).  Yellow nutsedge is not generally observed in 

mowing heights typical of a golf course fairway and is more commonly observed in higher 

mowing heights and nonmown areas (Summerlin 1997).  Each species exhibits prolific 

vegetative growth and produces rhizomes; purple and yellow nutsedge also produce basal 

bulbs and tubers (McCarty et al. 2008; Stoller and Sweet 1987). 

Native to India and named for its infloresence color, purple nutsedge is a rapidly 

spreading perennial with three-ranked basal leaves typically shorter than the flowering stem 

(Chase and Appleby 1979; McCarty et al. 2008).  Although purple nutsedge is not as widely 

distributed as other Cyperus species, it has been described as the “world’s worst weed” 

because it is a serious competitor with more crops than any other weed (Holm et al. 1977).  

Although purple nutsedge produces seed, basal bulbs and chains of tubers are the primary 

means of dispersal (Murphy et al. 1992; Stoller and Sweet 1987; Wills 1987). 

Native to North America, yellow nutsedge has been described as one of the world’s 

worst weeds (Stoller and Sweet 1987).  Yellow nutsedge is able to survive cooler climates 

and is more widely distributed than purple nutsedge (Martínez-Ochoa et al. 2004; McCarty et 

al. 2008; Stoller and Sweet 1987).  This may be due to its ability to increase tuber starch, 

sugar and lipid content in response to temperature (Bendixen and Nandihalli 1987).  Yellow 
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nutsedge produces seed, basal bulbs and tubers (Stoller et al. 1972).  Unlike purple nutsedge, 

yellow nutsedge does not produce tuber chains.  Further, yellow nutsedge is cultivated for 

edible tubers in southern Europe and Africa (Bryson et al. 2009; Wills 1987). 

Native to Asia, false-green kyllinga is an aromatic, rhizomatous perennial which is 

able to produce fruit below mowing heights < 1.25 cm, providing a reproductive advantage in 

managed turfgrasses (Bryson et al. 1997; McElroy et al. 2002; Summerlin et al. 2000).  

False-green kyllinga is similar vegetatively to green kyllinga (Kyllinga brevifolia Rottb.) but 

can be differentiated by seed morphology or flower timing (Bryson et al. 1997).  Scale keels 

of green and false-green kyllinga seed are denticulate and smooth, respectively (Bryson et al. 

1997).  False-green kyllinga flowering is photoperiod-dependent, occurring late-summer 

until frost while green kyllinga flowers during most summer months (Bryson et al. 1997; 

McCarty et al. 2008).  

The incidence of sedge species has increased in recent years in turfgrass systems, 

likely due in part to changes in herbicide programs (Yelverton 1996).  Traditionally, 

monosodium methylarsonate (MSMA) used for postemergent (POST) crabgrass (Digitaria 

spp.) and goosegrass (Eleusine indica (L.) Gaertn.) control also controlled Cyperus and 

Kyllinga species.  With the widespread adoption of preemergent (PRE) herbicides and less 

dependence on POST herbicides, these species are becoming more prevalent in turfgrass 

systems. 

Sulfentrazone is an aryl triazolinone herbicide developed for PRE and POST weed 

control in soybean, tobacco, sunflower, sugarcane and turfgrass (Senseman 2007).  

Sulfentrazone is a protoporphyrinogen oxidase inhibitor which disrupts cell membranes 

(Senseman 2007).  Sulfentrazone product labels allow application up to 420 g ai ha-1 in select 
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cool- and warm-season turfgrasses (Anonymous 2010a).  Sulfentrazone controls numerous 

annual and perennial grass, broadleaf and sedge species including false-green kyllinga, green 

kyllinga and yellow nutsedge (Anonymous 2010a; McElroy et al. 2005a).  Sulfosulfuron is a 

sulfonylurea (SU) herbicide developed for POST weed control in wheat and turfgrass 

(Senseman 2007).  Select warm- and cool-season turfgrasses have exhibited tolerance to 

sulfosulfuron up to 105 g/ha (Anonymous 2010b; Lycan and Hart 2004; Willis et al. 2007).  

Sulfosulfuron controls select annual and perennial grass and sedge species including yellow 

and purple nutsedge and green- and false-green kyllinga (Anonymous 2010b; Eizenberg et al. 

2003).  Trifloxysulfuron is another SU herbicide currently registered for POST weed control 

in cotton (Gossypium hirsutum L.), sugarcane (Saccharum spp.) and turfgrasses (Anonymous 

2010c; Brecke and Unruh 2000; Hudetz et al. 2000; Porterfield et al. 2002; Wells et al. 

2000).  Bermudagrass (Cynodon dactylon (L.) Pers.) and St. Augustinegrass (Stenotaphrum 

secundatum (Walt.) Kuntze) have exhibited trifloxysulfuron tolerance up to 40 g ha-1 (Teuton 

et al. 2001; Yelverton et al. 2002).  Trifloxysulfuron controls select cool-season grasses, 

annual and perennial sedges including yellow nutsedge, purple nutsedge, green kyllinga, 

false-green kyllinga and numerous broadleaf species (Anonymous 2010c; McElroy et al. 

2005; Yelverton et al. 2002).  Sulfonylurea herbicides inhibit the activity of the acetolactate 

synthase (ALS) enzyme.  Disruption of this metabolic process inhibits the production of 

essential amino acids including leucine, isoleucine and valine required for production of new 

cells (Senseman 2007). 

Herbicide efficacy may be governed by the effect of herbicide placement and site of 

uptake and action.  Effects of selective herbicide placement on sedge control have been 

previously reported (McElroy et al. 2003; McElroy et al. 2004; Nandihalli and Bendixen 
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1998; Reddy and Bendixen 1998; Vencill et al. 1995; Wehtje et al. 1997).  However, 

information regarding the response of sedge species to currently available herbicides is 

limited.  The objective of this research was to determine the effect of POST herbicide 

placement on purple nutsedge, yellow nutsedge and false-green kyllinga growth. 

 

Materials and Methods 

 Greenhouse experiments were conducted to investigate the effect of soil, foliar and 

soil + foliar applications of sulfentrazone, sulfosulfuron and trifloxysulfuron on false-green 

kyllinga, purple nutsedge and yellow nutsedge growth.  Trials were conducted at North 

Carolina State University Method Road Greenhouse Laboratory during 2007 and 2008.  

Greenhouse temperatures were maintained at 32/24 C day/night and plants were irrigated 

from overhead three times daily.  Supplemental lighting (350 µmol m-2 s-1) was provided 

with metal halide lamps (1000 watts) to simulate a 16 h daylength.  The growing medium 

was a 1:1 v v-1 ratio of river-bottom sand and Norfolk loamy fine sand (thermic Typic 

Kandiudults) with pH 6.2 and 0.4% humic matter. 

 Purple and yellow nutsedge tubers1 were purchased while false-green kyllinga 

rhizomes were collected locally.   A single yellow or purple nutsedge tuber or node from a 

false-green kyllinga rhizome was planted at 1 cm depth in each pot filled with growing 

medium (103 cm2, 1050 mL v).  Additional pots were planted to allow selection of uniform 

                                                             
1 Azlin Seed Service, 2007. PO Box 914, Leland MS 38756. 
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plants at experiment initiation.  Plants were fertilized biweekly with 20-20-20 water-soluble 

fertilizer2 to provide 2.4 g nitrogen m-2. 

 Experiments were initiated 28 d after planting (DAP) at which time purple nutsedge 

averaged 3 – 5 leaves and 5.1 cm in height while yellow nutsedge averaged 4 – 6 leaves and 

10.2 cm in height.  False-green kyllinga averaged 6 – 12 leaves and 5.1 cm in height.  After 

treatment, plants were not irrigated for 24 h.  Through 30 DAT, irrigation was applied to the 

soil surface by hand daily with careful attention paid not to contact foliage or over-irrigate to 

prevent washing herbicide from plant foliage and leaching through the soil.  After 30 DAT, 

overhead irrigation was resumed. 

 Experiments were conducted as a randomized complete block design with a three by 

three by three factorial arrangement of treatments with four replications. Factorial levels 

included three sedge species (purple nutsedge, yellow nutsedge and false-green kyllinga), 

three herbicide placements (soil only, foliage only or soil + foliage) and three herbicide 

treatments (sulfentrazone, sulfosulfuron or trifloxysulfuron).  A nontreated was included for 

each species and pots were rerandomized weekly to minimize the effect of variation in the 

greenhouse.  The experiment was repeated over time with two runs in each of two years.   

 Foliar and foliar + soil treatments were applied with a hand-held CO2-propelled 

sprayer calibrated to deliver 304 L ha-1 with one 8002E flat fan nozzle3 at 193 kPa.  For foliar 

treatments, herbicide was prevented from contacting the soil by placing a 2 cm thick layer of 

                                                             
2 Peters Professional 20-20-20 Water-Soluble Fertilizer; Scotts-Sierra Horticultural Products 

Co., 14111 Scottslawn Rd. Marysville, OH 43041. 

3 TeeJet® flat-fan spray nozzles, Spraying Systems Co., PO Box 7900 Wheaton, IL 60189. 
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activated charcoal4 on the soil surface prior to herbicide treatment.  Foliage was allowed to 

dry prior to removing activated charcoal.  Soil treatments were applied by diluting the 

amount of spray solution that would contact the soil surface in 10 mL tap water and 

uniformly applying to the soil surface.  Herbicide treatments included: sulfentrazone5 (336 g 

ai ha-1), sulfosulfuron6 (53 g ai ha-1) and trifloxysulfuron7 (22 g ai ha-1).  Sulfosulfuron and 

trifloxysulfuron treatments included a nonionic surfactant8 (NIS) (0.25% v v-1). 

 The number of emerged shoots was recorded 30 and 60 DAT.  At 30 and 60 DAT, 

shoots were clipped at the soil surface, dried for 96 h at 60 C and 0% relative humidity and 

weights were recorded.  At 60 DAT, roots were washed free of soil, dried as previously 

described and weights were recorded.  Percent shoot number, shoot weight and root weight 

reductions, relative to the nontreated, were calculated by: 

  (((Nontreated – treated)/nontreated) × 100) [1] 

                                                             
4 Aquatrols Clean Carbon, 5 North Olney Avenue, Cherry Hill, NJ 08003. 

5 Sulfentrazone, Dismiss®, FMC Professional Solutions, 1735 Market Street, Philadelphia, 

PA 19103. 

6 Sulfosulfuron, Certainty®, Monsanto Company, 800 North Lindbergh Street, St. Louis, MO 

63167. 

7 Trifloxysulfuron, Monument®, Syngenta Crop Protection Inc., 410 South Swing Road, 

Greensboro, NC 27409. 

8 X-77® Spreader (alkylarylpolyoxyethylene glycols, free fatty acids, isopropanol), Loveland 

Industries, Inc., PO Box 1289 Greeley CO 80632. 
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Data were subject to ANOVA (P = 0.05).  Significant (P < 0.05) main effects and 

interactions are presented accordingly with precedent given to higher order interactions 

(Steele et al. 1997).  Experimental run main effect and their interactions were not significant; 

therefore, data were pooled over runs.   Means were separated according to Fisher’s protected 

LSD using SAS general linear model.   

Results and Discussion 

Significant interactions among herbicide and sedge species prevented pooling of data.  

Pooled across herbicide placement, sulfentrazone reduced yellow nutsedge shoot number and 

shoot weight greater than purple nutsedge (Table 1).  Sulfentrazone reduced yellow nutsedge 

and false-green kyllinga shoot number and shoot weight 64 – 77%, relative to the nontreated, 

while purple nutsedge was reduced < 52%.  Further, sulfentrazone reduced yellow nutsedge 

(75%) root weight to a greater extent than purple nutsedge (51%) and false-green kyllinga 

(56%).  Previous research has reported acceptable yellow nutsedge and false-green kyllinga 

control with sulfentrazone while purple nutsedge control was < 50% (Blum et al. 2000; 

McElroy et al. 2005a). 

Sulfosulfuron reduced purple nutsedge and false-green kyllinga shoot number, shoot 

weight and root weight greater than yellow nutsedge.  Purple nutsedge and false-green 

kyllinga shoot number, shoot weight and root weight were reduced > 73% while yellow 

nutsedge was reduced < 55%.  Contrary to these data, Hart and McCullough (2009) reported 

sulfosulfuron provided > 85% yellow nutsedge control.  Previous research has reported 

acceptable purple nutsedge and false-green kyllinga control with sulfosulfuron (Baumann et 

al. 2004; Brecke et al. 2007; Eizenberg et al. 2003; Harrell et al. 2009; Yelverton et al. 2008).   
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Trifloxysulfuron reduced shoot number and shoot weight > 75%, regardless of 

species.  Further, trifloxysulfuron reduced purple nutsedge and false-green kyllinga root 

weight > 79%.  Previous research has indicated trifloxysulfuron effectively controls yellow 

and purple nutsedge as well as green and false-green kyllinga (Brecke and Unruh 2000; 

McElroy et al. 2005; Teuton et al. 2001; Yelverton et al. 2008).  Burke et al. (2008) reported 

trifloxysulfuron effectively reduced yellow and purple nutsedge shoot and root dry weight, 

although reduction was influenced by plant height at application.   

Soil- and soil + foliar-applied sulfentrazone, sulfosulfuron and trifloxysulfuron 

provided greater shoot number, shoot weight and root weight reduction than foliar 

applications 60 DAT (Table 2).  Further, soil-applied sulfentrazone provided greater shoot 

number reduction than soil + foliar applications.  Soil-applied sulfentrazone reduced shoot 

number 95% while soil + foliar and foliar applications provided 66 and 5% shoot number 

reduction, respectively, relative to the nontreated.  Foliar-applied sulfentrazone provided 

minimal (< 15%) shoot and root weight reduction.  Soil-applied sulfentrazone likely provided 

greater reduction because it increased root-available sulfentrazone compared to foliar or soil 

+ foliar applications where sulfentrazone was retained on the foliage.  Wehtje et al. (1997) 

reported foliar-applied sulfentrazone had minimal effect on yellow and purple nutsedge and 

acceptable control required soil contact.  Further, Wehtje et al. (1997) concluded the amount 

of sulfentrazone in purple nutsedge foliage was less compared to yellow nutsedge, possibly 

indicating purple nutsedge absorbs less sulfentrazone.  Although absorbed by roots and 

shoots, sulfentrazone phloem mobility is limited, and foliar-only applications may provide 

localized symptoms but may be ineffective for complete or long-term control. In contrast, 

root-absorbed sulfentrazone is readily translocated to yellow and purple nutsedge foliage 
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(Senseman 2007; Wehtje et al. 1997).  Thomas et al. (2005) reported > 39% of root-absorbed 

sulfentrazone was translocated to leaves of treated plants.  These data indicate sulfentrazone 

activity on false-green kyllinga, purple nutsedge and yellow nutsedge is highly dependent on 

soil exposure, indicating practices that increase sulfentrazone-soil contact may increase 

efficacy.   

Soil- and soil + foliar-applied sulfosulfuron provided > 85% shoot number and shoot 

weight reduction and > 77% root weight reduction 60 DAT (Table 2).  Foliar applications 

provided < 45% shoot number, shoot weight and root weight reduction.  Sulfosulfuron is an 

ALS-inhibiting herbicide that is root- and foliar-absorbed (Senseman 2007).  Although 

published research is not available comparing the activity of root- and foliar-applied 

sulfosulfuron, foliar + soil or soil-only applications of other ALS-inhibiting herbicides have 

been reported to be more effective than foliar-only applications (Williams et al. 2001).  

Further, Richburg et al. (1993, 1994) reported soil- and soil + foliar applications of the ALS-

inhibiting herbicides imazethapyr and imazapic reduced yellow and purple nutsedge shoot 

regrowth greater than foliar applications. 

Soil- and soil + foliar-applied trifloxysulfuron provided > 98% shoot number and 

shoot weight reduction while foliar applications provided less reduction (< 50%) (Table 2).  

Soil- and soil + foliar-applied trifloxysulfuron also provided greater root weight reduction 

than foliar applications.  Although soil- and soil + foliar-applied trifloxysulfuron reduced 

root weight 86%, harvested roots were partially decayed and were not healthy indicating root 

weight may have been overestimated.  Within this research, foliar applications did not 

provide similar reduction as soil or soil + foliar applications.  McElroy et al. (2003, 2004) 

reported soil- and soil + foliar-applied trifloxysulfuron reduced purple nutsedge, yellow 



129 
 

nutsedge and green kyllinga growth greater than foliar-applied trifloxysulfuron.  Further, 

McElroy et al. (2003) reported soil-applied trifloxysulfuron reduced yellow and purple 

nutsedge shoot number greater than foliar and soil + foliar applications 60 DAT.   Previous 

research has reported soil + foliar applications of another SU herbicide, halosulfuron, 

reduced yellow nutsedge shoot growth greater than foliar-only applications (Vencill et al. 

1995).  Further, Wilcut et al. (1998) reported soil + foliar-applied pyrithiobac, another ALS-

inhibiting herbicide, reduced purple and yellow nutsedge shoot number greater than soil- or 

foliar-only applications.  ALS-inhibiting herbicides are readily absorbed by roots and foliage 

and are xylem- and phloem-mobile to the site of action in meristematic regions (Senseman 

2007).  This indicates acceptable control with ALS-inhibiting herbicides may not be as 

dependent on specific exposure compared to an herbicide that is not phloem-mobile such as 

sulfentrazone.  Further, in field applications, the amount of potentially available herbicide for 

root absorption may be dictated by the plant canopy with soil-applied herbicides having 

greater herbicide available for root absorption because of the lack of foliar interception.  

These data indicate soil-applied ALS-inhibiting herbicides are equally effective as soil + 

foliar applications.   

Pooled across herbicides, soil and foliar applications provided similar yellow 

nutsedge, purple nutsedge and false-green kyllinga shoot number and shoot weight reduction 

60 DAT (Table 3).  Soil applications provided > 87% and > 93% shoot number and shoot 

weight reduction, respectively, relative to the nontreated, while foliar applications reduced 

shoot number and shoot weight < 37%.   Soil applications reduced root weight 76 – 91% 

while foliar applications reduced root weight < 43%, regardless of species.  Soil + foliar-

applied herbicides reduced yellow nutsedge and false-green kyllinga shoot number and shoot 
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weight > 95% 60 DAT while purple nutsedge shoot number and shoot weight were reduced 

less (65 and 85%, respectively).  Soil + foliar applications provided greater false-green 

kyllinga root weight reduction than yellow and purple nutsedge.  McElroy et al. (2003) 

reported foliar- and soil + foliar-applied trifloxysulfuron, imazaquin, MSMA and imazaquin 

+ MSMA provided greater yellow nutsedge shoot number reduction compared to soil-

applications while soil and soil + foliar applications provided greater purple nutsedge shoot 

number reduction compared to foliar applications.  These data and previous research indicate 

the effect of herbicide placement is likely dependent on species and herbicide. 

Based on evaluated parameters, yellow nutsedge and false-green kyllinga are more 

susceptible to sulfentrazone than purple nutsedge.  Further, purple nutsedge and false-green 

kyllinga are more susceptible to sulfosulfuron than yellow nutsedge, while evaluated species 

responded similarly to trifloxysulfuron.  Soil-applied sulfentrazone, sulfosulfuron and 

trifloxysulfuron provided the highest level of control indicating herbicide-soil contact is 

imperative for optimum sedge control.  In most cases, soil + foliar-applications provided 

growth reduction comparable to soil applications whereas foliar applications provided less 

growth reduction.  While sulfentrazone, sulfosulfuron and trifloxysulfuron are shoot- and 

root-absorbed, unlike sulfosulfuron and trifloxysulfuron, sulfentrazone is not phloem-mobile 

possibly compromising perennial sedge control if soil contact is not ensured (Senseman 

2007).  Future research should evaluate techniques that encourage herbicide-soil contact 

possibly including light irrigation after application or application when minimal foliage is 

present such as immediately after mowing.  
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Table 1.  Influence of herbicide and species on shoot number, shoot weight, and root weight reduction 60 DAT.a 

Shoot number reductionb Shoot weight reductionc Root weight reductiond

Species Sulfent Sulfo Trifloxy Sulfent Sulfo Trifloxy Sulfent Sulfo Trifloxy

CYPES 72 39 82 77 55 86 75 49 71

CYPRO 32 75 76 52 83 85 51 77 79

KYLGR 64 75 82 64 77 78 56 73 81

LSD0.05 18 23 NS 16 14 NS 18 11 9

_____________________________________________________________________________________  % _____________________________________________________________________________________

a Abbreviations: DAT, days after treatment; Sulfent, Sulfentrazone; Sulfo, Sulfosulfuron; Trifloxy, Trifloxysulfuron; 

CYPES, yellow nutsedge; CYPRO, purple nutsedge; KYLGR, false-green kyllinga. 

b Percent shoot number reduction, relative to the nontreated. 

c Percent shoot weight reduction, relative to the nontreated. 

d Percent root weight reduction, relative to the nontreated. 
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Table 2.  Influence of herbicide and placement on shoot number, shoot weight, and root weight reduction 60 DAT.a 

Shoot number reductionb Shoot weight reductionc Root weight reductiond

Placement Sulfent Sulfo Trifloxy Sulfent Sulfo Trifloxy Sulfent Sulfo Trifloxy

Soil 95 85 99 95 93 100 92 77 86

Foliar 5 12 42 14 23 48 9 44 59

Soil+foliar 66 92 98 83 98 100 83 78 86

LSD0.05 17 22 14 15 14 14 18 11 10

_____________________________________________________________________________________  % _____________________________________________________________________________________

a Abbreviations: DAT, days after treatment; Sulfent, Sulfentrazone; Sulfo, Sulfosulfuron; Trifloxy, Trifloxysulfuron. 

b Percent shoot number reduction, relative to the nontreated. 

c Percent shoot weight reduction, relative to the nontreated. 

d Percent root weight reduction, relative to the nontreated. 
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Table 3.  Influence of herbicide placement and species on shoot number, shoot weight, and root weight reduction, 60 DAT.a 

Shoot number reductionb Shoot weight reductionc Root weight reductiond

Species Soil Foliar Soil+foliar Soil Foliar Soil+foliar Soil Foliar Soil+foliar

CYPES 87 10 95 93 26 99 76 43 76

CYPRO 94 21 65 95 37 85 87 43 77

KYLGR 97 27 97 99 21 98 91 26 92

LSD0.05 NS NS 12 NS NS 8 7 NS 10

_____________________________________________________________________________________  % _____________________________________________________________________________________

a Abbreviations: DAT, days after treatment; CYPES, yellow nutsedge; CYPRO, purple nutsedge; KYLGR, false-

green kyllinga. 

b Percent shoot number reduction, relative to the nontreated. 

c Percent shoot weight reduction, relative to the nontreated. 

d Percent root weight reduction, relative to the nontreated. 
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